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Summary

Summary

In Arabidopsis, orthologs of the human mRNA export adaptors ALY and UIF are diversified
with the genome encoding four ALY family members and two UIF-like factors. In this study four
ALY and two UIEF proteins were characterised as mRNA export factors and seven candidates
that co-purified with ALY and UIEF proteins in affinity purification experiments were further

analysed as possible mRNA export receptors.

ALY and UIEF proteins directly interacted with the TREX subunit UAP56 demonstrating that
ALY and UIEF proteins are recruited to TREX by an interaction with the RNA helicase UAP56.
Plants lacking all four ALY proteins were severely affected in plant growth and development
accompanied by a general mMRNA export defect demonstrating that ALY proteins function as
MRNA export factors. uief single and double mutant plants displayed defects in plant growth
and development and showed a moderate mRNA export block. Since plants lacking four ALY
and two UIEF proteins displayed more pronounced plant growth and development defects and
showed a stronger mRNA export block than 4xaly plants, also the UIEF proteins could be
described as mRNA export factors. The observation that aly single and double mutant plants
exhibited no obvious phenotype but 4xaly displayed a pleiotropic phenotype indicated that ALY
proteins can function redundantly. Mutants lacking three ALY proteins displayed different
phenotypes that could be clearly distinguished from wildtype and 4xaly plants what
demonstrated that besides functional redundancy different ALYs also have specific functions.
RNA sequencing of nuclei and whole cells showed that 4xaly is a general MRNA export mutant
and additional transcriptomic analysis of aly and uief mutants demonstrated that ALY proteins
regulate the mRNA export of a variety of transcripts. The influence of UIEF proteins on mRNA
export on the other hand is limited to only a subset of transcripts. Transcriptomic analysis and
export assays of 3xaly mutant plants further revealed that the different phenotypes of 3xaly
and 4xaly mutant plants are rather caused by defects in mMRNA export of specific transcripts or

subsets of transcripts than by differences in a bulk mMRNA export block.

Proteomic analysis of proteins co-purifying with the four ALY and two UIEF export factors
identified seven candidates that share some features with the human heterodimeric export
receptor. Fusion proteins of the seven candidates were detected in the cytoplasm of cells and
an enriched signal could be detected around the nuclear envelope when candidate fusion
proteins were expressed in tobacco leaf cells. Plants lacking several receptor candidates did
not show mMRNA export defects indicating that plant mRNA receptors could be highly
diversified, but additional studies are needed to characterize the seven mMRNA receptor

candidates.






1. Introduction

1. Introduction

1.1 From mRNA biogenesis to mMRNA export in three defining steps

A key feature of eukaryotic cells is that the site where genetic information is stored - the
nucleus - is spatially separated from the site where this information is translated into
proteins - the cytoplasm -. Thus, a mechanism to transfer this information to the site of protein
biosynthesis is necessary. In all eukaryotes the information encoding the molecular
components of life is stored in DNA. DNA itself is tightly packed into chromatin and a double-
membrane nuclear envelope separates this nuclear information from the cytoplasmic
translation of proteins. To overcome this barrier, nuclear pore complexes (NPC) are embedded
into the nuclear envelope that allow the exchange of molecules between nucleus and
cytoplasm. Metabolites, ions and small molecules (< approximately 40 kDa) can passively
diffuse through NPCs whereas the translocation of larger molecules needs to be facilitated by
an active transport mediated by nuclear transport receptors (NTRs, Ribbeck and Gdrlich, 2001;
Kabachinski and Schwartz, 2015). mRNAs are the molecules that encode the information that
in the cytoplasm is translated into proteins. These mRNAs are transcribed from DNA within the
nucleus by the RNA-Polymerase Il (RNAPII). The key protein complex for nucleocytoplasmic
mMRNA export is the conserved TREX complex (TRanscription and EXport). It co-
transcriptionally assembles onto nascent mRNAs (Figure 1A), hands mRNAs over to a
heterodimeric mMRNA export receptor (Figure 1B) which guides export-competent messenger
ribonucleoproteins (MRNPs) through NPCs (Figure 1C, Walsh et al., 2010; Heath et al., 2016).

Figure 1. Key steps from mRNA biogenesis to mRNA export in metazoans. (A) mRNAs are produced in the nuclei by
RNAPII using DNA as a template. Co-transcriptionally the TREX complex composed of the core THO complex, the RNA
helicase UAPS56 and export adaptors represented by ALY is loaded onto nascent mRNAs. (B) Processed mRNAs are
released from the DNA template and both export adaptors and THO complex mediate contact of the heterodimeric export
receptor NXF1/NXT1 with mRNAs resulting in export competent mRNPs while UAPS6 is stripped of mRNAs. (C) Export
competent mRNPs travel to the nuclear pores and both THO complex and export adaptors are removed within the nucleus
from mRNPs whereas NXF1 mediates translocation through NPCs by direct interaction with TREX2 and nucleoporins and
both NXF1 and NXT1 travel along mRNAs through NPCs (Walsh et al., 2010, Heath et al., 2016).



1. Introduction

1.2 TREX as the key regulator of mMRNA export

TREX is the key regulator that contributes to transcription and initiates mMRNA export (Stral3er
et al., 2002). TREX structure and function is conserved from yeast to humans containing a
core THO complex consisting of THOC1, 2, 3, 5, 6, 7 (Tho2, Hprl, Mftl, and Thp2 in yeast) to
which the RNA helicase UAP56 (Sub2 in yeast) as well as RNA export adaptors and co-
adaptors are bound (Heath et al., 2016). The key mRNA export adaptor is ALY (ALYREF, Yral
in yeast, Stutz et al. 2000; Strasser and Hurt, 2000; Rodrigues et al., 2001), though some
shuttling SR proteins (Huang et al., 2003) besides several other proteins also function as
MRNA export adaptors in human cells (Heath et al., 2016).

Even though TREX is conserved, studies also revealed differences regarding composition of
TREX and the mechanisms how TREX is loaded onto mRNAs in yeast and higher eukaryotes.
In yeast for instance there are no orthologues of the mammalian TREX components CHTOP,
POLDIP3 and ZC3H11A whereas two orthologous genes of the single human ALY gene exist
in yeast (Heath et al., 2016). A certain divergence between yeast and higher eukaryotes is also
seen since only THOC1, THOC2 and THOC3 of the THO complex have orthologues in both
yeast and higher eukaryotes while the THO complex subunits THOC5, THOC6, THOC7 and
Mtf2 and Thp2 are restricted to either higher eukaryotes or yeast (StraRer et al.,, 2002;
Rehwinkel et al., 2004; Heath et al., 2016).

1.3 Loading of TREX onto mRNAs

TREX is loaded onto mRNAs throughout different stages of mMRNA biosynthesis. Yeast TREX
is mainly recruited by the transcription machinery whereas metazoan TREX primarily
associates with mRNAs in a splicing dependent manner (Luo and Reed, 1999; Moore and
Proudfoot, 2009; Heath et al., 2016). Early assembly of TREX subunits in metazoans can also
be mediated by an active RNAPII through adaptor proteins that bind the carboxy-terminal
domain (CTD) of the large subunit of RNA Pol Il. SPT6, which works alongside FACT to
remodel nucleosomes during transcription, can initiate this first assembly by directly binding to
RNAPII CTD. SPT6 recruits IWSL1 that in turn directly interacts with ALY to bring the export
machinery to actively transcribed genes (Bortvin and Winston, 1996; Orphanides et al., 1999;
Yoh et al., 2007). Another mechanism how TREX can be indirectly recruited is shared by yeast
and higher eukaryotes and involves the PRP19 (Prp19 in yeast) complex, which functions in

splicing, transcription and transcription-coupled DNA damage repair (Heath et al., 2016).

The yeast TREX complex is primarily recruited via a direct interaction with the CTD of RNAPII
and subsequently loading onto nascent mRNAs (Figure 2A). This binding relies on the

Ser2/Ser5 phosphorylation of RNAP 1l CTD that insures TREX recruitment to actively
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transcribed genes only. Since Ser2 phosphorylation of RNAP 1l CTD is increases in a 5’ to 3’
direction, accompanied by an increased loading of RNAPII with TREX, a sufficient recruitment

of TREX also to longer genes is ensured (Figure 2B, Meinel et al., 2013; Heath et al., 2016).

In higher eukaryotes, loading of TREX onto mRNAs is strongly interconnected with the three
steps of MRNA processing. Before an mRNA can be exported out of the nucleus it needs to
be capped at the 5’ end, introns have to be removed by the spliceosome and a 3’ poly(A) tail

must be added by the 3’ processing machinery.

In a first step of MRNA processing, a 7-methylguanosine cap is added to the 5’ end of nascent
transcripts followed by the recruitment of the heterodimeric cap binding complex (CBC)
consisting of the two subunits CBP80 and CBP20 (NCBP1 NCBP2) what increases the stability
of pre-mRNAs (Moore and Proudfoot, 2009).

In a second crucial step in the build-up of an export competent mRNP, intronic sequences,
present between exon coding sequences of transcripts, are removed by the spliceosome
through a complex series of reactions that function to join the 3’ end and 5’ end of neighbouring
exons. After the splicing reaction is finished, an exon junction complex (EJC) is deposited close
to the joint exons, 20-24 nucleotides upstream from the 5 end of the splice junction, that
serves as a platform for interaction with several other components of the gene expression
pathway (Fica and Nagai, 2017; Stewart, 2019).

Before transcripts are released from the DNA template, in a last step of mMRNA processing
poly(A) tails (~250 nt in higher eukaryotes, ~60 nt in yeast) are added to the 3’ end of transcripts
by complexes that mediate cleavage in the 3-UTR, poly(A) addition and regulation of 3’ end

processing (Stewart 2019).

Over the last years it emerged that factors that are involved in all three steps of mMRNA
processing contribute to TREX loading onto mRNAs in metazoans. Earlier, contradictory
results were obtained leading to two long-standing views that TREX is either recruited in an
CBC dependent manner via an interaction with CBP80, consistent with the idea that
messenger mMRNPs are exported 5’ end first, (Cheng et al., 2006; Chi et al., 2013) or mainly
by the EJC that is deposited after splicing (Le Hir, 2001; Singh et al., 2012). In recent years it
was shown that ALY associates with mRNAs in a CBC and EJC-dependent manner, likely in
a way where CBC acts as a transient landing platform for ALY which is then transferred to
exon-exon junctions along the RNA located upstream of the EJC (Figure 2C, Gromadzka et
al., 2016; Shi et al., 2017; Viphakone et al., 2019).

Additionally, over the last years accumulating evidence emerged that there is a link between
polyadenylation and mRNA export. In yeast it could be shown that Yra1 interacts with the 3’

processing factor Pcf11 (Johnson et al., 2009). In metazoans an association of TREX complex
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subunit THOC5 with several 3’ processing factors as well as a binding of ALY to the 3’
machinery components PABPN1 and CstF64 was shown (Katahira et al., 2013; Tran et al.,
2014; Shi et al., 2017).

RNAPII
nucleosomes

Figure 2. Main mechanisms of TREX loading onto nascent mRNAs in yeast and metazoans. (A) In yeast, TREX is
initially recruited to the transcription machinery by interaction of THO with serine 2-serine 5 (52/S5) diphosphorylated CTD
of RNAPII. (B) Throughout transcription, occupancy of TREX increases from the 5" to the 3’ end of the gene in accordance
with the CTD S2 phosphorylation pattern allowing a sufficient TREX loading also for longer genes (Meinel et al., 2013). (C)
In metazoans TREX is recruited in a CBC and EJC-dependent manner likely in a way where CBC acts as a transient
landing platform for ALY which is then transferred to exon-exon junctions along the RNA located upstream of the EJC
(Viphakone et al., 2019).

1.4 TREX and the nuclear quality control of mRNAs by the exosome

After transcripts are released from the template DNA and before they are exported to the
cytoplasm, quality controls make sure that only properly processed transcripts are exported to
the site of protein biosynthesis. The major nuclear RNA surveillance machine that degrades
most types of RNA is the highly conserved 3'-5’ exo- and endo-nucleolytic RNA exosome,
whose function strongly depends on the RNA helicase MTR4 (Kilchert et al., 2016). Recent
studies indicated that in human cells sorting of mMRNAs for export or degradation by the
exosome is regulated by a competition of export adaptor ALY and exosome associated factors
MTR4 or ZFC3H1 for binding with transcripts on both 5’ and 3’ ends (Figure 3, Silla et al., 2018;
Fan et al., 2017; Fan et al., 2018).
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Figure 3. mRNAs are sorted for export or degradation by a competition of ALY and exosome associated factor
MTR4. (A) ALY outcompetes MTR4 for association with the CBC complex on properly processed transcripts resulting in
loading of TREX onto mRNAs and subsequent export of the mRNA. (B) When exosome associated factor MTR4
outcompetes ALY for binding onto the CBC, the exosome is recruited and mRNAs are degraded (Fan et., al 2017)..

1.5 TREX mediates the handover of mRNAs to export receptors

A key function of TREX in the process of mMRNA export lies in the transfer of mRNAs to the
heterodimeric export receptor NXF1/NXT1 (TAP/P15, Mex67/Mtr2 in yeast) which is
conserved in yeast and humans and which mediates the passage through the NPCs to the
cytosol. While the smaller NXT1/Mtr2 proteins are composed of a single NTF2-like (NTF2L)
domain in yeast and humans, the bigger NXF1/Mex67 proteins also share a similar modular
domain organization. NXF1 and Mex67 consist of an RNA-recognition motif (RRM) domain
followed by a leucine-rich repeat (LRR domain), an NTF2L domain and a C-terminal ubiquitin-
associated domain (UBA) domain. NXF1 additionally displays an N-terminal RNA-binding
domain (RBD, Figure 4, Viphakone et al., 2012; Stewart, 2019). Compact heterodimerization
is mediated by an interaction of the two NTF2L domains opposing each other across the

convex faces of their B-sheets (Valkov et al., 2012).

A B

|_¢__|NxT1 I¢:|Mtr2

Figure 4. Composition of the human and yeast heterodimeric export receptor. (A) The human export receptor is
composed of a bigger NXF1 and the smaller NXT1 subunit. While NXT1 is built of a single NTF2L domain, NXT1
comprises an N-terminal RBD, an RRM, a LRR domain, NTF2L domain and a C-terminal UBA-fold motif. The yeast
counterpart is composed of a bigger Mex67 and the smaller Mir2 subunit. Accordingly Mir2 is built of a single NTF2L
domain while Mex67 comprises an N-terminal RRM, a LRR domain, NTF2L domain and a C-terminal UBA-fold mofif.
Compact heterodimerization is in both organisms mediated by an interaction of the two NTF2L domains (Stewart, 2019).
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The NTF2L and UBA domains are responsible for binding to nucleoporins (Nups) that harbour
Phe and Gly-rich repeats (FG-Nups) at the NPC what mediates the passage to the cytosol.
Both in vitro and in vivo studies also revealed that NXF1/NXT1 and Mex67/Mtr2 bind RNA
(Segref et al., 1997; Liker, 2000; Strasser et al., 2000; Katahira et al., 2002; Wiegand et al.,
2002; Valkov et al., 2012; Katahira, 2015). Since this binding of NXF1/NXT1 and Mex67/Mtr2
to RNA is only weak and nonspecific, additional factors are needed to enhance the export
receptors binding to mMRNA. Factors that mediate this binding of export receptor to mRNA are
called export adaptors and in both, yeast and human cells, a series of these export adaptors
were characterized (Katahira, 2015; Heath et al., 2016). In human cells besides the major
export adaptor ALY, the TREX complex component THOC5 and the TREX associated
adaptors CHTOP, LUZP4 and UIF as well as the serine-arginine (SR) rich proteins 9G8 and
SRp20 were characterized as mRNA export adaptors (Rodrigues et al., 2001; Hautbergue et
al., 2009; Katahira et al., 2009; Chang et al., 2013; Viphakone et al., 2015; Katahira, 2015).
These studies also revealed that in human cells adaptors show some functional redundancy
since only a simultaneous knockout of ALY and CHTOP, LUZP4 or UIF leads to a severe
MRNA export block.

In yeast on the other hand, the number of export adaptors is reduced compared to the situation
in human cells. Yral, the ALY orthologue, is an essential factor that acts as the major mRNA
export adaptor by directly binding to the N-terminal domain of Mex67 through its arginine- and
glycine-rich region. Additionally Mex67/Mtr2 can be recruited to mRNAs by the adaptor
proteins Npl3 and Nab2 (Katahira, 2015).

In metazoans, ALY binds both mRNA and NXFL1 via the same arginine-rich region and binding
of ALY to NXF1 triggers the transfer of the mRNA to NXF1/NXT1. Arginine methylations of
ALY were found to be crucial for this handover process (Hautbergue et al., 2008; Hung et al.,
2010). In the course of this process a concerted action of ALY and THO complex is necessary
to enhance the mRNA binding affinity of NXF1/NXT1. In a non-RNA bound state, an
intramolecular interaction between the N-terminal RBD domain and NTF2L domain of NXF1
results in an autoinhibition of the export receptor (Figure 5A). Simultaneous binding of ALY to
the N-terminal part of NXF1 and THOCS5 to the NTF2L domain induces a conformational
change relieving the autoinhibition and exposing the RNA binding activity of the export receptor
(Figure 5B, Viphakone et al., 2012).

Besides activating NXF1/NXT1, it is also speculated that TREX might initiate a conformational
change of mRNAs that facilitates binding to the export receptor. It is hypothesized that the
DEAD-box helicase UAP56 hydrolyses ATP resulting in remodelling of the exported mRNA to
which NXF1/NXT1 binds with a higher affinity (Stewart, 2019).
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Figure 5. Mechanism how TREX enhances the mRNA binding affinity of human NXF1/NXT1. (A) In a non-RNA
bound state, an intramolecular interaction between the N-terminal RBD domain and NTF2L domain of NXF1 results in an
autoinhibition of the export receptor, preventing the binding of the RBD domain to mRNA. (B) Simultaneous binding of ALY
to the N-terminal part of NXF1 and the THO subunit THOCS to the NTF2L domain induces a conformational change and
an opening up of NXF1 exposing the RNA binding site of RBD (Viphakone et al., 2012).

Not much is known about the type of secondary structure that is preferentially bound by
NXF1/NXT1, but observations in simple retroviruses give some indication of how an
NXF1/NXT1-mRNA binding might be mediated. Simian type-D retroviruses exploit the host
NXF1/NXT1 machinery to export their unspliced genomic RNA comprising an ~130-nt viral
constitutive transport element (CTE). This CTE has a 2-fold symmetric motif with both lobes
predicted to form distinctive L-shaped stem loops that can bind an NXF1:NXT1 platform without
the need of export adaptors, suggesting that similar RNA secondary structures might be
generated by nuclear DEAD- box helicases to facilitate NXF1:NXT1 binding (Griter et al.,
1998; Teplova et al., 2011; Aibara et al., 2015; Stewart, 2019).

1.6 NXF1/NXT1 mediates the passage through the NPC

Export competent mRNPs travel to the nuclear envelope and are guided by NXF1/NXT1
through the NPC to the cytosol. Since mRNPs are not actively transported within the cell but
rely on passive diffusion to reach their destination, the ‘gene gating’ hypothesis was proposed
more than 30 years ago (Blobel, 1985). This model suggests that active genes that are located
in close proximity to NPCs would preferentially export their mRNAs into the cytoplasm whereas
nowadays the emerging paradigm is that active genes are attached to NPCs through

interactions with Nups and transcription factors (Ben-Yishay et al., 2016).

In mammalians, the nuclear travel of released and export competent mRNPs to the NPC is
probably the rate-limiting step in the nucleocytoplasmic transport pathway. Experiments
demonstrated that mRNA travel can last for several minutes (~ 5-50 min) whereas a small-
sized nucleus in yeast allows a faster journey to the NPC suggesting that in yeast the rate-
limiting step is situated at the NPC (Mor et al., 2010; Saroufim et al., 2015; Ben-Yishay et al.,
2016).
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Arrived at the NPC, mRNPs come in contact with TREX-2, a complex that is anchored to the
nuclear pore basket on the nucleoplasmic side of the NPC. TREX-2 links TREX transcription
with nuclear mRNA export, mediated by an interaction of export receptor and TREX-2 before
the translocation through the huge NPC is initiated (Figure 7A, Chinnusamy et al., 2008;
Fischer et al., 2004; Wickramasinghe et al., 2010; Wickramasinghe et al., 2014; Dimitrova et
al., 2015; Okamura et al., 2015).

NPCs have molecular masses of approximately 60 MDa in yeast and 120 MDa in humans and
are built from several (8—64) copies of around 30 different Nups (Beck and Hurt, 2017). Even
though the overall NPC structure, which integrates about 500-1000 Nups, and function is
conserved, recent studies revealed that human and yeast NPC composition and architecture
are quite different (Beck and Hurt, 2017; Kim et al., 2018; Rajoo et al., 2018; Shav-Tal and
Tripathi, 2018). The principle structure of NPCs includes the elements inner pore ring, nuclear
ring, cytoplasmic ring, nuclear basket and cytoplasmic filaments (Figure 6A). Nups that build
the NPCs can be basically categorized into scaffold Nups, that serve architectural roles, and
FG-Nups, which carry FG rich repeats and interact with the nucleocytoplasmic transport
machinery (Beck and Hurt, 2017). Most Nups are organized into stable subcomplexes that
comprise strongly interacting Nups and different amounts of these conserved building blocks
in yeast and humans cause the diversity in composition and architecture in these organisms
(Figure 6B, Shav-Tal and Tripathi, 2018).
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Figure 6. Composition of the NPC. (A) The NPC is embedded into the nuclear envelope and is composed of the key
structural elements cytoplasmic ring, the inner pore ring and the nuclear ring, as well as peripheral elements such as the
nuclear basket and the cytoplasmic filaments. The central channel of the NPC is lined by FG-Nups that facilitate mRNP
translocation from the nucleus to the cytosol as indicated. (B) NPCs are conserved in yeast and humans and Nups are
organized into subcomplexes. Y-complexes are shown in red; the inner ring complex in blue; the transmembrane Nups in
yellow; the NUP62 complex in orange; cytoplasmic complexes in green; and nuclear basket complexes in purple. Modified

from Beck and Hurt 2017.
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The central channel of the NPC forms the passage for a possible bi-directional nucleo-
cytoplasmic transport and is lined with FG-Nups from the NUP62 complex consisting of NUP62
(Nspl in yeast), NUP58 (Nup49 in yeast) and NUP54 (Nup57 in yeast) as well as NUP98
(Nup145N in yeast, Figure 6B, Beck and Hurt, 2017). Even though it is well established that
FG repeats bind to NTRs and enable a passage of cargos through the NPC, the underlying
mechanism how mRNPs pass the NPCs is not clear (Aitchison et al., 1996; Damelin and Silver,
2000; Allen et al., 2001; Katahira et al., 2002; Beck and Hurt, 2017). Several models have
been proposed to explain how FG-Nups facilitate a cargo specific translocation through the
NPC. These models have in common, that FG-Nups are assumed to generate a disordered
meshwork which attract cargos, thereby mediating their passage through the central channel
(Rout et al., 2003; Aitchison and Rout, 2012; Hilsmann et al., 2012; Schmidt and Goarlich,
2016; Beck and Hurt, 2017). The time frames measured for the transport of an mRNP through
the NPC range from ~180 ms for 3-actin mRNA to ~500 ms for dystrophin mRNA and although
both fast and slow (>800 ms) transport rates are measured for a single mMRNA type mRNP,
translocation occurs about 15-fold faster than diffusion through the nucleus (Grunwald and
Singer, 2010; Mor et al., 2010; Adams and Wente, 2013; Ben-Yishay et al., 2016). Interestingly,
the efficiency of mMRNP translocations seems to be rather low, since only a small portion (15—
36%) of mammalian mMRNAs that start the export process or interact with an NPC end the
process successfully and are released into the cytoplasm (Grinwald and Singer, 2010;
Siebrasse et al., 2012; Ma et al., 2013; Ben-Yishay et al., 2016).

Directionality of the translocation and release at the cytoplasmic site of the NPC is dependent
on the ATP/ADP cycling of the highly conserved RNA-dependent DEAD-box helicase Dbp5
(DBP5 or DDX19 in mammalians) that is located at the cytoplasmic fibrils of the NPC
(Folkmann et al., 2011; Adams and Wente, 2013). The ATPase activity of Dbp5 is activated by
binding to the Nup Glel and its co-activator inositol hexakisphosphate (IPs). An activated
ATP/Dbp5/Glel-IPs complex then binds to the emerging mRNP what stimulates both the
release of Glel-IPs and the ATP hydrolysis event (Figure 7B). The change from ATP to ADP
in turn triggers a conformational change that drives a remodelling process of the mRNP and
that causes the release of the mRNA from Dbp5 and also probably from the export receptor
(Figure 7C, Lund and Guthrie, 2005; Weirich et al., 2006; Folkmann et al., 2011; Hodge et al.,
2011; Adams and Wente, 2013; Stewart, 2019).
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Figure 7. The translocation of mRNPs through the NPC. (A) At the NPC translocation of mRNPs is initiated by an
interaction of NXF1 with both TREX-2 that sits at the nuclear site of the NPC and FG-Nups of the NPC. (B) Directionality of
the translocation and release at the cytoplasmic site of the NPC is dependent on the RNA helicase DBP5 that is located at
the cytoplasmic fibrils of the NPC and that is activated by GLE1 and its co-activator 1P;.(C) DBPS mediated remodeling of
the mRNA releases the mRNA into the cytosol and probably also causes the release of NXF1/NXT1 that then is recycled
back into the nucleus (Okamura et al., 2015).

1.7 mRNA export in plants — key complexes are conserved

In yeast and humans, the key players and mechanisms of mMRNA export are well characterized,
whereas comparatively little is known about mRNA export in plants (Gaouar and Germain,
2013). Studies revealed that the key complexes of mMRNA export TREX, TREX-2 and NPC are
conserved, although differences regarding compaosition/structure of these complexes can be
observed in plants (Table 1). Whether the mechanisms underlying mRNA export are also
conserved from yeast to plants is poorly understood (Lu et al., 2010; Tamura et al., 2010;
Yelina et al., 2010; Meier et al., 2017; Sgrensen et al., 2017; Pfab et al., 2018). For the last
defining NPC translocation step of mMRNA export on the other hand, plants may have evolved
a distinct solution, since no orthologues of the well conserved heterodimeric export receptor
NXF1/NXT1 (Mex67/Mtr2) can be identified (Ehrnsberger et al., 2019a).

12
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Table 1. Arabidopsis mRNA export factors compared with those of yeast and mammals (Ehrnsberger et al., 2019a).

Export factor Arabidopsis AGI Yeast Mammals
THO complex HPR1 (THO1, EMU) AT5G09860 Hpr1 THOC1 (HPR1)
THO2 AT1G24706 Tho2 THOC?2
TEX1 (THO3) AT5G56130 Tex1 THOC3 (TEX1)
THOS5A AT5G42920 THOC5
THO5B AT1G45233
THO6 (DWAT1) AT2G19430 THOCSB
THOTA AT3G02950 THOCT?
THO7B AT5G16790
Thp2, Mft1
DEAD-box helicase UAPS56A ATSG11170 Sub2 UAP56 (DDX39B)
UAP56B AT5G11200 URH49 (DDX39A)
UAP56-associated MOS11 ATS5G02770 Tho1 CIP29 (SARNP)
ALY AT5G59950 Yra1 ALY (REF THOC4)
ALY?2 AT1G02530
ALY3 AT1G66260
ALY4 ATS5G37720
UIEF1 ATAG10970 UIF
UIEF2 AT4G23910
nd. nd. CHTOP
nd. nd. LUZP4
mRNA export receptor nd. Mex67 NXF1 (TARP)
Mtr2 NXT1 (p15)
TREX-2 complex SAC3A AT2G39340
SAC3B AT3G06290
SAC3C AT3G54380
CEN1 AT3G50360 Cdec31 CETN2
CEN2 ATAG37010 CETN3
THP1 AT2G19560 Thp1 PCID2
DSS1 AT5G45010 Sem1 DSS1
ENY2 AT3G27100 Sus1 ENY2
Cytosolic RNA helicase L0OS4 AT3G53110 Dbp5 DBP5
GLE1 AT1G13120 Gle1 GLE1

1.8 TREX in plants

Affinity purifications in combination with mass spectrometry (AP-MS) revealed that the
Arabidopsis TREX complex consists of a THO core complex, ALY proteins, UAP56 and
MOS11 (Yelina et al., 2010; Sgrensen et al., 2017).

Arabidopsis THO rather resembles the hexameric mammalian THO complex than the
pentameric yeast THO complex since it consists of the subunits HPR1, THO2, TEX1, THO5A,
THO5B, THO6, THO7A and THO7B with THO5 and THO7 each occur in two isoforms.
Arabidopsis mutant plants that lack specific THO subunits are differentially affected regarding
plant growth and development ranging from almost not affected tho6 mutant plants (Furumizu
et al., 2010), to mildly affected tex1 and hprl mutant plants (Jauvion et al., 2010; Pan et al.,
2012; Xu et al., 2015; Sgrensen et al., 2017) and very severely affected tho2 mutant plants
(Furumizu et al., 2010; Jauvion et al., 2010; Yelina et al., 2010; Francisco-Mangilet et al.,
2015). Whole-mount in situ hybridisation using fluorescently labelled oligo(dT) probes (WISH)
demonstrated an nuclear enrichment of polyadenylated mRNAs in hprl and tex1 mutant plants

and thereby demonstrated a contribution of THO to mRNA export (Pan et al., 2012; Xu et al.,
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2015; Sgrensen et al., 2017). Apart from being involved in mRNA export, Arabidopsis THO
also regulates small RNAs since levels of siRNAs or miRNAs are reduced in hprl, tho2, and
tex1 plants (Furumizu et al., 2010; Jauvion et al., 2010; Yelina et al., 2010; Francisco-Mangilet
et al., 2015).

The Arabidopsis genome encodes four ALY proteins (ALY1-ALY4) that were identified as
interactors of the tomato bushy stunt virus protein (Uhrig et al., 2004). It could be shown that
ALY proteins exhibit differential sub-nuclear localization and that they interact with the RNA
helicase UAP56. However, if ALY proteins share similar functions in the process of mMRNA
export with their human or yeast counterparts and if there are functional differences between
the four ALY proteins needs further analysis (Uhrig et al., 2004; Canto et al., 2006; Sgrensen,
2016) .

In Arabidopsis, an identical UAP56 protein is coded by two neighbouring genes and
biochemical characterisation revealed that UAP56 preferentially binds ssRNA, has an ATP-
dependent RNA-helicase activity and that it interacts in vivo and in vitro with MOS11 and ALY
proteins. This indicates that plant UAP56 has a similar function regarding mRNA export like
the orthologues in yeast and humans by recruiting the export machinery to mRNAs (Kammel
et al., 2013; Sgrensen et al., 2017).

MOS11, the last component of plant TREX is an orthologue of metazoan CIP29/ SARNP and
yeast Thol. A contribution of MOS11 to mRNA export was shown by WISH, but the molecular
function of MOS11 remains to be elucidated (Germain et al., 2010).

1.9 mRNA export in plants beyond TREX
The export receptor mediating the last step of mMRNA export as well as if there is a putative
interplay between export adaptors and receptors like described in other eukaryotes is not

known in plants (Ehrnsberger et al., 2019a).

A proteomic study revealed the components of plant NPC and showed that Nup subcomplexes
and classes are well conserved throughout eukaryotes although several Nups are missing or
have been replaced by plant-specific proteins (Tamura et al., 2010; Meier et al., 2017). Several
studies showed that different Nups are required for mRNA export and downregulation of these
Nups results in pleiotropic phenotypes (Parry, 2015; Meier et al., 2017). At the cytoplasmic site
of NPCs, a similar mechanism of releasing the mRNPs into the cytosol like described in other
organisms can be supposed, since LOS4, the orthologue of human DBP5, together with GLE1

and its co-activator IPs are required also in plants for mRNA export (Lee et al., 2015).
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The biological relevance of mMRNA export is shown as the loss of different subunits of THO,
TREX, TREX-2 and NPC results in impaired growth and development and at least in some of
these mutants a direct correlation between phenotype and altered mRNA export can be
assumed (Ehrnsberger et al., 2019a). For other proteins supposed to be important for mRNA
export, like the four orthologues of the human export adaptor ALY, it is not known if the
downregulation of these genes affects plant growth and development and if these factors also
contribute to mRNA export in plants. The influence of mMRNA export on a broad range of
biological mechanisms is furthermore demonstrated as mMRNA transport contributes to the
regulation of plant immunity (Staiger et al., 2013), plant stress responses (Chinnusamy et al.,

2008) and circadian clock (Romanowski and Yanovsky, 2015).

1.10 Aims of the project

Characterization of mMRNA export factors

In Arabidopsis four orthologues of the human mRNA adaptor ALY are described as part of
TREX, but it is not known if the loss of these factors affects plant growth and development and
if these factors contribute to mMRNA export. Since aly single and double mutant plants do not
show an obvious phenotype, a homozygous mutant line lacking all four Arabidopsis ALY
proteins (4xaly) will be generated and phenotypically analysed. To further characterize the ALY
proteins as mMRNA export factors, a possible recruitment of ALY proteins to TREX by UAP56
will be investigated by analysing potential protein-protein interactions between ALY proteins
and UAP56 using FRET experiments. A potential contribution of ALY proteins to mRNA export
will be tested by WISH, comparing Col-0 and 4xaly plants. To analyse what mRNAs are
targeted by ALY proteins for mRNA export an RNAseq approach will be applied to identify

transcripts that are enriched in 4xaly nuclei compared to Col-0 nuclei.

Another question that will be addressed is, why in plants four ALYs evolved and if there might
be some functional differences between the four ALY proteins. Four different triple mutant plant
lines, each lacking three ALYs but producing a functional fourth ALY, will be generated and
phenotypically analysed. Possible functional differences between AYL proteins will be
additionally investigated by genome-wide transcript profiling of plants from the four triple

mutant lines compared to Col-0 and 4xaly plants.

In humans, several factors act redundantly as mRNA export adaptors whereas in yeast the
ALY orthologue is an essential factor. In Arabidosis two orthologues (UIEF1 and UIEF2) of the
additional human export adaptor UIF can be identified and it will be tested if these factors act
as mMRNA export factors in Arabidopsis. Since 2xuief double mutant plants display only a mild

phenotype, plants lacking four ALY and two UIEF proteins (4xaly 2xuief) will be phenotypically
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analysed to see if these plants are more severely affected in plant growth and development
than 4xaly plants. A possible recruitment of UIEF proteins to TREX by UAP56 will be
investigated by analysing potential protein-protein interactions between UIEF proteins and
UAP56 using FRET experiments and a potential contribution of UIEF proteins to mRNA export
will be tested by WISH comparing Col-0, 2xuief, 4xaly and 4xaly 2xuief plants. Additionally,
genome-wide transcript profiling in Col-0, 2xuief, 4xaly and 4xaly 2xuief plants will be applied

to identify transcripts that potentially use ALY and/or UIEF proteins as export factors.

Identification of mMRNA export receptor(s)

In plants it is nhot known what factor(s) act as export receptor(s). In human cells the mRNA
handover process to a heterodimeric export receptor is initiated by a direct protein-protein
interaction of export adaptors and the export receptor NXF1. To identify possible plant mRNA
export receptor candidates, a proteomic approach after affinity purification using ALY and UIEF
export factors as bait proteins will be applied and co-purifying proteins will be screened for
similarities regarding protein domain structure to the human NXF1/NXT1 export receptor.
Reciprocal tagging of export receptor candidates will be used to verify the obtained results.
Subcellular localization of export receptor candidate-GFP fusion proteins will be analysed and
a possible co-localization with the NPC marker NUP54-tagRFP will be investigated. A reverse
genetics approach using T-DNA insertion mutants and the phenotypic characterization of
receptor candidate mutant plants will give insights about the function of these factors and a
possible contribution of export receptor candidates to mMRNA export will be tested by WISH in

export receptor mutant plants compared to Col-O0.
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2. Results

2.1 Analysis of ALY proteins as potential mMRNA export factors

2.1.1 Arabidopsis ALY proteins share common motifs with human ALY

In Arabidopsis, four orthologues of the human mRNA export adaptor ALY are described (Uhrig

et al., 2004). A comparison of the amino acid sequences of the four Arabidopsis ALY proteins
with the sequence of the human ALY protein reveals that ALY1/2 and ALY 3/4 show ~44% and

~38% amino acid sequence identity with human ALY respectively (Pfaff et al., 2018, Figure 8).

Within the four Arabidopsis proteins a high degree of similarity between ALY1 and ALY2 (54%

amino acid sequence identity) as well as ALY3 and ALY4 (70% amino acid sequence identity)

can be observed, whereas the amino acid sequence identity between ALY1/2 versus ALY3/4

is clearly lower (less than 42%). The alignment additionally reveals, that a central RRM as well

as an N-and C-terminal UAP-binding motif (UBM), which in humans mediates the interaction
of ALY with UAP56 and its paralog DDX39, are conserved (Luo et al., 2001; Golovanov et al.,

2006).
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Figure 8. The amino acid sequence of the four ALY proteins is conserved. The human ALY sequence was aligned to
the sequences from the four Arabidopsis ALY proteins. The predicted N-terminal (SLDD/E) and C-terminal (LDxxLD)
UAPS6 binding motifs are highlighted in black and a central RRM is highlighted in red (Gromadzka et.al, 2016). Multiple
sequence alignment was generated using Clustal Omega (Sievers et., 2011) and the conservation of amino acid residues
is highlighted in blue using JalView (Waterhouse et., al 2009). .
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2.1.2. ALY1 and ALY3 directly interact with UAP56 in plant cells

In yeast and metazoans, it was shown that the export adaptor ALY (Yral in yeast) is recruited
to the TREX complex by an interaction with UAP56 (Sub2 in yeast, Luo et al., 2001; StraRer
and Hurt, 2001; Preker et al., 2002). Plant ALY proteins were shown to directly interact with

UAP56 in yeast cells, indicating a similar mechanism of ALY recruitment (Kammel et al., 2013;
Sgrensen, 2016).

To verify an ALY- UAPS56 interaction in plant cells, a FRET approach was pursued. As all four
Arabidopsis ALY proteins share an N- and C- terminal UBM and ALY1/ALY2 as well as
ALY3/ALY4 share high sequence identity, ALY1 and ALY3 were selected as representatives
to test a possible direct protein-protein interaction between ALY1/ALY3 and UAP56. ALY1 and
ALY3 fused to eGFP were both co-expressed with UAP56 fused to mCherry as donor/acceptor
pairs in Nicotiana benthamiana leaf cells and a possible direct protein-protein interaction was
measured by Forster resonance energy transfer (FRET).

35

mean FRET efficiency (%)

Figure 9. ALY1 and ALY3 directly interact with UAP56 in FRET experiments. FRET efficiencies were measured in N.
benthamiana leaf cells co-expressing a donor (eGFP, ALY 1-eGFP, ALY 3-eGFP, green) and an acceptor (mCherry, UAP-
mCherry, red). FRET efficiencies measured in cells expressing an eGFP-mCherry fusion protein served as a positive
control wheras FRET efficiencies measured in cells co-expressing AL1-eGFP or ALY3-eGFP and unfused mCherry served
as a negative control. Mean FRET efficiencies were measured in 8 nuclei for each donor/acceptor pair. **, Statistically
significant difference assessed by Student’s t test (P < 0.001).

Both ALY1-eGFP and ALY3-eGFP directly interacted with UAP56-mCherry with mean FRET
efficiencies of 11.4% (ALY1) and 9.3% (ALY3), whereas mean FRET efficiencies in leaf cells
co-expressing ALY1-eGFP or ALY3-eGFP and unfused mCherry showed background levels
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(0.2% for ALY1-eGFP/unfused mCherry and 0.7% for ALY3-eGFP/unfused mCherry). As a
positive control a mean FRET efficiency of 27.9% was measured in leaf cells expressing an

eGFP-mCherry fusion protein (Figure 9).

2.1.3. Plants lacking all four ALY proteins show severe growth defects

To characterize the four ALY proteins as potential export factors, the four T-DNA insertion lines
alyl-1, aly2-1, aly3-1 and aly4-1 were previously characterized on a molecular basis and
homozygous single mutant plants as well as the corresponding alyl aly2 and aly3 aly4 double

mutant plants were phenotypically analysed (Sgrensen, 2016).

As these plants are only mildly affected in growth and development and show no or only a
moderate mMRNA export block, the double mutant plants alyl aly2 and aly3 aly4 were crossed
and a homozygous quadruple mutant (alyl aly2 aly3 aly4) was identified in the next

generations by genotyping, that in the following is referred to as 4xaly.

Compared to single and double mutant plants, 4xaly plants were severely affected regarding
plant growth and development (Figure 10). In early stages of plant development (8 DAS), 4xaly
plants showed reduced growth of the primary root and elongated hypocotyls compared to Col-0
(Figure 10 C,J,K). 4xaly plants also started bolting later and had less leaves and a smaller
rosette at this stage (Figure 10 A,F,G,H). Later in plant development, 4xaly plants showed a
reduced plant height and less primary inflorescences (Figure 10 B,l). Apart from defects in
plant growth and development, 4xaly plants also displayed an altered flower morphology and
reproductive defects. About 25% of flowers showed an abnormal number of petals (ranging
from 3 to 7) and plants displayed a clearly reduced seed set (Figure 10 D,E).
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Figure 10. 4xaly plants are severely affected regarding plant growth and development. Phenotype of 4xaly plants
compared to Col-0 at 28 DAS (A) and 42 DAS (B). 4xaly plants show reduced root length and longer hypocotyls at 8 DAS
(C). 4xaly plants show altered flower morphology with up to 7 petals (D) and a reduced seed set (E). (F-K) Phenotypic
analysis for (F) leaves at bolting, (G) rosette diameter at bolting, (H) bolting time, (I) primary inflorescences 42 DAS, (J) root
length 8 DAS and (K) hypocotyl length 8 DAS. Error bars indicate SD of 15 plants (F,G,H,l) and 30 plants (C,F). Data sets
marked with asterisks are significantly different (P < 0.001) as assessed by Student’s t test.
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2.1.4. 4xaly plants show bulk mRNA export block

To test if the loss of all four ALY proteins results in a general mMRNA export block, whole-mount
in situ hybridization (WISH) with a fluorescently labelled 48-nucleotide oligo(dT) probe was
performed in roots from 6 DAS seedlings (Figure 11). With this method polyadenylated RNAs
can be visualized and a strong nuclear signal compared to the cytosolic signal indicates a
general defect in mMRNA export demonstrated by an enrichment of polyadenylated mRNASs in

the nucleus (Gong et al., 2005).

The TREX-2 complex mutant thpl served as a positive control, as the loss of THP1 leads to a
severe general mMRNA export block (Lu et al., 2010). Fluorescence signals in nuclei and
surrounding cytosols were visualized after WISH by confocal laser scanning microscopy
(CLSM) and nuclear and cytosolic signal intensities in 58 or more nuclei per genotype were
measured (Figure 11 B). A statistically significant higher average nucleus/cytosol signal ratio
in both 4xaly and thpl was calculated compared to Col-0 showing a general mRNA block in
both mutant genotypes with a more pronounced export defect detected in thpl compared to
4xaly (Figure 11 C).

C

4xaly

Figure 11. 4xaly plants show bulk mRNA export block. To identify mRNA export defects, whole-mount in situ
hybridization (WISH) with a fluorescently labeled 48-nucleotide oligo(dT) probe was performed in roots from 6 DAS
seedlings and the signal ratio of nucleus/cytosol was determined (A). (B) CLSM images from representative sections from
roots of Col-0, 4xaly and thp1 plants with Alexa Fluor 488 oligo (dT) signal in green and DAPI signal in blue. Bars = 60 pm
(top rows) and 10 pm (bottom row). (C) Average nuclear/cytosol signal ratio of 59 or more nuclei per genotype in Col-0,
4xaly and thp1. The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating SD. Data sets marked with
different letters are significantly different as assessed by a multicomparison Tukey’s test (P < 0.01) after one-way analysis
of variance.
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2.1.5. Identification of mMRNAs retained in the nucleus in 4xaly

WISH showed that a variety of transcripts are retained in the nucleus when all four ALY genes
are mutated. To identify these transcripts, the obvious method would be to separate nuclei
from the cytoplasm in Col-0 and 4xaly plants and by RNAseq identify transcripts that are
enriched in 4xaly nuclei compared to Col-0 nuclei relative to the amount of the respective

transcript in the cytosol.

In plants, cells are surrounded by a quite robust cell wall what causes problems separating
nuclei and cytosol. The mechanic force that is necessary to open plant cells can cause a partly
disruption of nuclei resulting in a cytosolic fraction that is often not free from nuclear elements.
Hence a different approach of sequencing nuclear mRNAs and comparing the transcript level
to the transcript level of the cytosolic fraction was chosen. Plant material from aerial parts of
14 DAS old seedlings of Col-0 and 4xaly plants was separated into a smaller (0.05 gram) and

a bigger portion (0.4 gram, Figure 12).

0.05 gram
whole cells (tot)

0.4 gram
\ nuclei purification (nuc)

ANV VAN
RNA extractlonl l DNA extraction RNA extraction l DNA extraction
cDNA qPCR cDNA qPCR
RNAseq Normalisation RNAseq Normalisation

Figure 12. Work flow of RNAseq experiment sequencing transcripts of total cells and nuclei in 4xaly and Col-0
plants . Plant material from 14 DAS old seedlings of Col-0 and 4xaly plants was divided into a smaller portion of 0.05
grams and a bigger portion of 0.4 grams. The smaller portion was used to extract RNA and DNA from whole cells (fot),
whereas RNA and DNA was extracted from isolated nuclei (nuc) that were purified from the bigger portion of plant material.
The isolated RNA was translated into cDNA and cDNA was used for deep sequencing. The isolated genomic DNA was
used as a template for gPCR to normalize the amount of total cells and nuclei in 4xaly and Col-0 used for RNAseq.
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The smaller portion was used to extract RNA from whole cells (nuclei + cytosol) whereas from
the bigger portion nuclei were isolated and subsequently RNA was extracted (Figure 12). In
the following, RNAs from whole cells (total, tot) and nuclei (nuc) were sequenced and the

transcript level tot. vs. nuc. was calculated in Col-0 and 4xaly.

To ensure that the same ratio of total cells to nuclei was compared in Col-0 and 4xaly, a
normalization step was included. Along RNA extraction from whole cells and nuclei, genomic
DNA was extracted (Figure 12). By amplification of three single copy genes (SSRP1, TEX1
and MOS11) from these genomic DNAs by gPCR the input amount of cells and nuclei could
be determined (Supplement S8). The transcript levels determined by RNAseq were then in the
course of the RNAseq data analysis normalized to the number of cells or nuclei used to extract
RNA.

A

1. criterion 4xaly EB (QPCR normalization included)
4xaly EB: log2 fold change Col-0 (tot vs. nuc) - log2 fold change 4xaly (tot vs. nuc) > 1

AN C A C
Y .
\JT\ “ \/1
RV AVAN
__J"“ NN
Col-0 (tot) Col-0 (nuc) 4xaly (tot) 4xaly(nuc)
B C 4xaly NE
4xaly EB o xaly " (2206)
- L . (2311) S
2. criterion 4xaly NE (qPCR normalization notincluded) yd L .

4xaly NE: log2 fold change 4xaly (nuc)
. @ 1361 950 1255

4xaly (nuc) Col-0 (nuc) h /

Figure 13. Criteria that were applied to identify reliable candidates that are enriched in 4xaly nuclei and by that
use the ALY mRNA export pathway. (A) First, candidates were selected that have more total (tot) transcripts relative to
nuclear (nuc) transcripts in Col-0 compared to 4xaly and a threshold of log2 fold change Col-0 (tot vs. nuc) - log2 fold
change 4xaly (tot vs. nuc) > 1 was set to select the candidates. Candidates are referred to as 4xaly Export Blocked. (B)
Additionally, candidates should be enriched in 4xaly compared to Col-0 regardless of the amount of nuclei used for RNA
extraction with a threshold of log2 fold change 4xaly (nuc) > 1. Candidates are referred to as 4xaly Nuclear Enriched. (C)
2311 candidates fulfilled criterion 1 (A), 2205 candidates fulfilled criterion 2 (B) and 950 candidates fulfiled both criteria and
were considered as the most reliable candidates that were used for further analysis.
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By RNAseq 29328 transcripts were detected in at least one of the four sequenced fractions
(Col-0 (tot), Col-0 (nuc), 4xaly (tot) and 4xaly (nuc), Figure 14 A). To identify mMRNAs that were
retained in 4xaly nuclei and by that use a putative ALY dependent mRNA export pathway, the
relative quantities of total transcripts compared to nuclear transcripts were calculated in Col-0
(tot vs. nuc) and 4xaly (tot vs. nuc). Candidates were considered to be affected by an 4xaly
export block when log2 fold change Col-0 (tot vs. nuc) - log2 fold change 4xaly (tot vs. nuc) > 1.
In the following these candidates will be referred to as 4xaly export blocked (4xaly EB, Figure

13 A). In total 2311 transcripts met this criterion (Figure 13 C, 14 B).

A 29328 detected transcripts B 2311 4xaly EB transcripts
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Figure 14. Scatterplots of transcripts identified by RNAseq in total cells and nuclei of Col-0 and 4xaly plants. (A)
29328 transcripts detected in total and/or nuclear fraction of Col-0 and 4xaly plants. Transcripts are plotted against their
log2 fold change of the transcript level total vs. nuclear in Col-0 (x-axis) and 4xaly (y-axis). Blue dots highlight 2311 4xaly
EB franscripts with a log2 fold change Col-0 (tot vs. nuc) - log2 fold change 4xaly (tot vs. nuc) > 1. (B) 2311 4xaly EB
transcripts highlighted in (A) with blue dots now highlighting 950 4xaly EB and 4xaly NE transcripts that additionally show a
log2 fold change 4xaly (nuc) =1, adding a second criterium to screen for most reliable candidate transcripts that are
enriched in 4xaly nuclei.

To obtain even more reliable candidates, a second criterion was applied (Figure 13 B). In

addition to 4xaly EB, which was calculated after normalization to the amount of cells or nuclei
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used for RNA extraction, candidate mRNAs were considered as being targets of the ALY
export pathway when being enriched in 4xaly nuclei compared to Col-0 nuclei with a log2 fold
change 4xaly (nuc) > 1 regardless of the number of cells or nuclei used for RNA extraction. In

the following these candidates will be referred to as 4xaly nuclear enriched (4xaly NE).

In total 950 mMRNAs were both 4xaly EB and 4xaly NE and by that were considered reliable
candidates to be exported by an ALY mMRNA export mechanism (Figure 13 C, 14 B). To validate
the results obtained by RNAseq, qRT-PCR was performed on six candidates that were
selected from the 950 most reliable candidates (Figure 15 A). Only transcripts detected in all
four fractions were considered putative candidate transcripts. Transcripts absent in at least
one fraction were excluded from the analyses. To verify the RNAseq data, the relative
guantities of the six candidate mRNAs in nuclei compared to whole cells was determined in
4xaly and Col-0 and the ratio of 4xaly/Col-0 was built (Figure 15 B).

A
AGI DESCRIPTION 4xaly EB 4xaly NE
log2 fold change log2 fold change

AT1GT73480 Alpha/beta-Hydrolases superfamily protein 3.39 1.65
AT2G43010 Transcription factor 1.81 122
ATS5G46110  Triose phosphate/phosphate translocator TPT 24 1.58
ATAG24350 Phosphorylase superfamily protein 203 207
AT1G25400 Transmembrane protein 112 1.09
AT2G29310 NAD(P)-binding Rossmann-fold superfamily protein 1.98 1.03
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Figure 15. Validation of the enrichment of six candidate transcripts in 4xaly nuclei compared to Col-0 nuclei by
qRT-PCR. (A) Six candidate genes were selected from 950 most reliable candidates for validation of the RNAseq results
that fulfil the two criteria 4xaly EB and 4xaly NE. (B) The relative expression of six candidate genes in nuclei compared to
total cells was determined in 4xaly and Col-0 and the ratio of 4xaly/Col-0 was built. This ratio is displayed above the
columns whereby a value » 1 indicates an enrichment of the transcript in 4xaly nuclei compared to Col-0.nuclei relative to
the quantity of the respective transcript in whole cells. The relative quantity of the candidate mRNAs in nuclei and total cells
was normalized in one approach to the relative quantity of 785 rRNA and U712 snRNA in nuclei and whole cells (blue) and
in one approach to the relative quantity of the mRNAs GAP, PP2AA3 and ACTINZ in nuclei and whole cells (orange).

Since WISH demonstrated that 4xaly is an mRNA export mutant, it is not excluded that also

reference mMRNAs, that are widely used to normalize the relative quantities of transcripts may
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not be properly exported in an export block mutant, what could falsify the results obtained by
gRT-PCR. Thus, in a first approach the relative quantities of the two non-mRNA reference
transcripts 18S rRNA and U12 snRNA, that are exported out of the nucleus by a different
mechanism, were used to normalize the relative quantities of the candidate transcripts in whole
cells and nuclei. In a second approach, the three widely used reference genes GAP, PP2AA3
and ACTINZ2, whose transcripts should not be retained in the nucleus in 4xaly according to the

RNAseq data, were used for normalization.

Figure 15 B shows, that both ways to normalize the relative quantities of the candidate
transcripts lead to almost identical results, demonstrating the reliability of the obtained results.
For all six tested candidates in 4xaly more transcripts were retained in the nucleus compared
to whole cells than in Col-O resulting in a value > 1. For the candidates AT2G43010,
AT1G25400 and AT2G29310 mRNAs were almost 2-fold or more then 2-fold enriched in 4xaly
nuclei compared to Col-0 nuclei. For the other three candidates a clear, but less strong

enrichment in 4xaly nuclei was detected.

2.1.6. 3xaly plants are differently affected in plant growth and development

It could be shown that 4xaly is an mMRNA export mutant and ALY proteins function as export
factors. Since aly single and double mutant plants are only mildly affected on a phenotypic
level, while the quadruple 4xaly mutant is severely affected, a key question that is not
answered is if ALY proteins preferentially bind different subsets of transcripts and by that affect
plant growth and development in various ways. This was addressed by phenotypic analysis of
four versions of triple mutant plants, each expressing one of the ALY proteins and lacking the
other three ALY proteins. In the following these four triple mutant plant lines are referred to as
3xalyALY1, 3xalyALY2, 3xalyALY3 and 3xalyALY4 that are homozygous for either the wild
type ALY1, ALY2, ALY3 or ALY4 gene and homozygous for the remaining three aly mutant

alleles (3xaly).

Interestingly, these triple mutant plants were clearly differently affected in plant growth and
development. Plants expressing wild type ALY1 showed similar but still distinct phenotypic
alterations compared to 4xaly plants. The triple mutants 3xalyALY2, 3xalyALY3 and 3xalyALY4
on the other hand looked more like the wild type but displayed still distinct phenotypic
alterations compared to Col-0 plants (Figure 16). 3xalyALY1 plants started bolting later
compared to Col-0, albeit not as late as 4xaly plants, whereas the other triple mutants showed
a clear early bolting phenotype with 3xalyALY3 and 3xalyALY4 plants bolting earlier then
3xalyALY?2 plants (Figure 16 A,E). A difference in the phenotypes of 3xalyALY1 on the one
hand and the other triple mutants on the other hand was further visible 28 DAS with 3xalyALY1

plants, like 4xaly, having a smaller rosette whereas the rosettes from 3xalyALY2 and
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3xalyALY3 plants had similar sizes like Col-0 plants. 3xalyALY4 plants had bigger rosettes
compared to 3xalyALY1 or 4xaly albeit smaller than Col-0, 3xalyALY3 or 3xalyALY4 plants
(Figure 16 A,F). The delayed development of 4xaly and 3xalyALY1 plants could also be
observed 42 DAS with both mutants showing a reduced plant height whereas the other triple

mutant plants showed a similar plant height like Col-0 (Figure 16 B,G).
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Figure 16. 3xaly plants are differently affected in plant growth and development. Phenotype of 3xaly plants
compared to Col-0 and 4xaly at 28 DAS (A) and 42 DAS (B). (C) Leaf morphology of true leaves 3-8 of 3xaly plants
compared to Col-0 and 4xaly plants 28 DAS. (D) Root length 8 DAS of 3xaly plants compared to Col-0 and 4xaly. (E-H)
Phenotypic analysis for (E) bolting time, (F) rosette diameter 28 DAS, (G) plant height 42 DAS and (H) root length 8 DAS.
Error bars indicate SD of 15 plants. Data sets marked with different letters are significantly different as assessed by a
multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.
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The observation that the severe phenotype of the 4xaly plant is mainly caused by mutations in
ALY2, ALY3 and ALY4 was further supported by the leaf morphology in the different mutants
(Figure 16 C). Leaves that arise very early in plant development (true leaves 3-8) were smaller
and more arrow-shaped in 3xalyALY1 and 4xaly compared to Col-0, 3xalyALY2, 3xalyALY4
and especially to 3xalyALY3. Severe defects in plant growth and development could not only
be detected in the aerial parts of 3xalyALY1 and 4xaly mutant plants but also in roots. 8 DAS
a reduced root growth could be monitored in these two mutants whereas the root length of
3xalyALY?2, 3xalyALY3 and 3xalyALY4 mutant plants was not altered compared to Col-0
(Figure 16 D,H).

2.1.7. 3xaly plants show a general mRNA export block

Since the different 3xaly mutants were differently affected regarding plant growth and
development and all 3xaly mutants showed a distinct phenotype from 4xaly, in the following it
was analysed if these differences could be explained by differences in a bulk mRNA export
block.

To analyse the subcellular distribution of mMRNAs in the four different 3xaly mutants compared
to 4xaly, whole-mount in situ hybridization with a fluorescently labelled 48-nucleotide oligo(dT)
was performed like described in figure 11. Interestingly, in all triple mutant plant lines an mMRNA

export block similar to the block in 4xaly could be detected (Figure 17 B).
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3xalyALY3

' 3xalyALY1 3xalyALY2
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Figure 17. All 3xaly mutants show a bulk mRNA export block. (A) CLSM images from representative sections from
roots of Col-0, 3xalyALY1, 3xalyALY2, 3xalyALY3, 3xalyALY4 and 4xaly plants after WISH with the Alexa Fluor 488 oligo
(dT) signal in green and DAPI signal in blue. Bars = 60 ym (top rows) and 10 pm (bottom row). (B) Average nuclear/cytosol
signal ratio of 38 or more nuclei per genotype. The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating
SD. Data sets marked with different letters are significantly different as assessed by a multicomparison Tukey’s test (P <
0.001) after one-way analysis of variance.

nucleus/cytosol ratio

2.1.8. Transcript profiling in 3xaly mutants

WISH experiments displayed in chapter 2.1.7 indicated that differences in 3xaly mutant
phenotypes are rather caused by export defects affecting different subsets of transcripts than
by differences in a bulk mMRNA block. To address the question if different ALY proteins might
regulate the export of different mMRNAs, transcript profiling in the four different 3xaly mutants
as well as in 4xaly compared to Col-0 was performed. RNAs were extracted from aerial parts
of 10 DAS seedlings and for each genotype RNAs from four biological replicates were

sequenced.

It was assumed, that in an export block mutant, transcripts that are not properly exported out

of the nucleus should be degraded over time when sequestered in the nucleus, leading to in
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total less transcripts within the cell compared to Col-0. Genes downregulated in 4xaly were
compared with candidate genes that give rise to transcripts that were found to be affected by
an mMRNA export block in 4xaly (chapter 2.1.5). Transcript profiling revealed 1306 mRNAs
transcribed from 1085 gene loci that were reduced in 4xaly compared to Col-0 with a log2 fold
change < -1 (Figure 18, 19). A minor overlap could be determined when these candidates were
compared to the candidates detected by RNAseq of total cells and nuclei to be affected by an
MRNA export block in 4xaly. When the 1085 4xaly downregulated genes were compared with
the 3342 candidate genes that give rise to 3565 transcripts that were identified by cell
fractioning to be 4xaly EB or 4xaly NE (Figure 13), 220 candidates were identified by both
sequencing approaches (Figure 18 A). When the 964 4xaly EB and 4xaly NE most reliable
candidates (Figure 13 C) were compared with the 1085 4xaly downregulated genes, 70
candidates were detected by both sequencing approaches (Figure 18 B, Supplement S10).
GO term analysis of the 1085 4xaly downregulated genes and the 964 4xaly EB and 4xaly NE
genes additionally revealed similar molecular functions of those candidates. More than 75% of
the candidates (4xaly downregulated, 4xaly EB and 4xaly NE) display either binding properties

or catalytic activities (Supplement S9).

candidate genes . candidate genes

candidate genes from cell downregulated log2 fold :raar::ilg:::iE:r;i;::i'nn:ecni" downregulated log2 fold
fr_actionation experiment change < -1 in 4xaly in 4xaly EB and 4xaly NE change < -1 in 4xaly in
either 4xaly EB or 4xaly NE transcript profiling ©96d) transcript profiling
(3342) experiment (1085) experiment (1085)
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Figure 18. Overlap of candidates identified in the cell fractioning experiment as being enriched in 4xaly nuclei
and candidates with a reduced transcript level in 4xaly compared to Col-0 identified by transcript profiling. (A)
Overlap of 3342 candidate genes that give rise to 3565 transcripts that were identified in the cell fractioning experiment as
4xaly EB or 4xaly NE and 1085 candidate genes identified by transcript profiling that give rise to 1306 mRNAs with a
reduced franscript level in 4xaly compared to Col-0 with log2 fold change < -1. (B) Overlap of 964 candidate genes that
give rise to 950 transcripts that were identified in the cell fractioning experiment as 4xaly EB and 4xaly NE and 1085
candidate genes identified by transcript profiling that give rise to1306 mRNAs with a reduced transcript level in 4xaly
compared to Col-0 with log2 fold change <-1.

In the following it will be assumed that a general downregulation in 3xaly and 4xaly mutants is

mainly caused by a defect in mRNA export.
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When comparing genes that were downregulated in the four 3xaly mutants and 4xaly, the
biggest misregulation could be observed in 4xaly. By transcript profiling 1306 transcripts
corresponding to 1085 genes showed reduced transcript levels with a log2 fold change < -1 in
the 4xaly quadruple mutant (Figure 19 B). For the 3xaly mutants a similar downregulation in
3xalyALY1, 3xalyALY2 and 3xalyALY3 could be observed, with 686, 663 and 687 genes
downregulated in the respective mutants that give rise to 788, 736 and 793 transcripts that
were reduced in those genotypes (Figure 19 B). The least differences regarding relative
transcript levels could be observed in 3xalyALY4 with only 315 genes being downregulated

and 378 mRNAs that were reduced compared to Col-O0.
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Figure 19. RNAseq of 3xaly and 4xaly mutants . (A) Gene expression in four 3xaly mutants and 4xaly detected by
RMNAseq and visualized as a heatmap. Genes downregulated are depicted in blue with dark blue indicating the strongest
downregulation whereas yellow shows upregulated genes. Hierarchical clustering of expressed genes is shown on the right
and hierarchical clustering of genotypes is shown above the heatmap. (B) Venn diagram of genes reduced > 2-fold in the
five genotypes with transcripts highlighted in blue representing mRMAs that are reduced in all genotypes, in red mRNAs
that are reduced in all genotypes but 3xalyALY1, in purple mRNAs that are reduced in all genotypes but 3xalyALY?2, in
brown mRNAs that are reduced in all genotypes but 3xalyALY3 and in green mRNAs that are reduced in all genotypes but
3xalyALY4.

2.1.9. Subsets of transcripts are potentially exported by single ALY factors

When comparing the transcripts that were reduced in the different 3xaly mutants with those
reduced in 4xaly, a variety of mRNAs are shared in those genotypes. The biggest overlap
could be observed in 3xalyALY4 with ~ 83% of 3xalyALY4 downregulated mRNAs also being
downregulated in 4xaly (Figure 19 B). The highest correlation between the triple mutant
3xalyALY4 and 4xaly was also identified when analysing changes in transcript levels of all
detected transcripts demonstrated by a clustering of these two genotypes in a heatmap (Figure

19 A) The biggest differences on the other hand could be observed in 3xalyALY2 and
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3xalyALY3 that both shared around 40% of reduced transcripts with 4xaly whereas ~ 60% of
MRNASs reduced in 3xalyALY1 were also reduced in 4xaly (Figure 19 B).

In the following candidate mRNAs were bioinformatically identified that are potentially
specifically exported by one of the four ALY proteins. To identify these transcripts, it was
assumed that the transcript level of an mRNA that is specifically exported by one ALY factor
(i) was reduced in 4xaly, (ii) was reduced in three 3xaly mutants but (iii) was not altered in the
3xaly mutant that produces the wild type ALY that should export the respective transcript. In
figure 19 B transcripts are highlighted that were reduced with a log2 fold change < -1 in 4xaly
and three 3xaly mutants but not in a fourth 3xaly mutant with i) 6 transcripts that were not
reduced in 3xalyALY1 (red), ii) 3 transcripts that were not reduced in 3xalyALY2 (purple), iii)
47 transcripts that were not reduced in 3xalyALY3 (brown) and iv) 74 transcripts that were not
reduced in 3xalyALY4 (green). Among those transcripts, in all four 3xaly mutant genotypes
MRNAs originating from the respective wildtype ALY genes were detected, confirming the
integrity of the plant material used for sequencing.

In addition to MRNAs that potentially utilize an ALY specific mMRNA export pathway, transcript
levels of mMRNAs that were reduced in all 3xaly mutants and 4xaly are of special interest
because the export of these candidates depends on a concerted action of more than one ALY
protein because a possible redundant function between ALY proteins is not sufficient to allow
a proper mRNA export in the 3xaly mutants. In total 45 transcripts were identified to be reduced
with log2 fold change < -1 in all five aly mutant genotypes (Figure 19 B)

In table 2 candidates are listed that were used to validate RNAseq data by gRT-PCR with i)
two candidate genes highlighted in blue that give rise to transcripts that were reduced in all
five aly mutant genotypes, ii) two candidate genes highlighted in red that give rise to transcripts
that are potentially specifically exported by ALY, iii) one candidate gene highlighted in purple
that gives rise to a transcript that is potentially specifically exported by ALY2, iv) two candidate
genes highlighted in brown that give rise to transcripts that are potentially specifically exported
by ALY3 and v) two candidate genes highlighted in green that give rise to transcripts that are

potentially specifically exported by ALY4.
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Table 2. Transcript levels of candidates reduced in 4xaly and reduced in different 3xaly mutants according to
RNAseq and qRT-PCR. Candidate genes were selected from groups of genes highlighted in Figure 19 with transcript
levels of two genes highlighted in blue being reduced in all genotypes according to RNAseq, transcript levels of two genes
highlighted in red being reduced in all genotypes but 3xalyALY1, transcript level of one gene highlighted in purple being
reduced in all genotypes but 3xalyALY?Z2, transcript levels of two genes highlighted in brown being reduced in all genotypes
but 3xalyALY3 and two genes highlighted in green downregulated in all genotypes but 3xalyALY4.

AGI 3xalyALY1 3xalyALY2 3xalyAly3 3xalyALY4 4xaly
Fold change Fold change Fold change Fold change Fold change
RNAseq  gPCR RNAseq  gPCR RNAseq  gPCR RNAseq  gPCR RNAseq  gPCR
- -6.92 -4.08 -6.06 -3.31 -12.21 -9.16 -3.61 -3.26 -4.06 -2.76
AT1G66100  -8.17 -7.64 -3.43 -2.71 -2.60 -2.18 -3.58 -3.06 -13.93 -13.11
- -1.04 1.12 -1.65 -1.74 -2.09 217 -1.68 -2.15 -2.99 -3.28
AT5G03350 1.43 1.41 -3.41 -3.95 -3.78 -4.98 -2.38 -2.92 -2.48 -2.85
-1.96 -1.36 1.08 1.46 -1.38 -1.26 -1.58 -1.31 -3.27 -2.82
-3.89 -3.76 -2.04 -1.96 1.01 1.05 -3.01 -3.39 -4.99 -6.32
AT2G05540 -6.54 -7.48 -2.51 -2.63 1.13 -1.03 -9.85 -9.91 -13.73 -14.68
- -2.68 -2.22 -3.53 -3.84 -3.68 -3.60 1.05 -1.28 -4.38 -4.36
AT4G20820 517 -3.56 -5.70 -4.78 -6.36 -6.64 1.00 1.09 -3.27 -3.22

In general, the reduced transcript levels in the different aly mutants determined by RNA
profiling could be verified by qRT-PCR. For the candidate gene AT5G48490 a comparatively
stronger reduction in the transcript level was detected by gRT-PCR in some genotypes but for
all other candidates a similar downregulation was identified by RNAseq and gRT-PCR (Table
2). The high correlation of RNAseq and qRT-PCR results is for instance demonstrated for the
two candidates AT1G66100 and AT2G055404 that were strongly downregulated in 4xaly
according to the RNAseq experiment with a fold change of -13.93 and -13.74 and similar
reduced transcript levels were also detected by gRT-PCR with fold changes of -13.11 and -
14.68 respectively (Table 2).

gRT-PCR demonstrated, that transcripts derived from the gene loci AT5G48490 and
AT1G66100 are candidates that potentially need the interplay of two or more ALY factors to
be properly exported out of the nucleus, since in all four analysed 3xaly mutants as well as in
4xaly transcript levels were significantly reduced with a fold change < -2 (Figure 20 A, Table
2).
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Figure 20. Vvalidation of RNAseq results by qRT-PCR in 3xaly and 4xaly mutants. Relative expression of candidate
genes listed in table 2 was determined in the four 3xaly mutants and 4xaly relative to Col-0 using three biological and two
technical replicates. The normalized relative quantities (NRQ) and the normalized relative standard errors are shown. The
NRQ was determined by normalization to the NRQs of GAP, PP2AA3 and ACTINZ mRNA. (A) shows candidates with
reduced transcript levels in all genotypes according to RNAseq, (B) candidates with reduced transcript levels in all
genotypes but 3xalyALY1, (C) a candidate with reduced transcript level in all genotypes but 3xalyALYZ2, (D) candidates
with reduced transcript levels in all genotypes but 3xalyALY3 and (E) candidates with reduced transcript levels in all
genotypes but 3xalyALY4. Differences in NRQ among genotypes is indicated by different letters as assessed by a
multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.

RNAseq and gRT-PCR experiments showed that mMRNAs derived from AT5G03350 were not
downregulated in 3xalyALY1 but downregulated in all the other mutants. (Figure 20 B).
Additionally, AT2G21650 derived mRNAs display a similar pattern, even though this candidate
did not fulfil the very stringent criterium that according to the RNAseq transcript levels should
be reduced by < -2-fold in all the respective mutants (Table 2). Since for both candidate genes
gRT-PCR showed a statistically significant lower transcript level in all the downregulated
mutants compared to Col- (Figure 20 B), both AT5G03350 and AT2G21550 are candidates
that potentially utilize ALY1 as the only mRNA export factor.

Only a limited number of candidates were not downregulated in 3xalyALY2 but downregulated
in the other mutants (Figure 19B). The two candidates (the third is ALY?2) obtained when
correlating all reduced transcripts with a log2 fold change < -1 (Figure 19 B) are also
downregulated -1.65 and -1.72-fold in 3xalyALY2. AT3G28740 is the only candidate that was
analysed by gRT-PCR and it only fulfilled a less stringent criterion, a log2 fold change > 0.5
between the 3xaly mutant that shows no altered transcript level and the three 3xaly mutants

and 4xaly that display reduced transcript levels for the respective mRNA (Table 2). gRT-PCR
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could support the RNAseq result, since a significant difference in the transcript levels between

3xalyALY?2 and the other aly mutants was determined. (Figure 20 C).

Several candidate mRNAs were detected by RNA profiling not to be downregulated in
3xalyALY3 or 3xalyALY4 but downregulated in the other mutants. Transcript levels of 47 and
74 transcripts, that were reduced by log2 fold change < -1 in all other mutants, were not
misregulated respectively (Figure 19 B). In both genotypes two candidates were analysed by
gRT-PCR and RNAseq data could be verified (Figure 20 D,E, Table 2). For all four tested
candidate transcripts no change in the transcript level could be observed in 3xalyALY3 or

3xalyALY4, whereas a significant downregulation was detected in all other mutants.

2.1.10. 4xaly phenotype can be complemented by expression of transgenic ALY3
protein

As transcript profiling depicted in chapter 2.1.9 revealed that transcripts potentially utilize ALY
specific mMRNA export pathways, we will analyse in future experiments if different ALY proteins
directly bind in vivo to specific mMRNAs or subsets of transcripts. Therefore, tagged ALY fusion
proteins expressed in transgenic plant or cell lines will be immunoprecipitated after crosslinking
to RNAs to identify mRNASs that directly bind different ALYs. To test if these ALY fusion proteins
are functional, it was investigated whether the expression of an ALY transgene in 4xaly
background can complement the severe 4xaly phenotype. For the complementation
experiments ALY3 fusion proteins were selected, as 3xalyALY3 mutant plants show a clear
distinguishable phenotype compared to 4xaly mutant plants displayed by a very early bolting
phenotype and an overall more wildtype-like habitus (Figure 16). Since SG-tagged fusion
proteins expressed in Arabidopsis cell suspension culture are widely used for affinity
purifications in plant cells (Van Leene et al.,, 2008), a respective ALY3-SG transgene was
integrated into the genome of 4xaly plants by A. tumefaciens mediated transformation (Figure
21 A). Three independent lines homozygous for the inserted transgene were selected on MS
plates supplemented with hygromycin and the presence of the transgene was verified by PCR
(Figure 21 B). The expression of ALY3-SG fusion proteins could complement the 4xaly
phenotype, as plants of the three different independent lines bolted around the same time as
3xalyALY3 plants and by that clearly earlier than 4xaly plants (Figure 21 C,D). The early bolting
phenotype in the three independent transgenic lines was further illustrated by plant heights of
more than 7 cm 28 DAS what resembles 3xalyALY3 while 4xaly plants did not start bolting at
28 DAS (Figure 21 C,F). Besides the early bolting phenotype, the complementation in the three
transgenic lines was also evident from a bigger rosette size in the three transgenic lines at 28
DAS and an overall phenotype that clearly resembled 3xalyALY3 plants but not 4xaly plants

(Figure 21. C,E). Line #4.8 showed some small differences compared to 3xalyALY3 with a less
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pronounced early bolting phenotype displayed by a later bolting time and a reduced plant
height 28 DAS as well as a bigger rosette 28 DAS, but the overall plant phenotype clearly
resembled 3xalyALY3 and not 4xaly plants.

Col-0 4xaly 3xalyALY3 #1.3 #21 #4.8
ALY3-SG complementation
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Figure 21. Expression of ALY3-SG can complement the 4xaly phenotype. (A) Schematic illustration of the transgene
inserted into the genome of 4xaly to complement the phenotype. The expression of genomic ALY3 was driven by the
endogenous ALY3 promotor. Primers used for genotyping (B) are indicated by black arrows. White boxes = left and right
border, blue box = resistance marker hygromycin, light grey amow = ALY3 promotor, dark grey arrow = genomic ALY3,
pink arrow = SG tag, yellow box = 35S termination UTR. Three independent lines (# 1.3, # 2.1, #, 4.8) homozygous for the
inserted transgene were selected on MS plates supplemented with hygromycin and genotyped (B). (C) Phenotype of a
representative plant of the three independent lines # 1.3, # 2.1, #, 4.8 compared to Col-0, 4xaly and 3xalyALY3 28 DAS.
(D-E) Phenotypic analysis for (D) bolting time, (E) rosette diameter 28 DAS and (F), plant height 28 DAS. Error bars
indicate SD of 15 plants. Data sets marked with different letters are significantly different as assessed by a

multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.

36



2. Results

In recent years the ICLIP (individual-nucleotide resolution cross-linking and
immunoprecipitation) method was successfully introduced for the use in plants (Meyer et al.,
2017). Since the protocol developed by Meyer et al. uses the ‘GFP-trap’ (Chromotek) to
specifically immunoprecipitate GFP-fused RNA binding proteins after UV crosslinking, it was
also tested if ALY3-eGFP, after insertion of the respective transgene into the genome of 4xaly
by A. tumefaciens mediated transformation, could complement the 4xaly phenotype (Figure
22 A). Three independent lines homozygous for the inserted transgene were selected on MS
plates supplemented with hygromycin and the presence of the transgene was verified by PCR
(Figure 22 B). The outcome of this complementation experiments was similar to the outcome
of the above-mentioned experiments using ALY3-SG to complement the 4xaly phenotype
(Figure 21). Plants of three independent lines homozygous for the inserted transgene bolted
around the same time as 3xalyALY3 and clearly earlier than 4xaly plants showing that ALY 3-
eGFP could complement the phenotype of 4xaly (Figure 22 C,D). The complementation could
also be observed 28 DAS were plants of the three transgenic lines displayed similar rosette
sizes and plant heights like 3xalyALY3 plants and overall clearly resembled the phenotype of
3xalyALY3 plants and not 4xaly plants (Figure 22. C,E,F). Line #5.10 and #7.9 displayed some
small differences compared to 3xalyALY3 with plants from line #5.10 bolted later and plants
from line #7.9 were taller 28 DAS but the overall plant phenotype in these lines clearly
resembled 3xalyALY3 and not 4xaly plants.

In summary complementation experiments demonstrated that ALY-SG and ALY-eGFP fusion
proteins are functional and future RNA immunoprecipitation experiments will show if transcripts

use putative ALY specific mRNA export pathways.
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Figure 22. Expression of ALY3-eGFP can complement the 4xaly phenotype. (A) Schematic illustration of the
transgene inserted into the genome of 4xaly to complement the phenotype. The expression of genomic ALY3 was driven
by the endogenous ALY3 promotor. Primers used for genotyping (B) are indicated by black arrows. White boxes = left and
right border, blue box = resistance marker hygromycin, light grey amow = ALY3 promotor, dark grey arrow = genomic
ALY3, green arrow = eGFP tag, yellow box = 35S termination UTR. Three independent lines (# 4.11, # 5.10, #, 7.9)
homozygous for the inserted transgene were selected on MS plates supplemented with hygromycin and genotyped (B). (C)
Phenotype of a representative plant of the three independent lines # 4.11, # 5.10, #, 7.9 compared to Col-0, 4xaly and
3xalyALY3 28 DAS. (D-E) Phenotypic analysis for (D) bolting time, (E) rosette diameter 28 DAS and (F), plant height 28
DAS. Error bars indicate SD of 15 plants. Data sets marked with different letters are significantly different as assessed by a
multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.
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2.2 Analysis of UIEF proteins as potential mMRNA export factors

2.2.1. Two Arabidopsis proteins show sequence similarities to the human mRNA export
factor UIF

By WISH it could be shown that ALY proteins act as export factors (Figure 11) and FRET
experiments showed that they are recruited to the TREX complex by an interaction with the
RNA helicase UAP56 (Figure 9). The severe phenotype displayed by 4xaly plants further
demonstrated that ALY proteins play a crucial role in mRNA export but on the other hand it
showed, that apart from the ALY proteins other proteins can function as export factors
regulating mRNA export sufficiently in the absence of the four ALY proteins so that plants can
survive. This resembles more the situation in human cells, where over the last years several
export factors were identified that can act redundantly, whereas in yeast the knockout of the
ALY orthologue Yral is lethal (Strasser and Hurt, 2000; Heath et al., 2016). Bioinformatical
analysis of the Arabidopsis database (https://www.arabidopsis.org) using the BLAST algorithm
revealed two proteins that both share around 18% amino acid identity with the human mRNA
export adaptor UIF. As the term “UIF” is used in Arabidopsis for an unrelated protein, the two
identified proteins were termed UIEF1 and UIEF2 (UAP56-INTERACTING EXPORT
FACTOR1/2). The predicted amino acid sequences of UIEF1 (24.5 kD) and UIEF2 (22.3 kD)
are 48.4% identical and both UIEF1 and UIEF2 share a putative N-terminal UAP56 binding
motive (Ehrnsberger et al., 2019b, Figure 23).

HsUIF ‘IMNRFGTF!LVGAT PPKARSNENLD LNRKEGK- - - - - QNFPRLMRRLLQQSEMO - 0F RMRM 70
AUIEFT 1 .- oo i il ITTETVALTE MD s MEKSNTNVNKGKKARY - - LMKKE - KF S KNSAVKA 82
AUIEFZ 9 ..ol E LIAETIALTE LAKRKTNVNKGKEPRRE - KMKNQ - NEN RNNTSNM 83

HsUIF 71RWG 1QQ - - - - - NSGFGRTSLMR - - - - - - -« o v i i i VMP RPNGVITGLAARKTTG IRKG I8 118
AtUIEF1 63 QRYMDSRSDVROGAF ARKRSNFQGNAFPVTTTVARKAASATE - PYN o mNTH- - - as 120

AtUIEF2 84 RHHMNSLSAVRQGAVG RRSRFGOIQFPVTTNIARKASTAAFLDF AFNGBGRMTSAN- - - - - - - - - - .- .- oS 124

AtUIEF1 121 RF 1A AQNRASQRGFVGK- - - - - - - - QOQQBREK I - -« - -« - oo oo vt VORQANGGE - - - - - - -« - -« oo 157

HsUIF 119 PMNRILSDKNIEOYFPVLKRKANLLROIN.EGORKPVAVLKRPSQLSRKNNIF'ANFTRSINKLNHQKDTRORTFLFR 194
AtUIEF2 125 RLITABBVAN | SVAARVNAK- - - - - - - - RHE- -+« = s s s v e e e e e e e e e MDPAKVEHR
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Figure 23. Two Arabidopsis proteins show aa sequence similarities to the human export adaptor UIF. The human
UIF sequence was aligned to the sequences from the two Arabidopsis UIEF proteins. The predicted conserved N-terminal
UAPS6 binding motif is highlighted in black. Multiple sequence alignment was generated using Clustal Omega (Sievers et
2011) and the conservation of amino acid residues is highlighted in blue using JalView (Waterhouse et., al 2009).
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2.2.2. UIEF1 and UIEF2 directly interact with UAP56 in plant cells

To characterize the two UIEF proteins as possible export factors, it was first tested if both
proteins are recruited to the mRNA export machinery by a direct protein-protein interaction
with the RNA helicase UAP56, like demonstrated for the ALY proteins ALY1 and ALY 3 (Figure
9). To investigate the protein-protein interactions of UIEFs and UAP56, UIEFs fused to eGFP
were co-expressed with UAP56 fused to mCherry as donor/acceptor pairs in N. benthamiana
leaf cells and a possible direct protein-protein interaction was measured by Forster resonance
energy transfer (FRET). Both UIEF1-eGFP and UIEF2-eGFP directly interacted with UAP56-
mCherry demonstrated by mean FRET efficiencies of 8.5% (UIEF1l) and 8.2% (UIEF2)
whereas mean FRET efficiencies in leaf cells co-expressing UIEF1-eGFP or UIEF2-eGFP and
unfused mCherry showed background levels (0.7% for UIEF1-eGFP/unfused mCherry and
0.3% for UIEF2-eGFP/unfused mCherry, Figure 24 B).
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Figure 24. UIEF1 and UIEF2 directly interact with UAP56 through contact with the UBM in FRET experiments. (A)
Three conserved amino acid residues of the UBM of UIEF1 were mutated to alanine to generate the mutated UIEF1m
version. (B) FRET efficiencies were measured in N. benthamiana leaf cells co-expressing a donor (eGFP, UIEF1-eGFP,
UIEF2-eGFP, UIEF 1m-eGFP green) and an acceptor (mCherry, UAP-mCherry, red). FRET efficiencies measured in cells
expressing an e GFP-mCherry fusion protein served as a positive control whereas FRET efficiencies measured in cells co-
expressing UIEF1-eGFP, UIEF2-eGFP or UIEFm-eGFP and unfused mCherry served as a negative control. Mean FRET
efficiencies were measured in 8 nuclei for each donor/acceptor pair. *, Statistically significant difference assessed by
Student’s ttest (P < 0.001).
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Additionally, it was tested if the N-terminal UBM mediates the interaction with UAP56 by also
analysing the interaction of UAP56 and an UIEF1 version (UIEF1m) where three conserved
amino acid residues of the UBA motif were mutated (Figure 24 A). An UBA mediated direct
protein-protein interaction of UIEF1 and UAP56 could be demonstrated as FRET efficiencies
showed only background levels when the mutated version UIEF1m-eGFP was co-expressed
with UAP56-mCherry (Figure 24 B). As a positive control a mean FRET efficiency of 23.7%
was measured in leaf cells expressing an eGFP-mCherry fusion protein (Figure 24 B).

2.2.3. UIEF1 and UIEF2 are nuclear proteins

In yeast and metazoans, export adaptors are nuclear proteins that are stripped off mRNAs
after recruiting the mRNA export receptor and before export competent mRNPs travel through
the NPC to the cytosol (Stewart, 2010). To investigate the localization of UIEF1 and UIEF2
proteins within plant cells, roots of transgenic plants (Pfaff, 2017) expressing UIEF1 and UIEF2
fused to GFP under control of the endogenous promotor in the respective mutant background,
were analysed by CLSM. Both UIEF1-GFP and UIEF2-GFP fusion proteins could be detected
in all root cells and the GFP signal was restricted to nuclei, showing that both UIEFs are nuclear
proteins (Ehrnsberger et al., 2019b, Figure 25).

UIEF1-GFP UIEF2-GFP

Figure 25. UIEF1 and UIEF2 are nuclear proteins. Root tips from 8 DAS transgenic plants expressing UIEF1-GFP or
UIEF2-GFP in the respective mutant background analysed by CLSM. A green nuclear UIEF signal can be detected in all
root cells while cell wals were stained with propidium iodide_(red). Size bars = 50 ym
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2.2.4.4xaly 2xuief plants display more pronounced plant growth and development
defects than 4xaly plants

To analyse the role of UIEF proteins during plant growth and development, uief T-DNA
insertion mutant plants (Supplement S11) were phenotypically analysed und a potential defect
in bulk MRNA export was examined by WISH. Homozygous uief single and double mutant
plants displayed smaller rosettes at bolting (Figure 26 A,E; Supplement S13) and a reduced
plant height 42 DAS (Figure 26 A,E; Supplement S13). Since 2xuief plants do not show a
strong phenotype, 4xaly and 2xuief plants were crossed and a homozygous mutant plant was
identified in the next generations lacking all four ALY and the two UIEF proteins, that in the
following is referred to as 4xaly 2xuief (Hachani, 2018). In addition to the phenotypical
alterations of uief single and double mutant plants strong evidence for the involvement of UIEF
proteins in mMRNA export can be considered when these sextuple mutant plants display more

pronounced plant growth and development defects than 4xaly mutant plants.

To analyse if 4xaly 2xuief plants display more pronounced plant growth and development
defects, Col-0, 2xuief, 4xaly and 4xaly 2xuief plants were phenotypically analysed (Figure 26).
An additive effect of aly and uief mutations on plant growth and development could be
observed at 28 DAS since at this developmental stage 4xaly 2xuief plants showed a reduced
average rosette size compared to 4xaly (Figure 26 A,E). Also later in plant development at 42
DAS, 4xaly 2xuief plants were smaller compared to 4xaly mutant plants although this difference
was not significant (Figure 26 B,F). Other traits like root length 8 DAS or bolting time were not
different in 4xaly 2xuief and 4xaly (Figure D,G).

To investigate if uief mutations cause mRNA export defects, mMRNA export assays were

performed.
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Figure 26. 4xaly 2xuief plants display more pronounced plant growth and development defects than 4xaly plants.
Phenotype of 2xuief, 4xaly and 4xaly 2xuief plants compared to Col-0 at 28 DAS (A) and 42 DAS (B) 4xaly 2xuief plants
show no altered root length at 8 DAS compared to 4xaly (C). (D-G) Phenotypic analysis for (D) bolting time, (E) rosette
diameter at bolting, (F) plant height 42 DAS and (G) root length 8 DAS. Error bars indicate SD of 15 plants Data sets
marked with different letters are significantly different as assessed by a multicomparison Tukey’s test (P < 0.05) after one-
way analysis of variance.
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2.2.5. 4xaly 2xuief plants show stronger mRNA export block than 4xaly plants

WISH mRNA export assays like described in figure 11 performed in uief single and double
mutant plants showed that mutations of uiefl and/or uief2 results in a moderate, but still
significant mMRNA export block (Supplement S12). Additionally, WISH in Col-0, 2xuief, 4xaly
and 4xaly 2xuief roots showed an additive effect of aly and uief mutations on bulk mRNA export
(Figure 27). In all mutant lines an mRNA export block was detected with the highest
nuclear/cytosol signal ratio measured in 4xaly 2xuief and the lowest nuclear/cytosol signal ratio
measured in 2xuief, showing that the strength of the mRNA export defect is increasing from

2xuief < 4xaly < 4xaly 2xuief (Figure 27 B).

el -4 B

Figure 27. 4xaly 2xuief plants show strongest mRNA export block. (A) CLSM images from representative sections
from roots of Col-0, 2xuief, 4xaly and 4xuief 2xaly plants after WISH with the Alexa Fluor 488 oligo (dT) signal in green and
DAPI signal in blue. Bars = 60 pm (top rows) and 10 pym (bottom row). (B) Average nuclear/cytosol signal ratio of 50 or
more nuclei per genotype. The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating SD. Data sets
marked with different letters are significantly different as assessed by a multicomparison Tukey’s test (P < 0.001) after one-
way analysis of variance.

nucleus/cytosolratio

In summary the interaction of UIEF proteins and UAP56, the nuclear localization of UIEF
proteins and the phenotypic analysis and mRNA export assays performed on uief single and
double mutants strongly indicated that UIEF proteins are involved in mRNA export. Since a
generated sextuple mutant lacking all four ALY and the two UIEF proteins showed more
pronounced plant growth and development defects and a stronger mRNA export block than
4xaly it could be shown that UIEF proteins act as mRNA export factors. Indirectly these
experiments also showed, that the situation in plants resembles the situation in human cells
where several export adaptors can act redundantly (Heath et al., 2016) since 4xaly 2xuief
mutant plants are still viable, although they are severely affected in plant growth and

development and show a strong mRNA export block.
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2.2.6. Identification of ALY and UIEF export targets

In the previous chapters it was described that in Arabidopsis four ALY proteins and two UIEF
proteins act as mMRNA export factors. In human cells it could be shown that ALY and UIF
proteins act redundantly, since only a knockdown of both factors causes a bulk mMRNA export
block (Hautbergue et al., 2009). In the following it was tested by transcript profiling if there are
transcripts that potentially are exported by ALY and UIF proteins. Additionally, RNAseq should
reveal candidates that potentially are specifically exported by ALY or UIEF proteins.

RNAs from 2xuief and 4xaly 2xuief plants were extracted and sequenced in the course of the
transcript profiling experiment comparing the transcriptomes of four different 3xaly mutants
and 4xaly (Figure 19). 2xuief, 4xaly and 4xaly 2xuief plants were grown simultaneously, RNAs
were extracted simultaneously and sequencing was performed at the same run making a

comparative analysis of 2xuief, 4xaly and 4xaly 2xuief transcriptomes possible.

Like described in chapter 2.1.8 it was assumed that a reduced transcript level in the three
export mutants is mainly caused by an mRNA export defect with the same threshold of log2
fold change < -1 set to describe candidates that were not properly exported in the respective
mutant. In general, a similar misregulation in 4xaly 2xuief and 4xaly could be observed with
1053 genes that give rise to 1263 transcripts being downregulated with a log2 fold change < -
1 in 4xaly 2xuief (Figure 28 B). About 70% of transcripts that were reduced in 4xaly 2xuief were
also reduced in 4xaly. In 2xuief on the other hand the misregulation of genes was by far less
distinct since only 585 genes that give rise to 637 transcripts were downregulated
(Figure 28 B).
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Figure 28. RNAseq of 2xuief, 4xaly and 4xaly 2xuief mutant plants. (A) Gene expression in 2xuief, 4xaly and 4xaly
2xuief mutant plants detected by RNAseq and visualized as a heatmap. Genes downregulated are depicted in blue with
dark blue indicating the strongest downregulation whereas yellow shows upregulated genes. Hierarchical clustering of
expressed genes is shown on the right and hierarchical clustering of genotypes is shown above the heatmap. (B) Venn
diagram of genes downregulated > 2-fold in the three genotypes with genes highlighted in blue representing genes that are
downregulated in 4xaly and 4xaly 2xuief, in red genes that are downregulated in 4xaly 2xuief and 2xuief and in green
genes that are downregulated in all genotypes.

To identity candidates that potentially are exported by ALY proteins and not by UIEF proteins,
transcripts were selected that were not misregulated in 2xuief but downregulated in 4xaly and
4xaly 2xuief. In total 731 mRNASs highlighted in blue in figure 32 B could be grouped into this
category showing that the loss of all four ALY proteins results in a potential defective export of

a variety of transcripts.

In a second group, candidates were included that could be specifically exported by UIEF
proteins indicated by a downregulation in 2xuief and 4xaly 2xuief whereas transcript levels in
4xaly were not reduced to this extend (log2 fold change > -1). Compared to the candidates
potentially exported by ALY proteins, this group of transcripts is rather small with only 61
mMRNAs fulfilling the criteria.

In a last group that was further analysed, candidates were pooled that potentially are exported
by both ALY and UIEF proteins. In total, transcript levels of 158 mRNAs were reduced in all
three mutant plant lines and candidates were selected for gRT-PCR analysis that showed the
strongest downregulation in 4xaly 2xuief (Figure 28 B). The strongest reduction in transcript
levels in 4xaly 2xuief would point to some functional redundancy between ALY and UIEF

proteins.

For every group two candidates were selected to validate the RNAseq results by qRT-PCR
with i) two candidate genes highlighted in blue in table 3 that give rise to transcripts that should
be exported by ALY proteins only, ii) two candidate genes highlighted in red that give rise to

transcripts that should be exported by UIEF proteins only and iii) two candidate genes

46



2. Results

highlighted in green that give rise to transcripts that should be exported by ALY and UIEF
proteins. For the second group comprising the candidates that potentially are specifically
exported by UIEF proteins, only suboptimal candidates that were also reduced in 4xaly
according to the RNAseq results (-1.36-fold change and -1.26-fold change) could be selected,
because the great majority of the 61 candidates were also downregulated to some extent in

4xaly.

Table 3. Candidate genes differentially downregulated in 2xuief, 4xaly and 4xaly 2xuief mutants used to verify
RNAseq data by qRT-PCR. Candidate genes were selected from groups of genes highlighted in Figure 28 B with two
genes highlighted in blue downregulated in the aly mutants 4xaly and 4xaly 2xuief genotypes according to RNAseq, two
genes highlighted in red downregulated in the wief mutants 2xuwief and 4xaly 2xuief and two genes highlighted in green
downregulated in all mutant genotypes.

AGI 2xuief 4xaxly 4xaly 2xuief
Fold change Fold change Fold change
RNAseq  gPCR RNAseq  gPCR RNAseq  gPCR
- -1.26 -1.14 -3.10 -2.59 -3.14 -2.56
AT1G60140 117 1.33 -2.91 -2.36 -2.38 -2.04
- -2.75 -1.96 -1.36 -1.39 -2.04 -1.80
AT2G44910 -3.46 -4.74 -1.26 -2.22 -2.20 -3.49
- -2.75 -2.10 -3.73 -3.82 -5.35 -3.97
AT5G51720 -2.95 -3.65 -8.22 -9.43 -11.39 -11.09

gRT-PCR confirmed the downregulation of transcripts when all four ALY proteins are lost. The
two candidates AT2G29310 and AT1G60140 were downregulated in 4xaly and 4xaly 2xuief
with fold changes < -2 in RNAseq and gRT-PCR experiments whereas transcript levels were
not reduced in 2xuief (Figure 29 A, Table 3).

For candidates that were only downregulated when plants lack the two UIEF proteins on the
other hand, gRT-PCR could not unequivocally confirm that there are transcripts that potentially
are specifically exported by UIEF export factors. Like mentioned above, candidates used for
gRT-PCR validation were also downregulated in 4aly to some extent and qRT-PCR revealed
that the downregulation in 4xaly is even higher (Table 3). Even though transcript levels of the
candidates AT3G06145 and AT2G44910 were stronger reduced in 2xuief and 4xaly 2xuief
compared to 4xaly, no statistical differences were obtained between these genotypes (Figure
29 B.

gRT-PCR on the candidates AT4G04840 and AT5G51720 showed that there are transcripts
whose functional mMRNA export potentially depends on UIEF and ALY proteins (Figure 29 C).

Both candidates were downregulated in all mutant genotypes with a stronger downregulation
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in 4xaly and 4xaly 2xuief compared to 2xuief. RNAseq results showed for AT4G04840 and
AT5G51720 a downregulation of -3.72-fold and -8.22-fold in 4xaly and a downregulation of -
5.35-fold and -11.39-fold in 4xaly 2xuief indicating an additive effect of uif and aly mutations.
This additive effect pointing to some partial redundancy between UIEF and ALY proteins was
detected by gRT-PCR only to a small extent. Almost no differences in the downregulation of
AT4G04840 between 4xaly and 4xaly 2xuief were detected and for AT5G51720 the transcript
level was reduced -9.43-fold in 4xaly and -11.09-fold in 4xaly 2xuief, but this difference was

not significant (Figure 29 C).

Transcriptome profiling of 2xuief, 4xaly and 4xaly 2xuief demonstrated that the concerted
knockdown of four ALY export factors has a stronger effect on transcript levels as the
concerted knockdown of two UIEF export factors. The experiments further demonstrated that
there is a variety of transcripts that are downregulated when all ALY proteins are missing and
that there is a group of transcripts that is downregulated when ALY and/or UIEF factors are
lost.
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Figure 29. validation of RNAseq data by qRT-PCR in 2xuief, 4xaly and 4xaly 2xuief mutants. Relative expression of
genes listed in table 3 was determined in 2xuief, 4xaly and 4xaly 2xuief mutants relative to Col-0 using three biological and
two technical replicates. The normalized relative quantities (NRQ) and the normalized relative standard errors are shown.
The NRQ was determined by normalization to the NRQs of GAP, PP2AA3 and ACTINZ mRNA. (A) shows genes
downregulated in the aly mutants 4xaly and 4xaly 2xuief according to RNAseq, (B) genes downregulated in the wief
mutants 2xuief and 4xaly 2xuief and (C) genes downregulated in all mutants. Differences in NRQ among genotypes is
indicated by different letters as assessed by a multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.
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2.3. ldentification and characterization of Arabidopsis mRNA export receptor

candidates

2.3.1. Export factors interact with proteins that share features of the human mRNA
export receptor NXF1

In human cells, ALY and UIF proteins are export adaptors that bind to the heterodimeric export
receptor NXF1/NXT1 and thereby enhance the RNA binding affinity of NXF1/NXT1.
(Hautbergue et al., 2009; Viphakone et al., 2012). The final step of MRNA export is initiated by
NXF1/NXT1 guiding mRNAs to and through the NPC (Stewart, 2010). In plants no proteins
with similarities to the main export receptor subunit NXF1 or its orthologues from other
organisms can be identified (Pendle et al., 2005) so it is not clear what factor(s) mediate the
translocation through the NPC in plants. In this study four ALY proteins and two UIEF proteins
were described as export factors that share characteristics with their human counterparts.
Thus, if the basic mechanism of mMRNA export is conserved, ALY and/or UIEF proteins are
most likely also involved in recruiting the plant mMRNA export receptor(s). Therefore, a global
screen for possible interaction partners of the four Arabidopsis ALYs and two Arabidopsis UIEF
proteins was performed by using the combination of affinity purification and mass spectrometry
(AP-MS, Pfab et al 2017).

To screen for possible plant mMRNA receptor candidates, the six identified export factors were
expressed in PSB-D Arabidopsis cell suspension cultures under control of the 35S promotor
and C-terminally fused to a SG tag consisting of a streptavidin binding protein, a TEV cleavage
site and two domains Protein G (Figure 30 A). In a one-step affinity purification (AP) procedure
protein G of the tagged bait proteins bound to IgGs coupled to magnetic beads and by that
direct interaction partners (blue) and indirect interaction partners (yellow) could be co-purified
with the bait proteins (Figure 30 B). To exclude that an interaction is mediated by DNA or RNA
binding, cell extracts were treated with the endonuclease benzonase that degrades all forms
of DNA and RNA. Bait proteins and co-purified interactors were further subjected to SDS-
PAGE, stained with Coomassie Blue (Figure 30 C) and after in-gel trypsin digest interactors
were analysed by mass spectrometry (MS). All AP-MS experiments were performed in three
replicates and proteins were considered being true interactors when they were identified in two
out of three affinity purifications with a MASCOT score (measure for reliability of the
detection) = 80. Proteins identified two out of three times in the negative unfused SG control
with a MASCOT score higher than 80 were considered being unspecific interactors and were
removed from the true interactor list. Additionally, co-purified proteins were compared with a
list of nonspecific interactors (Van Leene et al.,, 2015) that were identified in 543 TAP
experiments from PSB-D cells using 115 different bait proteins. The list of all true interactors

in the six affinity purification experiments is depicted in Supplement S14.
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When analysing cells expressing the export factors ALY1, ALY2 or UIEF1 fused to SG,
reproducibly more bait proteins and more putative interactors were co-purified compared to
cells expressing ALY3-SG, ALY4-SG and UIEF2-SG, visible by the staining of more bands
with higher intensities (Figure 30 C). In the negative control besides the unfused SG protein
few proteins were visible by SDS-PAGE. These observations could be confirmed my mass
spectrometry that revealed 99 true interactors for ALY1-SG, 118 for ALY2-SG, 97 for UIF1-
SG, 85 for ALY3-SG, 42 for ALY4-SG and 71 for UIEF2-SG.
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Figure 30. AP-MS analysis to screen for interactors of plant mRNA export factors. (A) Four ALY and two UIEF
proteins were expressed in Arabidopsis cell suspension culture C-terminally fused to a SG tag composed of a streptavidin
binding protein (SBP), a TEV cleavage site and two domains Protein G. Predicted molecular weights were calculated by
ExPaSy pl/Mw tool. (B) Affinity purification by binding of Protein G domains of the SG tag to IgG coupled to magnetic
beads. Direct interactors of the bait protein are depicted in blue and indirect interactors in yellow. (C) Proteins were
separated by SDS-PAGE and stained by Coomassie Blue. Left panel shows input used for affinity purification of the cell
suspension lines transformed with the six export factor-SG transgenes driven by a 35S promotor and the cell suspension
line that was transformed with unfused SG driven by a 35S promotor that served as a negative control. Right panel shows
co-purifying proteins after affinity purification with red asterisks marking the respective SG-tagged bait protein. Molecular
weights are depicted in kDa.

When analysing the co-purified proteins of the six export factors identified by MS, it was
focused on the one hand if factors of the TREX complex co-purified with the six export factors

50



2. Results

and on the other hand it was screened for proteins that share features with the heterodimeric

MRNA export receptor NXF1/NXT1 (Mex67/Mtr2) that is conserved in other eukaryotes.

The analysis of the AP-MS results revealed potential interactions between different export
factors but no other TREX subunits could be co-purified in any of the six AP-MS experiments,
indicating that ALY and UIEF export factors are not stably linked to the other TREX subunits
(Table 4). The export factors ALY1, ALY2 and ALY4 were also detected two out of three times
in the unfused SG negative control with average MASCOT scores of 131, 185 and 158
respectively, what causes problems in the interpretation of the results. Even though several
detected co-purifications between export factors are potentially unspecific, some of these
factors may be true interactors. A specific co-purification can be assumed between UIEF1 and
ALY3 since both proteins were not detected in the free SG negative control and ALY3 was
detected with a high average MASCOT score of 857 in all three UIEF1-SG experiments.
Additionally, a specific co-purification between ALY3 and the other three ALY proteins can be
assumed since ALY3 was detected in all nine ALY1-SG, ALY2-SG and ALY4-SG AP-MS
experiments.

Table 4. Seven candidates with a characteristic NTF2L domain co-purify with export factors. (A) Six ALY and UIEF
export factors fused to a SG tag were used as bait proteins for co-IP experiments. Besides an interaction among the export
factors an interaction with seven candidates (NXF1-NXF7) that comprise a characteristic NTF2L domain was detected. The
numbers indicate the respective MASCOT score of the identified interactor and how many times the interactor was
identified in three independent experiments. A protein was only considered to be a true interactor when identified in at least
in two out of three experiments. In the last row interactors and corresponding MASCOT score are listed that were identified
in the unfused SG negative control.

AGI Protein ALY1-SG_ ALY2-SG__ ALY3-SG_ ALY4-SG UIEF1-SG__UIEF2-SG SG
AT5G59950 ALY1 2269/ 3 429/ 3 145/ 3 478/ 2 182/ 2 131/ 2
AT5G02530 ALY2 320/ 2 1337/ 3 214/ 3 27113 184/ 2
AT1GB86260 ALY3 499/ 3 463/ 3 2749/ 3 17713 420/ 3
AT5G3T7T720 ALY4 910/ 3 893/ 3 956/ 3 1995/ 3 857/ 3 361/ 2 158/ 2
AT4G10970 UIEF1 120/ 2 87/ 2 1448/ 3
AT4G23910 UIEF2 1335/ 3
AT5G43960 NXF1 1491/ 2
AT5GB0980 NXF2 2497/ 3 2963/ 3 636/ 3 398/ 3 27111 3 395/ 3 137/ 2
AT3G25150 NXF3 12173 1346/ 3 1388/ 3
AT5G48650 NXF4 124/ 3 1867/ 3 472/ 3 157/ 3 1218/ 3 97/ 2
AT1GB69250 NXFE 1153/ 3 1293/ 3 248/ 2 1531/ 3
AT1G13730 I 2840/ 3 2584/ 3 3307/ 3 147/ 2
AT2G03640 NXF7 359/ 3 447/ 3 380/ 3 167/ 3

Searching for Arabidopsis mRNA export receptor candidates, the AP-MS results revealed
seven proteins that form a subgroup of the 19 NTF2L proteins listed in the database
(www.uniprot.org, figure 31). All seven proteins display besides an NTF2L domain a C-terminal
predicted RRM motif. In other eukaryotes, the big subunit of the heterodimeric mMRNA export
receptor (NXF1 in metazoans, Mex67 in yeast) is composed of an N-terminal region mediating
contact with mRNAs (RRM in yeast, RBD and RRM in metazoans), an LRR domain, an NTF2L

domain and a C-terminal UBA domain (Heath et al.,, 2016). Since all seven identified
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candidates share the two domains RRM and NTF2L with the metazoan NXF1, it was
hypothesised that they might also have similar functions and in the following these seven
proteins are referred to as NXF1-NXF7. A similar problem like seen when analysing putative
interactions of different export factors arises, since the three export receptor candidates NXF2,
NXF4 and NXF7 were also detected in the unfused SG negative control, making it difficult to
draw conclusions when these factors were detected by MS. But compared to the potential
unspecific interactions between some export factors, a detection of especially NXF2 and NXF4
in several AP-MS experiments with very high MASCOT scores compared to the MASCOT
scores of the detection in the negative control is a strong indication that the co-purifications
between export factors and both NXF2 and NXF4 are potentially specific (Table 4). NXF2 for
instance was detected in all ALY1-SG, ALY2-SG and UIEF1-SG AP-MS experiments with
average MASCOT scores of 2497, 2963 and 2711 respectively, what displays more than an
18-fold higher MASCOT score than the detection in the negative control. Accordingly, NXF4
was detected in all ALY1-SG, ALY2-SG and UIEF1-SG AP-MS experiments with an average
MASCOT score more than 11-fold higher than in the negative control. Other NXF candidates
that were not detected in the negative control co-purified with different export factors. NXF1
was detected only in the ALY3-SG experiment, NXF3 in ALY1-SG, ALY2-SG and UIEF1-SG,
NXF5 in ALY1-SG, ALY2-SG, ALY3-SG and UIEF1-SG and NXF6 in ALY1-SG, ALY2-SG,
UIEF1-SG and UIEF2-SG.

AP-MS experiments revealed that seven mRNA export receptor candidates co-purified with
ALY and UIEF export factors. In the following the influence of the seven candidates on plant
growth and development was investigated by a reverse genetic approach analysing nxf
knockout plants. It was further studied where NXF proteins are located within plant cells and

whether the loss of NXF factors causes defects in mRNA export.

2.3.2. Plant NXF1-like candidates share characteristic NTF2-like domain

The seven mRNA export receptor candidates that co-purified with different mRNA export
factors share an N-terminal NTF2L domain that is characteristic for both subunits of the human
heterodimeric export receptor NXF1/NXT1 and that mediates the contact between these two
proteins (Valkov et al., 2012). Additionally, the seven identified candidates share a predicted
RNA recognition motif and display several RG and RGG motifs at their C-terminal ends that

potentially mediate contact to mMRNAs.

The seven identified candidates are part of a group of 19 Arabidopsis proteins containing a
NTF2L domain. Three proteins of this group are small proteins of ~ 15 kDa that comprise an
NTF2L domain only and by that resemble the small subunit of the export receptor NXT1 (Mtr2
in yeast, Figure 31). Besides the seven identified candidates, At3G07250 is the only additional
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RRM containing NTF2L protein with three predicted C-terminal RRMs. All other NTF2L
containing proteins comprise one or two NTF2L domains but are otherwise heterogenous in

domain composition.

AT1G27310
AT1G27970
AT1G11570
AT3G25150 NXF3
AT5G60980 NXF2
AT5G48650 NXF4
AT1G13730 NXF6
AT2G03640 NXF7
AT1G69250 NXF5
AT5G43960 NXF1
AT3G07250
AT3G55540
AT5G04830
AT3G04890
AT2G46100
_|: AT1G71480
AT5G41470
—— AT4G10925
AT3G09250

dlills

Figure 31. In Arabidopsis 19 proteins contain NTF2L domains. In Arabidopsis 8 proteins highlighted in blue display an
NTF2L domain and RRM motifs with the seven candidates identified by AP-MS highlighted in dark blue. Additionally 11
proteins display an NTF2L domain but no RRMs with three proteins consisting of an NTF2L domain only highlighted in
brown. Tree was generated using Clustal Omega (Sievers et., 2011).

Within the NXF candidates, NXF2, NXF3 and NXF4 can be grouped according to sequence
similarities as well as NXF5, NXF6 and NXF7, whereas NXF1 has less similarities to the other

candidates (Figure 31).

The sequence alignment of the seven NXF candidates illustrates the conserved N-terminal
NTF2L domain and the RRM that is conserved in all candidates towards the C-terminus (Figure
32). Besides these two conserved regions, in all seven proteins RG and RGG maotifs, that are
known to mediate the binding of proteins to RNA (Thandapani et al., 2013), can be found at
the C-terminal regions of the proteins. The most RG and RGG motifs are found in NXF1 and
NXF2 with NXF1 comprising 6 RG and 3 RGG motifs and NXF2 comprising 3 RG and 7 RGG
motifs. NXF5 on the other hand is the candidate with the least predicted RNA binding ability
with only one RG motif being detected.
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Figure 32. The seven NXF candidates show a similar modular organization. The seven NXF candidates all comprise
a N-terminal NTF2-like (NTF2L) domain depicted in black. Additionally all seven candidates display a predicted RRM motif
towards the C-terminus indicated in red and to different extends RG and RGG motifs at the C-terminus known to mediate
binding to RNAs, highlighted in green. Multiple sequence alignment was generated using Clustal Omega (Sievers et
2011) and the conservation of amino acid residues is highlighted in blue using JalView (Waterhouse et., al 2009).
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2.3.3. NXF1-like candidates co-purify with export factors and the NPC

To further evaluate the obtained results that the seven NXF candidates co-purify with various
export factors, reciprocal SG-tagging of the NXF candidates in Arabidopsis cell suspension
cultures and affinity purification coupled to mass spectrometry was performed like described
in chapter 2.3.1 (Figure 33). In other eukaryotes NXF1 or Mex67 are the factors that guide the
exported transcripts through NPCs and by that should interact with nucleoporins of the NPC
(Stewart, 2019). Thus, in addition to a possible interaction with mRNA export factors, it was

further focused if subunits of the NPC co-purify with the NXF candidates.

Input IP

Figure 33. AP-MS analysis to screen for interactors of plant NXF1-like candidates. (A) Seven NXF1-like candidates
were expressed in Arabidopsis cell suspension culture C-terminally fused to a SG tag composed of a streptavidin binding
protein (SBP), a TEV cleavage site and two domains Protein G. Predicted molecular weights were calculated by ExPaSy
pl/Mw tool. (B) Proteins were separated by SDS-PAGE and stained by Coomassie Blue. Left panel shows input used for
affinity purification of the cell suspension lines transformed with the seven NXF 1-like transgenes driven by a 35S promotor
and the cell suspension line that was transformed with free SG driven by 35S promotor that served as a negative control.
Right panel shows co-purifying proteins after affinity purification with red asterisks marking the respective SG-tagged bait
protein. Molecular weights are depicted in kDa.

In total 312 proteins co-purified with NXF1-SG, 123 with NXF2-SG, 99 with NXF3-SG, 159 with
NXF4-SG, 111 with NXF5-SG, 119 with NXF6-SG and 57 with NXF7-SG. AP-MS results
verified a co-purification between export factors and NXF candidates. Besides ALY1, that was
not detected in the NXF1-SG experiments, all other ALY proteins were detected in all
experiments (Table 5). An unquestionably specific co-purification was detected between ALY3
and all seven NXF candidates as well as between UIEF1 and NXF3, NXF6 and NXF7 since
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both ALY3 and UIEF1 were not detected in the unfused SG negative control. UIEF2 was not
detected in any NXF AP-MS experiment.

Table 5. Components of TREX and NPC co-purify with NXF1-like candidates. (A) Seven NXF1-like candidates fused
to a SG tag (highlighted in blue) were used as bait proteins for co-IP experiments. The numbers indicate the respective
MASCOT score of the identified interactor and how many times the interactor was identified in three independent
experiments. A protein was only considered to be a true interactor when identified in at least in two out of three
experiments. In the last row interactors and corresponding MASCOT score are listed that were identified in the unfused SG
negative control. Putative TREX interactors are highlighted in red and NPC components in green.

AGI NXF1-SG NXF2-SG NXF3-SG NXF4-SG NXF5-SG NXF6-SG NXF7-SG SG
AT5G43960 6014/ 3 451/ 3 110/ 2
A 60980 544/ 3 4553/ 3 22271 3 2270/ 3 2508/ 3 31117 3 780/ 3 137/ 2
AT3G25150 89/ 2 712/ 3 4807/ 3 1477 3 1027/ 3 22893 366/ 3
AT5G48650 486/ 2 1474/ 3 1489/ 3 8699/ 3 561/ 3 1954/ 3 97/ 2
AT1GB69250 1342/ 3 74173 559/ 3 4850/ 3 1239/ 3 2386/ 3
AT1G13730 294/ 3 474/ 3 51173 645/ 3 3543/ 3
AT2G03640 NXF7 104/ 2 491/ 3 4740/ 3 596/ 3 766/ 3 167/ 3
AT5G59950 ALY1 204/ 2 435/ 3 287/ 3 151/ 2 304/ 3 267/ 3 131/ 2
AT5G02530 ALY2 2721 3 309/ 2 2493 262/ 3 165/ 3 267/ 3 289/ 2 184/ 2
AT1GB86260 ALY3 357/ 2 288/ 3 37173 333/ 3 691/ 3 493/ 3 318/ 3
AT5G3T7T720 ALY4 580/ 3 622/ 3 700/ 3 666/ 3 851/ 3 826/ 3 739/ 3 158/ 2
AT4G10970 UIEF1 188/ 3 104/ 3 125/2
AT1G14850 NUP155 564/ 3 4771 3
AT1G33410 NUP160 252/ 3 230/ 2
AT1G59660 NUFP98b 87/ 2
AT1G80680 NUF96 97/ 2
AT2G05120 NUP133 187/ 3 136/ 2
AT2G41620 NUFP93a 132/ 2

3G10650 NUP136 393/ 3 222/ 2 937/ 3 430/ 2 339/ 3
AT3G16310 NUP35 231/ 2 130/ 2 287/ 2 179/ 3
AT5G05680 NUF88 252/ 3
AT1G10390 NUFP98a 326/ 2 486/ 3
AT4G32910 NUFT75 99/ 3
AT2G30050 SEC13 295/ 2 320/ 2 162/ 2 216/ 3 415/ 2
AT5G51200 NUP205 423/ 2 408/ 2
AT3G56900 ALADIM 216/ 3
AT1G80670 RAE 380/ 2 156/ 2 166/ 3 278/ 2 184/ 3
AT5G40480 GP210 168/ 3
AT2(G39810 HOS1 259/ 3 190/ 3

In addition to a co-purification between NXF candidates and export factors, various NXF
candidates co-purified with another. Even though NXF2 and NXF4 were also detected in the
unfused SG negative control, a specific co-purification of both proteins with several other NXF
candidates can be assumed. NXF2 for instance was identified in the NXF3-SG, NXG4-SG,
NXF5-SG and NXF6-SG AP-MS experiments with MASCOT scores more then 16-fold higher
than in the negative control. Accordingly, NXF4 was detected in NXF2-SG, NXF3-SG and
NXF6-SG AP-MS experiments with MASCOT scores more than 15-fold higher than in the
negative control (Table 5). A putative specific co-purification could also be observed between
NXF5 and NXF7 since both proteins were identified in the respective AP-MS experiments with
very high MASCOT scores. An unquestionably specific co-purification was detected between
NXF1 and NXF3 as well as between NXF3, NXF5 and NXF6 as these factors were not

detected in the unfused SG negative control.

56



2. Results

A possible role for the NXF candidates in mRNA export similar to the function of NXF1/Mex67
is further supported, since several subunits of the NPC co-purified with different NXF
candidates. In total 17 NPC components were detected in the different AP-MS experiments
with the two components NUP136 and SEC13 also being identified in the unfused SG negative
control. Most NPC subunits co-purified with NXF1-SG (14) and NXF4-SG (13) whereas no
Nups co-purified with NXF5 or NXF7.

The reciprocal expression of export factors and NXF candidates fused to a SG tag in
Arabidopsis cell suspension cultures and following AP-MS experiments revealed several
putative interactions between export factors and NXF candidates. Additionally, these
experiments showed that several NXF candidates are potentially interconnected and that
several NXF candidates, especially NXF1 and NXF4, potentially interact with the NPC.

2.3.4 NXF-eGFP fusion proteins transiently expressed in N. benthamiana are localized
predominantly to the cytosol but are also enriched around nuclear envelopes

In yeast, Mex67 is clearly enriched around the nuclear envelope (Segref et al., 1997) whereas
in human cells NXF1 proteins additionally localize to the nucleoplasm (Fribourg et al., 2001)
(Tretyakova et al., 2005).

To analyse if the seven plant NXF candidates show similar localizations within plant cells and
if there are differences between the NXF proteins in subcellular localization, candidates were
transiently expressed by the strong viral 35S promotor in N. benthamiana. The localization of
C-terminally fused eGFP fusion proteins were analysed 3 days after A. tumefaciens infiltration
by CLSM (Figure 34). In cells expressing free eGFP fused to an NLS peptide, a green
fluorescence signal was detected exclusively in the nucleoplasm of cells (Figure 34 A). In cells
expressing NXF candidates on the other hand, a cytosolic signal could be detected (Figure 34
B-H). These cytosolic signals appeared to surround single tobacco cells what can be explained
by the presence of comparatively large vacuoles in plant leaf mesophyll cells that fill most of
the cell and displace cytosolic proteins towards the cell wall. Additionally, an enrichment of

NXF fusion proteins around the nucleus could be observed.
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Figure 34. NXF candidates expressed in N. benthamiana localize predominately to the cytoplasm. NXF1-7 fused to
eGFP (B-H) and NLS-eGFP (A) were transiently expressed in N. benthamiana. In cells expressing NLS-eGFP a green
fluorescence signal is only detected in the nucleus (n). In cells expressing the seven NXF-eGFP fusion proteins a cytosolic
fluorescence signal (cs) and an enrichment of green fluorescence protein at the nuclear envelopes (ne) could be detected.
Size bars = 50 pm.

To unequivocally proof that NXF proteins surround nuclei, the seven NXF candidates fused to
eGFP were co-expressed with a nuclear UAP56-mCherry marker in N. benthamiana leaf cells

and localization of both fusion proteins was analysed by CLSM (Figure 35).
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p35S::NXF1-eGFP p35S::NXF1-eGFP p35S::NXF2-eGFP p35S::NXF3-eGFP
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p35S::NXF4-eGFP p35S::NXF5-eGFP p35S::NXF6-eGFP p35S::NXF7-eGFP
p35S::UAP56-mCherry p35S::UAP56-mCherry p35S::UAP56-mCherry p35S::UAP56-mCherry

Figure 35. NXF factors expressed in N. benthamiana surround nuclear UAP56-mCherry proteins. NXF1-7-3'eGFP
and UAP56-3'mCherry were transiently co-expressed in N. benthamiana.. Cells expressing both NXF1-eGFP and UAP56-
mCherry show a green cytosolic NXF1 signal and a red nucleoplasmic UAP56-mCherry signal (A). (B-H) Single nuclei of
cells co-expressing NXF-eGFP and UAP56-mCherry demonstrates that NXF proteins surround nuclei. Size bars (A) = 50
um, (B-H) =5 pm.

Co-expressing NXF-eGFP candidates and UAP-mCherry clearly showed an accumulation of
NXF-eGFP signal for all seven candidates around a red nuclear UAP-mCherry signal
demonstrating that NXF candidates expressed in tobacco cells localize to the cytosol and are

enriched around nuclei of these cells (Figure 35).

2.3.5. NXF-GFP fusion proteins expressed by endogenous promotors in stable
transformed Arabidopsis lines localize predominantly to the cytosol

Since overexpression of GFP-tagged fusion proteins can lead to GFP self-aggregation into
complexes and ectopic protein localization (Gibson et al., 2013), more accurate information
about the subcellular localization of Arabidopsis proteins can be obtained when candidates are
expressed by their endogenous promotor optimally in the respective Arabidopsis mutant

background.

Thus, homozygous nxf T-DNA insertion mutant plants (see 3.3.6) were analysed by CLSM that
carried a respective NXF candidate transgene fused C-terminally to GFP and driven by the
endogenous promotor, that was integrated into the plant genome by A. tumefaciens mediated
transformation. Ultimately these experiments should be performed in three independent lines
homozygous for the inserted transgene. Since these lines were not available yet, only one line

(not always homozygous for the inserted transgene and inserted transgene not always in
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mutant background) for each NXF candidate was analysed by CLSM, for what reason the

following results must be considered as preliminary.
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Figure 36. NXF-GFP fusion proteins localize predominantly to the cytosol in root tips . NXF-GFP localization in root
tips from 8 DAS seedlings of stable transformed Arabidopsis transgenic lines. GFP was N-terminally fused to NXF1 (A) or
C-terminally fused to NXF1-7 (B-H) driven by the respective endogenous promotor. Cell walls are counterstained with
propidium iodide (red signal). Size bars = 50 pm.

In transgenic lines carrying the transgenes pNXF4::NXF4-GFP and pNXF5::NXF5-GFP a
green fluorescence signal only at background levels was detected (Figure 36 E,F). This can
be explained amongst other things by a low gene or protein expression, transcript or protein
degradation or by an insertion of the transgene into a silenced region of the genome. To

analyse the global expression profiles of NXF candidate genes, public available transcript

60



2. Results

profiling data were analysed (Figure 37). The expression of NXF4 is indeed very low in roots
and in the aerial parts of plants compared to the other six NXF candidates, indicating that the
absence of a GFP signal in this transgenic line is potentially caused by a low gene expression.
The expression of NXF5 in roots is also lower than the expression of the other candidates but
it should still be high enough to produce proteins that can be detected by CLSM. Thus, it is
more likely that the NXF5-GFP transgene was inserted into an unfavourable region in this
transgenic line, but to verify this assumption, more independent transgenic lines, homozygous

for the inserted transgene, need to be analysed in future experiments.
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Figure 37. NXF4 shows lowest gene expression of the seven NXF candidates. Gene expression of the seven NXF
candidates in blade, roots, leaves and rosette leaves based on public transcript profiling data generated by RNAseq
analysis and displayed using Genevestigator (Hruz et al., 2008).

For the other five transgenic lines tested, a distinct GFP signal could be detected. Like
observed in the experiments analysing the subnuclear localization of NXF-eGFP candidates
in tobacco cells (Figure 34), also in Arabidopsis root cells no differences regarding the
localization of NXF-GFP proteins were detected in the different NXF-GFP transgenic lines. In
all lines NXF-GFP was expressed in all root cells and the fusion proteins were predominantly
localized to the cytosol. To exclude that this cytosolic localization was caused by an
interference of a C-terminal GFP tag with protein function, a transgenic line carrying an N-
terminally GFP tagged NXF1 transgene was additionally analysed (Figure 36 A). In this line
the same predominantly cytosolic distribution of the fusion proteins could be observed,

indicating that NXF-like proteins localize predominantly to the cytosol.
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2.3.6. Co-localization studies of NXF-GFP and NUP-tagRFP fusion proteins

Since in other eukaryotes the heterodimeric export receptor guides mRNAs through the NPC
by a mechanism that is dependent on interactions between export receptor with FG Nups
(Katahira et al., 1999; Strasser et al., 2000; Ben-Yishay et al., 2019), in the following co-
localization experiments between the NXF candidate NXF1 and the FG Nup NUP54
(AT1G24310) were performed (Figure 38).
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Figure 38. Co-localization of NXF1 and NUP54. (A) Root tip at 8 DAS from a stable transformed transgenic Arabidopsis
line expressing NXF1-GFP and NUP-tagRFP under the respective endogenous promotors. NXF1-GFP shows
predominately a cytosolic signal (cs) in most cells and is excluded from nuclei (n) in root tips. The NPC marker NUP54-
tagRFP is detected as a ring-like structure surrounding nuclei at the nuclear envelope (ne). (B) Protoplast isolated from
rosette leaves 28 DAS of transgenic plants described in (A) with NXF1-GFP showing predominately a cytosolic signal (cs)
but being also enriched around the nuclear envelope (ne) and NUP54-tagRFP being detected as a ring-like structure
surrounding nuclei at the nuclear envelope (ne). (C) NXF1-eGFP and mCherry-NUP54 transiently overexpressed in /.
benthamiana leaf mesophyll cells. NXF1-eGFP and mCerry-NUP54 is enriched at the nuclear envelope (ne) and mCherry-
NUP54 also shows a nuclear signal (ns). Size bars = 50 um Atop row, 10 um A bottom row, 10 ym B and 5 ym C.
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The homozygous transgenic line expressing NXF1-GFP in nxf1 mutant background described
in 2.3.5 was transformed with a transgene expressing NUP54 C-terminally fused to the
fluorophore tagRFP from its endogenous promotor (Hachani, 2018). In the long term these co-
localization experiments should be performed using T3 plants homozygous for the inserted
transgene but since these plants were not available yet, segregating T2 plants were analysed
by CLSM. In root cells 8 DAS, NUP54-tagRFP fusion proteins were visible as ring like
structures that surrounded all nuclei of the root cells along the nuclear envelope (Figure 38 A).
NXF1-GFP fusion proteins on the other hand were predominately detected in the cytosol like
described in 2.3.5 and in most cells a green NXF1-GFP signal was separated from the nucleus
by the red NUP54-tagRFP signal representing the nuclear envelope and no obvious co-

localization could be observed (Figure 38 A).

In addition to root cells, also leaf protoplasts isolated from rosette leaves 28 DAS of the just
described transgenic plants (Figure 38 B) and tobacco mesophyll cells transiently co-
expressing NXF1-eGFP and mCherry-NUP54 driven by the strong 35S promotor (Figure 38
C) were analysed. In both Arabidopsis and tobacco leaf cells, the NXF1 fusion proteins
predominately localized to the cytosol but in both organisms also and enrichment of green
fluorescence signals could be observed around the nuclear envelope but a clear co-localization
with NUP54-tagRFP was not detectable. Similar results could be observed analysing the co-
localization of the seven NXF candidates fused to eGFP with NUP35-mCherry (AT3G16310),
which co-purified reproducibly with several NXF candidates in AP-MS experiments (Table 5),
when NXF-eGFP and NUP35-mCherry were transiently expressed in tobacco leaf cells
(Supplement S16).

In summary, the localization studies of the seven NXF candidate fusion proteins in N.
benthamiana leaf mesophyll cells and in Arabidopsis root and leaf cells showed that NXF
candidates mainly localize to the cytoplasm. Since NXF candidate fusion proteins were also
enriched around nuclei, all seven NXF candidates can potentially function as mRNA export

receptors.
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2.3.7. Molecular characterization of nxf T-DNA insertion lines

In yeast and metazoans Mex67 and NXF1 are essential factors for bulk mRNA export and cell
viability (Segref et al., 1997; Griter et al., 1998; Katahira et al., 2009). To investigate the
influence of Arabidopsis NXF candidates on plant growth and bulk mRNA export, T-DNA
insertion mutants homozygous for the T-DNA allele were analysed. Seeds harbouring the T-
DNA insertion alleles nxfl-1, nxf2-1, nxf3-1, nxf4-3, nxf5-1, nxf6-1 and nxf7-1 were obtained
from the Nottingham Arabidopsis Stock Center (NASC) and homozygous mutant plants were
identified by genotyping PCR. For genotyping two oligonucleotide pairs were used, one
spanning the site of the T-DNA insertion and a second one targeting the T-DNA insertion site
(Figure 39 A). In the seven identified homozygous T-DNA mutant plants a PCR product was
only obtained when the oligonucleotides targeting the T-DNA insertion was used whereas
when using genomic DNA extracted from Col-0 plants only a fragment was amplified using the
oligonucleotides spanning the T-DNA insertion site, confirming that identified plants were
homozygous for the respective mutant allele (Figure 39 B). The exact position of the T-DNA

insertion and the presence of a premature stop codon was further confirmed by sequencing.

To verify that homozygous T-DNA mutants do not produce full-length candidate transcripts,
semi quantitative RT-PCRs using oligonucleotides spanning the T-DNA insertions were
performed. cDNA generated from RNA extracted from 14 DAS seedlings of Col-0 and nxf
plants was used as templates for RT-PCR reactions. In the respective mutant lines, no PCR
fragments were amplified showing that the interruption of the genomic sequences by T-DNA
insertion inhibits the building of functional full-length transcripts (Figure 39 C). RT-PCR using
oligonucleotides binding to ACTIN2 demonstrated that functional cDNA was used in the RT-

PCR reactions in all analysed plant lines.
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Figure 39. Molecular characterization of nxf T-DNA insertion lines. (A) nxf1 - nxf7 T-DNA insertion alleles with
triangles marking the T-DNA insertion. Primers used for genotyping PCR (B) and RT-PCR (C) are highlighted with black
arrows. UTRs = light grey boxes, exons = block boxes, introns = black lines. (B) Genotyping PCRs with the indicated
primers in Col-0 and the homozygous nxf1 - nxf7 T-DNA insertion mutants. (C) RT-PCR using cDNA generated from RNA
extracted from 14 DAS seedlings of Col-0 and the homozygous nxf1 - nxf7 T-DNA insertion mutant plants with the
indicated primers spanning the T-DNA insertions. RT-PCRs were performed for various cycles to show that PCR reactions
were not saturated.
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2.3.8. nxf mutants are only mildly affected in plant growth and development

A mutant that is lacking the mRNA export receptor(s) is supposed to show a strong mRNA
export block and it should be severely affected in plant growth and development when factor(s)
fulfil similar functions like in other eukaryotes. Other mRNA export mutants like plants not
producing the four ALY proteins for instance show a bulk mMRNA export block (Figure 11) that
correlates with a pleiotropic phenotype (Figure 10).

The identified single mutant plants were in the following phenotypically analysed to study the
role of the seven NXF candidates during plant growth and development. Since all seven
homozygous nxf plant lines showed no phenotypic alterations (data not shown), higher order
mutants were generated. This was accomplished by first generating homozygous double
mutants and in the following a quadruple mutant (4xnxf, nxf1 nxf2 nxf3 nxf4) and a triple mutant
(3xnxf, nxf5 nxf6 nxf7).

Compared to the 4xaly mRNA export mutant (Figure 10), 4xnxf and 3xnxf plants showed no
such major defects in plant growth or root development (Figure 40). Overall the two mutants
resemble Col-0 plants apart from a severe late flowering phenotype observed in 4xnxf plants
(Figure 40 A,C,D,E,G) that is underlined by a distinct later bolting time and a reduced plant
height 42 DAS. Additionally, a smaller rosette was observed in both mutant plant lines 28 DAS
(Figure 40 F).
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Figure 40. nxf plants are only mildly affected in plant growth and development. Phenotype of 4xnxf and 3xnxf plants
compared to Col-0 at 28 DAS (A), 35 DAS (C) and 42 DAS (D). 4xnxf and 3xnxf plants show no differences regarding root
length at 8 DAS (B). Phenotypic analysis for (E) bolting time, (F) rosette diameter 28 DAS, (G) plant height at 42 DAS and
root length 8 DAS (H). Error bars indicate SD of 15 plants. Data sets marked with different letters are significantly different
as assessed by a multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.
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2.3.9. 4xnxf and 3xnxf plants show no mRNA export block

In respect to their role as putative mMRNA export receptors, the NXF mutants 4xnxf and 3xnxf,
although not displaying a strong phenotype, were analysed for defects in the bulk export of
MRNAs. Wole-mount in situ hybridization in roots was performed (Figure 41) like described in
figure 11 and nuclear/cytosolic fluorescence signals were calculated in Col-0, 4xnxf and 3xnxf
plants. Analysis of at least 60 nuclei per genotype revealed no bulk mRNA export block in both
mutant lines since the nuclear/cytosol signal ratios were not significantly different in these
plants compared to Col-0 (Figure 41 B).

nucleus/cytosol ratio

&
< WF ,5.|$‘

Figure 41. 4xntf and 3xntf plants show no bulk mRNA export block. (A) CLSM images from representative sections
from roots of Col-0, 4xnxf and 3xnxf plants after WISH with the Alexa Fluor 488 oligo (dT) signal in green and DAPI signal
in blue. Bars = 60 ym (top rows) and 10 um (bottom row). (B) Average nuclear/cytosol signal ratio of 60 or more nuclei per
genotype. The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating SD. Data sets marked with different
letters are significantly different as assessed by a multicomparison Tukey’s test (P < 0.05) after one-way analysis of
variance.
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3. Discussion

3.1 ALY proteins function as export factors

In eukaryotes, a central role in mRNA export is played by mRNA export adaptors that are
involved in the initiation of the mMRNA export process. Additionally, in a later stage of mMRNA
export, adaptors hand mRNA over to a heterodimeric mMRNA export receptor and by that are
crucial for the last defining step of mMRNA export, the translocation of export competent mMRNPs
through the NPC (Walsh et al., 2010; Heath et al., 2016).

MRNA Export adaptors are diversified in eukaryotes with only some mRNA export adaptor
proteins being described in yeast whereas a variety of mMRNA export adaptors and co-adaptors
were identified in metazoans over the last few years (Heath et al., 2016). Although most
adaptors are diversified in eukaryotes, the key mRNA export adaptor ALY (Yral in yeast) is
conserved albeit the number of genes encoding different ALY proteins and the impact of these
factors on bulk mRNA export varies in different eukaryotic systems. In yeast, the ALY
orthologue Yral is essential for mRNA export (Strasser and Hurt, 2000; Zenklusen et al.,
2001). The genome of Caenorhabditis elegans encodes three ALY orthologues. In contrast to
yeast, a simultaneous knockdown of all three C. elegans ALY orthologues does not affect bulk
MRNA export in these mutants significantly (Longman et al., 2003). In human and fruit fly cells,
the depletion of ALY proteins results in an intermediate mMRNA export block phenotype with
only a modest nuclear accumulation of poly(A) RNA being detected in nuclei (Gatfield and
Izaurralde, 2002; Hautbergue et al., 2009; Katahira et al., 2009). In Arabidopsis, ALY genes
are more diversified than in other eukaryotes with the genome encoding four different ALY
proteins, although their role in mRNA export has not been studied (Uhrig et al., 2004; Pendle
et al., 2005).

In yeast and human cells, Yral and ALY can be recruited to the TRanscription and EXport
(TREX) complex by a direct protein-protein interaction with the TREX subunit UAP56 (Sub2 in
yeast, Luo et al., 2001; StraRer and Hurt, 2001). A direct interaction between the Arabidopsis
UAPS56 and ALY proteins could also be demonstrated using the yeast two-hybrid (Y2H) system
(Kammel et al., 2013; Pfaff et al., 2018). Since in vivo FRET experiments performed in this
study could confirm these previously shown interactions in planta, the mechanism how ALY

proteins are recruited to TREX is most likely conserved in Arabidopsis.

In yeast and metazoans it was further demonstrated that ALY orthologues bind to SSRNA, a
feature supposed to be essential for factors that hand mRNA over to a mRNA receptor
(Strasser and Hurt, 2000; Stutz et al., 2000; Zenklusen et al., 2001; Katahira et al., 2009). As
part of our characterization of ALY proteins as possible mRNA export factors, MST
experiments also demonstrated that recombinant Arabidopsis ALY1 preferentially binds to
ssRNA in vitro (Pfaff et al., 2018). Additionally, we could show that the individual RRM of ALY1
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interacts with ssRNA weakly and that both the N- and C- terminal domains increase the affinity
of the protein for RNA (Pfaff et al., 2018). A recent RNA immunoprecipitation study further
revealed that Arabidopsis ALY1 binds to a broad array of mRNASs in vivo, further supporting a

possible role of Arabidopsis ALY proteins as mMRNA export factors (Choudury et al., 2019).

A key feature of ALY mRNA export adaptors is that they are involved in several aspects of
MRNA export and that they are stripped of export competent mRNPs within the nucleus before
export competent mRNAs travel through the NPC (Stutz et al., 2000; Zhou et al., 2000;
Rodrigues et al., 2001). CLSM analysis of Arabidopsis root and leaf cells using plants
expressing the four Arabidopsis ALY proteins fused to GFP in the respective mutant
background confirmed that Arabidopsis ALY proteins are also exclusively located in nuclei
(Pfaff et al., 2018).

In yeast and metazoans, a correlation between mRNA export phenotype and defects in cell
growth and development can be observed. In yeast, upon Yral depletion mRNA export is
blocked and the loss of Yral is lethal (Portman et al., 1997; Strasser and Hurt, 2000). In h.
sapiens, C. elegans and D. melanogaster the knockdown of ALY orthologues has no or only
mild effects on mRNA export. In D. melanogaster the knockdown of the ALY ortholog leads to
a decreased cell growth rate but no significant accumulation of poly(A) mRNA can be detected
(Gatfield and Izaurralde, 2002). In C. elegans the simultaneous knockdown of the three ALY
orthologs leads to a reduced mobility phenotype but also no enrichment of poly(A) mRNA in
the nuclei can be observed (Longman et al., 2003). In h. sapiens the knockdown of ALY leads
to a weak accumulation of poly(A) mRNA compared to the loss of other mRNA export factors
like NXF1 and only a simultaneous knockout of more than one export adaptor results in a
strong nuclear accumulation (Hautbergue et. al., 2009; Katahira et al., 2009; Viphakone et al.,
2012; Chang et al., 2013). The phenotypical differences may be explained by the presence of
redundant export adaptors or by an up-regulation of other export factors (Hautbergue et al.,
2009; Walsh et al., 2010). In Arabidopsis, the loss of one ALY factor and the simultaneous
knockout of the genes alyl and aly2 as well as aly3 and aly4 has no or only minor effects on
plant growth and mRNA export, suggesting that the four ALY function redundantly (Sgrensen,
2016). The severe phenotype of plants lacking all four ALY proteins supports the hypothesis
that ALY proteins are functionally redundant and indicates that in aly single and double mutants
the functional ALY proteins can compensate for the loss of one or two ALY factors, whereas
in the 4xaly mutant an additive effect on mRNA export results in a severe phenotype regarding

plant growth and development.

An enrichment of poly(A) transcripts in 4xaly nuclei detected by WISH further demonstrated a
correlation of the severe growth and development phenotype with a general mRNA export

defect. Phenotypic analysis and export assays showed that the loss of all four Arabidopsis ALY
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proteins results in a strong export and growth phenotype compared to the loss of ALYs in
metazoans. Additionally, the viability of 4xaly plants showed that Yral plays a more prominent
role in mMRNA export in yeast than the ALY proteins do in Arabidopsis and that in plants
redundant export factors exist, that can export mMRNAs efficiently enough even in the absence

of all ALY proteins, so plants can survive.

To address the questions what transcripts are retained in 4xaly nuclei and by that are targets
for a putative ALY mediated mRNA export, an RNAseq approach sequencing mRNAs from
total cells and nuclei was performed. Using two different normalization methods, 2311 and
2205 transcripts were detected to be retained in 4xaly nuclei. This retention of transcripts

demonstrated that 4xaly is a mRNA export mutant.

By cell fractionation followed by RNAseq of nuclei and whole cells a variety of transcripts were
detected that are enriched in 4xaly nuclei and hence exported by one or more ALY export
factors. To further validate that the candidates obtained in this study are enriched in 4xaly
nuclei it would be useful to apply methods to detect single RNA molecules like single-molecule
fluorescence in situ hybridization (smFISH) which was developed in the last years and which
was shown to be also useful to image specific transcripts within plant cells (Raj et al., 2008,
Duncan et al., 2016, Duncan and Rosa, 2018).

In human 293A-TOA cells, upon siRNA mediated ALY depletion, 3796 differentially expressed
genes are significantly downregulated in a cytoplasmic fraction and 3344 differentially
expressed genes are significantly upregulated in a nuclear fraction (Stubbs and Conrad, 2015).
Since the Arabidopsis genome encodes ~27700 protein coding genes (Cheng et al., 2017) and
the human genome encodes ~21300 protein coding genes (Pertea et al., 2018), in both
organisms a significant portion of genes rely on ALY proteins to be properly exported out of
the nucleus, but the vast majority of transcripts is not significantly affected in mRNA export
upon ALY depletion. This might explain the rather mild phenotype of ALY depleted human cells
und the viability of 4xaly plants and further supports the hypothesis that also in plants the

interplay of several export factors might regulate mRNA export.

Besides its role in mRNA export, human ALY is also implicated in transcriptional control. ALY
interacts with two transcription factors that are involved in activation of the T cell receptor a
gene (TCR a) enhancer (Bruhn et al., 1997), it associates with IWS1, a protein that interacts
with the elongation factor SPT6 (Yoh et al., 2007) and the depletion of ALY results in
transcription elongation defects (Dominguez-Sanchez et al., 2011). Stubbs and Conrad
showed in 2015, that in human cells upon ALY depletion a variety of transcripts are
downregulated in a cytoplasmic fraction and in a nuclear fraction demonstrating that the loss
of ALY proteins leads to decreased transcription of particular transcripts. To verify if

Arabidopsis ALY proteins are also involved in transcriptional control and to validate the results
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obtained in this study it will be necessary to also fractionate plant cells into nuclei and cytosolic
fraction and sequence both portions. Even though a clear separation of nuclei und cytosol is
difficult in plants due to the presence of a rigid cell wall and a prominent vacuole, a successful
separation of nuclear and cytoplasmic fraction was described in several studies (Park et al.,
2005; Azevedo et al., 2019; Choudury et al., 2019).

3.2 Arabidopsis ALY proteins: a functional specialization?

Like mentioned above, the rather wildtype appearance of plants lacking two ALY factors and
the severe phenotype of 4xaly plants strongly suggests some kind of redundancy between
ALY proteins, but the fact that plants express several ALY proteins also indicates that there
might be some functional specialization among these factors. During characterization of the
ALY proteins as possible export factors several findings further supported this hypothesis:
Although alyl aly2 and aly3 aly4 double mutants basically look like wildtype, aly3 aly4 plants
display a mild early flowering phenotype and a moderate mRNA export block suggesting that
the proteins ALY1 and ALY2 have some different functions than the proteins ALY3 and ALY4
(Sgrensen, 2016). A similar finding that the ALY proteins with the highest sequence identity
(ALY1 and ALY2 54% amino acid sequence identity, ALY3 and ALY4 70% amino acid
sequence identity) may have specific functions is indicated by a different subnuclear
localization of these proteins. Although all four ALY proteins are nuclear proteins, ALY1 and
ALY2 were detected primarily in the nucleoplasm of root cells whereas ALY3 and ALY4 were
often strongly enriched in nucleoli (Pfaff et al., 2018). Differences between the four ALYs were
also detected when analysing the expression and localization of ALY-GFP fusion proteins in
the reproductive tissues. In pollen grains ALY4 was not expressed and ALY3 showed only
weak expression in the nucleus of the pollen vegetative cell whereas ALY1-GFP and ALY2-
GFP fusion proteins were detected in both vegetative cell and sperm cells. In ovules on the
other hand, ALY2, ALY3 and ALY4 were expressed in the sporophytic tissue and ALY1
expression was restricted to the female gametophyte (Pfaff et al., 2018).

The phenotypic analysis of plants lacking three ALY proteins and expressing one ALY export
factor demonstrated that different ALY proteins affect plant growth and development
differently. The severe phenotype observed in 4xaly plants is probably mainly caused by a
simultaneous knockout of ALY2, ALY3 and ALY4 as 3xalyALY1 mutant plants show a similar
phenotype like 4xaly, which can be clearly distinguished from the other three triple mutants.
The phenotypes of the different 3xaly plants further suggest that ALY2, ALY3 and ALY4 have
a similar influence on plant growth and development, different from the impact of ALY1, as
3xalyALY?2, 3xalyALY3 and 3xalyALY4 have rather comparable phenotypes clearly distinct
from 3xalyALY1l. Although 3xalyALY2, 3xalyALY3 and 3xalyALY4 have rather similar
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phenotypes, differences regarding bolting time, rosette diameter and leaf morphology show

that all four ALY proteins affect plant growth and development differently.

Even though there are clear phenotypic differences between the individual aly triple mutant
plant lines, all four aly triple mutant plant lines exhibit significant differences compared to the
Col-0 ecotype. This is different compared to the situation in the double mutants alyl aly2 and
aly3 aly4 which are only mildly affected (Sgrensen, 2016) and what shows that the
simultaneous knockout of three ALYs cannot be compensated by a redundant fourth ALY,

resulting in defects in plant growth and development.

Since the main function of ALY proteins in eukaryotes is to act as mMRNA export adaptors
(Walsh et al., 2010; Heath et al., 2016), defects in plant growth and development should mainly
be caused by mRNA export defects. In 4xaly mutant plant lines the severe growth phenotype
correlates with a bulk mRNA export block. Thus, the distinct phenotypes of the four 3xaly
mutants could either be caused by differences in a bulk mRNA export block or by a deficient

export of specific transcripts or subsets of transcripts in the different aly triple mutants.

Interestingly, WISH mRNA export assays showed that the simultaneous knockout of three ALY
proteins already causes a severe mRNA export defect in Arabidopsis similar to the export block
observed in 4xaly plants with no differences between the different aly triple mutants being
detected. Since alyl aly2 and aly3 aly4 double mutant plants show no or only a weak mRNA
export defect and are not or only mildly affected in plant growth and development, a knockout
of two ALY proteins can be most likely compensated by a redundant function of the remaining
two functional ALY factors. The concomitant loss of three ALY proteins on the other hand
results in a mRNA export block that causes defects in plant growth and development. WISH
experiments further showed that the differences in 3xaly and 4xaly phenotypes are probably
not caused by differences in a bulk mRNA export block but rather by a mRNA export-

misregulation of specific genes or a subset of genes.

To gain insight into differential gene expression, the transcriptomes of 3xaly and 4xaly plants
were compared relative to Col-0. It was further assumed that in principle if an ALY factor is
necessary for the export of a transcript, ‘its total levels may decrease upon ALY knockout if the
transcript is more rapidly degraded when sequestered in the nucleus’ (Stubbs and Conrad,
2015). To validate this hypothesis, candidate mRNAs detected in the cell fractioning
experiment to be retained in 4xaly nuclei were compared with candidates downregulated in
4xaly mutant plants obtained by transcript profiling. The little overlap between the two
experiments might be explained by plant material from different developmental stages and
different experimental setups (RNA extraction method, RNAseq method) that were used for
both sequencing approaches. It was assumed that a general downregulation in 3xaly and 4xaly

mutants was primarily caused by a defect in mRNA export. In future experiments it might be
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necessary to also sequence nuclei and total cells (or cytoplasm) from 3xaly and 4xaly mutant
plants using plant material that was grown simultaneously and the same RNA extraction and
sequencing methods for all tested specimen to show that a general downregulation correlates

with mRNA export defects in aly mutants.

The most genes were downregulated in 4xaly mutant plants what could explain the more
severe phenotype of this mutant compared to the four 3xaly plant lines. The RNAseq data also
demonstrated that differences in the phenotypes of 3xaly and 4xaly mutant plants are likely
caused by a misregulated mRNA export of specific transcripts or small subsets of mMRNAs in
the different mutants rather than by differences in a bulk mRNA export block. For instance, the
mutant 3xalyALY4, which shows a clear distinct phenotype compared to 4xaly, shares around
~ 83% of reduced mRNAs with 4xaly, whereas the mutants 3xalyALY?2 and 3xalyALY3, which
display a similar phenotype like 3xalyALY4, share much less downregulated transcripts with
4xaly.

The bioinformatical analysis of RNAseq data revealed a subset of transcripts that might need
the interplay of more than one ALY factor to be properly exported and subsets of transcripts
that might be specifically exported by either ALY3 or ALY4. In contrast, only a couple of
transcripts were not downregulated in 3xalyALY1 and 3xalyALY2 but downregulated in the
other three aly triple mutants and 4xaly, indicating that less transcripts might be specifically or
preferentially exported by ALY1 or ALY2. The question if transcripts are really specifically
exported or bound by one ALY or if transcripts can also be bound simultaneously by several,
perhaps different ALY proteins would be interesting to answer by RNA immunoprecipitation
methods. In human cells it could be shown that ALY proteins can bind to 5’end, 3’end and
middle region of one transcript (Shi et al., 2017). Thus, it can be speculated that perhaps also
in plants transcripts can be bound by several ALY proteins and perhaps a sophisticated
interplay of several different ALY factors on one transcript regulates the nucleocytosolic

transport.

Export assays, transcript profiling and gRT-PCR in the four 3xaly and 4xaly mutant plant lines
showed, that differences in phenotypes between the different mutant plant lines are more likely
caused by defective export of specific mMRNAs or subsets of MRNAs in the different mutant
plant lines rather than by differences regarding bulk mRNA export. RNAseq and qRT-PCR
additionally revealed transcripts that might need the interplay of two or more ALY factors to be
properly exported and transcripts that might be exported by specific ALY export factors. The
expression and localization studies of ALY-GFP proteins and the phenotypic analysis of 3xaly
mutant plant lines showed that ALY1 may have a different function than especially ALY3 and
ALY4. The observation that ALY1 may have a different function is further supported by a recent

study which showed that ALY1 is the only Arabidopsis ALY protein that is involved in the
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regulation of RNA-directed DNA methylation via export of the mMRNAs AGO6 and DCL?2 that
generate proteins with known roles in RNA-directed DNA methylation (Choudury et al., 2019).
RNAseq demonstrated that the differences between different 3xaly phenotypes might be
explained by a specific export of transcripts by different ALY export factors. In future
experiments it will be crucial to show that the candidates that were bioinformatically identified
and verified by gRT-PCR to be possibly specifically exported by ALY proteins are only properly
exported in the 3xaly mutant expressing the respective wildtype ALY protein. Besides the
already mentioned RNAseq experiments of nuclei and total cells (or cytoplasm) also smFISH

can be applied to validate the obtained candidates.

To globally identify transcripts that are bound by different ALY proteins, the iCLIP (individual-
nucleotide resolution cross-linking and immunoprecipitation) method, that was successfully
introduced for the use in plants, (Meyer et al., 2017) will be applied in future experiments. Since
the protocol developed by Meyer et al. uses the ‘GFP-trap’ (Chromotek) to specifically
immunoprecipitate GFP-fused RNA binding proteins after UV crosslinking, it was tested if an
ALY-eGFP fusion protein is functional by expressing ALY3-eGFP driven by the endogenous
promotor in the 4xaly background. A limiting factor in plant affinity purification methods is often
the amount of plant material that is needed for a successful immunoprecipitation (Van Leene
et al., 2008). The amount of protein extract can be increased by using Arabidopsis cell
suspension cultures. A well-established protocol uses SG-tagged bait proteins expressed in
Arabidopsis cell suspension cultures for affinity purification (Van Leene et al., 2008; Pfab et
al., 2017). Thus, it was additionally tested if ALY3-SG driven by the endogenous promotor in
the 4xaly background could complement the severe 4xaly phenotype. The expression of both
ALY3-eGFP and ALY3-SG clearly could complement the severe 4xaly phenotype showing that
both fusion proteins are functional and demonstrating that GFP and SG fused proteins can be
used in future iCLIP experiments. ALY3-SG fusion proteins expressed in cell suspension
cultures could be successfully UV-crosslinked to RNA in pilot experiments performed in this
study and future RNA immunoprecipitation experiments will shed light on the RNA binding

properties of different mMRNA export factors.

3.3 UIEF proteins act as additional mMRNA export factors

The viability of 4xaly mutant plants showed, that in Arabidopsis apart from the four ALY's other
proteins can act redundantly as mRNA export factors. In mammals, the TREX associated
factors CHTOP, LUZP4, UIF and THOCS5 can function as additional export adaptors and some
functional redundancy with ALY was demonstrated since only simultaneous knockdown of
ALY/THOCS, ALY/UIF and ALY/CHTOP leads to a severe mRNA export defect (Hautbergue
et al., 2009; Viphakone et al., 2012; Chang et al., 2013). To identify additional mMRNA export
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factors in Arabidopsis, amino acid sequences of the human export factors LUZP4, CHTOP and
UIF were used as queries to search for similar proteins in the Arabidopsis database
(https://lwww.arabidopsis.org) using the BLAST algorithm. No proteins with similarity to LUZP4
and CHTOP were found but two proteins with similarities to the human UIF export adaptor
were identified. In human cells UIF directly interacts with UAP56 through a N-terminal UBM
and this interaction is required for UIF recruitment to mRNA (Hautbergue et al., 2009). A direct
protein-protein interaction between both UIEF1, UIEF2 and UAP56 could also be detected in
planta by FRET experiments. Like described in humans, this interaction is mediated by a
conserved N-terminal UBM since mutating the UBM of UIEF1 abolished the interaction with
UAP56. Since a UBM mediated protein-protein interaction between UIEFs and UAP56 was
also detected by Y2H (Ehrnsberger et al., 2019b), it can be assumed that the mechanism of

UIEF recruitment to mRNA is conserved in humans and Arabidopsis.

In human cells it was shown that UIF binds RNA in vitro and in vivo (Hautbergue et al., 2009).
Although no known RNA-binding motifs are present in UIEF1 or UIEF2, in vitro MST analysis
showed that UIEF1 preferentially binds ssRNA with the C-terminal part of the protein mainly
contributing to the RNA interaction (Ehrnsberger et al., 2019b).

The nuclear localization of UIEF1-GFP and UIEF2-GFP fusion proteins in all root cells was in
line with a possible function of the UIEF proteins as mRNA export factors since in other

eukaryotes export adaptors remain nuclear and do not travel to the cytosol (Walsh et al., 2010).

The combined loss of both UIEF proteins has compared to the combined loss of the four ALY
proteins a rather weak impact on plant growth and development. Furthermore, in contrast to
ALY proteins the loss of UIEF factors does not affect the reproduction of plants what could be
explained by the absence of UIEF proteins in the reproductive tissue since UIEF-GFP fusion
proteins could not be detected in ovules or pollen (Ehrnsberger et al., 2019b). Although the
uief mutants do not display a severe phenotype like 4xaly, mild growth defects could be
observed in uief single mutants and the respective uief double mutant. These defects
correlated with a moderate mRNA export block in the uief mutant genotypes suggesting a role
of UIEF proteins in mMRNA export. The analysis of a mutant lacking four ALY proteins and two
UIEF proteins further showed that UIEF proteins are important for efficient nucleocytosolic
MRNA export. Similar to the situation in human cells where only a combined knockdown of the
export adaptors ALY and UIF results in a severe mRNA export block (Hautbergue et al., 2009),
a stronger mRNA export defect was detected in 4xaly 2xuief compared to 4xaly what correlated

with more pronounced plant growth and development defects.

The transcriptomes of 2xuief, 4xaly and 4xaly 2xuief plants revealed that in the quadruple and
sextuple mutants about 2-times more transcripts were downregulated compared to 2xuief what

might explain the severe phenotypes of 4xaly and 4xaly 2xuief plants and the rather wildtype
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appearance of 2xuief plants. In 4xaly and 4xaly 2xuief a similar number of candidate transcripts
was downregulated, and more than half of these candidates were shared in both mutants what
reflects the rather similar phenotypes. gPCR validation of these candidates that were
downregulated in 4xaly and 4xaly 2xuief but not in 2xuief verified that there is a variety of
transcripts that depend on specifically ALY-family proteins to be properly exported.
Furthermore, the candidates that were selected for qRT-PCR validation were also part of the
list of 950 candidate transcripts that were identified in the cell fractioning experiment to be
retained in 4xaly nuclei. The downregulation of both candidates in 4aly and 4xaly 2xuief
mutants validated the partial overlap of candidates identified in the cell fractioning experiment
to be retained in 4xaly nuclei and candidates being downregulated in 4xaly identified by

transcriptome profiling.

Bioinformatical analysis of the RNAseq data identified only 61 candidates that were
significantly downregulated in 2xuief and 4xaly 2xuief but not in 4xaly indicating that only a
small subset of transcripts may depend on UIEF proteins to be properly exported. RNAseq
results showed that the majority of the 61 candidates that might be specifically or preferentially
exported by UIEF proteins were also downregulated to some extent in 4xaly. qRT-PCR
supported the downregulation in 4xaly, especially for the candidate AT3G06145 that showed
reduced transcript levels in all mutant genotypes compared to Col-0. Thus, some mRNAs are
potentially specifically or preferentially exported by UIEF proteins or these mRNASs require both

ALY and UIEF factors for a successful nucleocytosolic mRNA export.

Several candidates were identified that belong to this group of transcripts that potentially
depend on ALY and UIEF proteins for a successful mRNA export. A variety of transcripts were
downregulated in 2xuief, 4xaly and 4xaly 2xuief with the majority of these candidates showing
the least downregulation in 2xuief. It can be speculated that an additive effect of aly and uief
mutations contributes to the more severe phenotype of 4xaly 2xuief plants compared to 2xuief

and 4xaly.

3.4 Arabidopsis mMRNA export factors: diversified and specialized?

The results obtained in this study analysing different export factor candidates demonstrated
that the four Arabidopsis ALY proteins function as mRNA export factors and that they are
recruited to the TREX complex by a protein-protein interaction with the RNA helicase UAP56
(Figure 42 A). Some functional redundancy between ALY proteins and/or other export factors
is very likely (Figure 42 B) since aly single and double mutants are not or only mildly affected
regarding plant growth and development and show no or only a moderate mRNA export block
whereas 4xaly plants display a severe phenotype and a bulk mRNA export block. This study

further indicates that the diversification of ALY proteins is accompanied by a (partial) functional
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specialization since 3xaly plants show distinct phenotypes and different ALYs might export
specifically or preferentially distinct subsets of transcripts (Figure 42 C). The challenge of future
investigations will be to analyse possible specific functions of different ALYs and to test if a
specialization within the ALYs could be combined with tissue- and/or developmental stage-

specific effects.

Figure 42. Arabidopsis ALY proteins function as mRNA export factors. (A) Four ALY proteins function as mRNA
export factors and are recruited to TREX by an interaction with UAPS6. (B) There is functional redundancy between ALY
proteins and perhaps other export factors (EF) but (C) some transcripts are also specifically or preferentially exported by
specific ALY export factors. (D) The viability of 4xaly plants shows that similar to the situation in humans other export
factors exist.

The viability of 4xaly plants indirectly showed that additional export factors can act redundantly
in the absence of the four ALY proteins (Figure 42 D) and in following experiments two UIEF
proteins were characterized as additional redundant mRNA export factors that are recruited to
the TREX complex by a protein-protein interaction with UAP56 (Figure 43 A). RNAseq analysis
showed that a variety of transcripts use a putative specific ALY export mechanism (Figure 43
B) but it is rather unlikely that transcripts are specifically or preferentially exported by UIEF
proteins. UIEF proteins are probably involved in the export of only a subset of mMRNAs and it
can be assumed that UIEF proteins regulate the export of these transcripts in close
collaboration with ALY proteins (Figure 43 C). This is in line with findings in mammals where
ALY and UIF were found to bind the same mRNA molecules (Hautbergue et al., 2009). The
assumption that the mRNA export of less transcripts is regulated by UIEF proteins is also
supported by a likely reduced UIEF protein expression compared to ALY proteins (Ehrnsberger
et al., 2019b) what was also observed in mouse cells, where UIF is expressed at ~40-fold lower
protein levels than ALY (Heath et al., 2016). Since also 4xaly 2xuief plants are viable it seems
that the situation in plants is similar to the situation in mammals where a variety of proteins can
function as mRNA export adaptors. Shuttling serine/ arginine-rich (SR) proteins, that are also
characterized in plants (Tillemans et al., 2005; Rausin et al., 2010) are candidates that might

function as additional mRNA export factors as these proteins were characterized in other
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organisms as mRNA export adaptors (Huang et al., 2003; Muller-McNicoll et al., 2016). The
challenge of future studies will be to analyse to what extent mRNA factors are diversified in
plants and what are the factors that in addition to the ALY and UIEF proteins regulate the

nucleocytosolic mMRNA export.
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Figure 43. Arabidopsis UIEF proteins function as mRNA export factors. (A) Besides the four ALY proteins two UIEF
proteins function as mRNA export factors and are recruited to TREX by an interaction with UAP56. (B) A variety of
transcripts depends on ALY proteins only to be properly exported and (C) some transcripts need both ALY and UIEF
proteins for a successful nucleocytosolic mRNA export. (D) The viability of 4xaly 2xuief plants shows that similar to the
situation in humans other export factors exist.

3.5 The interactome of Arabidopsis mRNA export factors

3.5.1 Export factors do not stably associate with THO

The interaction of ALY export adaptors with other components of TREX is conserved across
eukaryotes. In human cells, ALY directly interacts with THO2 and THOS in vitro and in both
yeast and humans Yral and ALY associate with components of THO in vivo (Straler et al.,
2002; Masuda et al., 2005; Chi et al., 2013). An interaction of both ALY (Yral) and UIF with
UAP56 (Sub?2) is also well described in humans and yeast but under high salt conditions
(350 - 500 mM) the interaction of THO and ALY/UAP56 is disrupted in human cells (Stral3er
et al., 2002; Masuda et al., 2005; Hautbergue et al., 2009; Dufu et al., 2010; Chi et al., 2013).
In Arabidopsis, under high-salt conditions ALY proteins do not form a stable complex with THO
and UAP (Yelina et al., 2010) but under less stringent conditions ALY3 co-purified with the
TREX subunit TEX1 and ALY2 and ALY4 co-purified with UAP56 (Sgrensen et al., 2017).
Since the same experimental setup was used in Sgrensen et al. like applied in this study, it is
surprising that no other components of TREX apart from ALY and UIEF were co-purifying with
SG-tagged ALY or UIEF export factors. In Arabidosis cell suspension cultures used in this
study, bait proteins are preferentially expressed by the strong 35S promotor because cell

cultures have a high ploidy level (9n) and the expressed fusion proteins have to compete with

79



3. Discussion

relatively high amounts of endogenous proteins for complex assembly (Van Leene et al.,
2015). The overexpression of bait proteins might explain the results that TREX components
did not co-purify with ALY-SG or UIEF-SG proteins since overexpression can also impair
protein folding and complex assembly (Gibson et al., 2013) but the fact that also under
stringent binding conditions ALY proteins do not associate with other TREX subunits indicates
that the association of ALY and UIEF proteins with the remaining TREX is rather loose in
Arabidopsis (Yelina et al., 2010).

3.5.2 ALY1, ALY2 and UIEF1 share a variety of interactors

Eluates of the export factor affinity purifications after SDS-PAGE and Coomassie-staining
using ALY1-SG, ALY2-SG and UIEF1-SG as bait proteins showed similar results. MS analysis
confirmed that ALY1, ALY2 and UIEF1 share a variety of putative interaction partners with
ALY1-SG and ALY2-SG sharing around ~60% true interactors, ALY1-SG and UIEF1-SG
sharing around ~52% true interactors and ALY2-SG and UIEF1-SG sharing around ~54% true
interactors. AL3-SG and ALY4-SG on the other hand share less putative interactors with the
other export factors and proteins co-purifying with UIEF2-SG are clearly distinct from the
proteins detected by AP-MS in the other experiments (Table 6).

Table 6. Shared true interactors in ALY-SG and UIEF-SG AP-MS experiments. (A) Four ALY and two UIEF export
factors fused to a SG tag were used as bait proteins for co-IP experiments. Percentage of shared interactors between
different AP-MS experiments is depicted.

ALY1-SG

ALY2-SG

ALY3-SG

ALY4-SG

UIEF1-SG

UIEF2-SG

ALY1-SG

100%

60%

32%

25%

52%

7%

ALY2-SG

60%

100%

25%

24%

54%

7%

ALY3-SG

32%

25%

100%

26%

21%

5%

ALY4-SG

25%

24%

26%

100%

22%

7%

UIEF1-SG

52%

54%

21%

22%

100%

8%

UIEF2-SG

7%

7%

5%

7%

8%

100%

Thus, the hypothesis can be proposed that the proteins ALY1 and ALY2, which share ~54%
amino acid sequence identity, might not only be involved in the nucleocytosolic transport of
distinct sets of mRNAs compared to ALY3 and ALY4, but they could also be involved in
different regulatory processes mediated through interactions with specific factors. In human
cells, ALY is also involved in transcriptional control by interaction with AML-1 and LEF-1
transcription factors, it can enhance b-ZIP transcription factor interactions and it modulates the

activity of transcription factor E2F2 (Bruhn et al., 1997; Virbasius et al., 1999; Osinalde et al.,
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2013). Among the four interactors with the highest scores in the ALY1-SG, ALY2-SG and
UIEF1-SG experiments the proteins GBF-interacting protein 1 (GIP1, At3g13222) and GBF-
interacting protein 1-like (GIP1L, AT1G55820) were detected, which function as co-activators
of b-ZIP transcription factors (Sehnke et al., 2005; Lee et al., 2014; Shaikhali, 2015). Thus, it
is possible that ALY1, ALY2 and UIEF1 are involved in transcriptional control by contributing
to bZIP-mediated gene regulation like observed in humans and it will be challenging to
investigate in future experiments if also in plants a possible connection between ALY proteins

and transcriptional regulation exists.

3.5.3 An interaction between export factors?

MS results revealed a remarkable trend of export factors co-purifying with another. Apart from
UIEF2, which co-purified with distinct proteins compared to the other five export factors
(Table 6), a specific co-purification between ALY3 and the other four export factors as well as
between UIEF1 with ALY1 and ALY2 was detected. Additionally, several export factors co-
purified but since ALY1, ALY2 and ALY4 were also detected in the unfused SG negative control
it is not possible to draw conclusions about the specificity of these putative interactions.
However, it is possible that some of these co-purifications were specific as for instance ALY4
was detected in the ALY1-SG, ALY2-SG, ALY3-SG and UIEF1-SG experiments with more
than a five-fold higher MASCOT score than in the unfused SG negative control. It is rather
unlikely that the association of different export factors is mediated by direct protein-protein
interactions since Y2H assays detected no or only very week reciprocal interactions between
different ALY proteins (Koroleva et al., 2009). RNAseq experiments performed in this study
suggested that most single mMRNA molecules are not targeted by one ALY or UIEF protein or
by one group of ALY proteins but rather that different ALY and UIEF factors may bind to one
mMRNA molecule. In addition to the possibility that ALY proteins may interact with different parts
of a single mRNA molecule, the binding of several export factors to a single mRNA molecule
may be important in packaging mRNPs (Heath et al., 2016; Pfaff et al., 2018). Hence tight
packaging of MRNPs might prevent complete cleavage of some mRNAs by the endonuclease
benzonase resulting in the co-purification of proteins that bind in close proximity to a single
MRNA molecule. One of the main tasks of upcoming studies will be to analyse to what extent
different ALY and/or UIEF proteins potentially bind to a single RNA molecule using RNA

immunoprecipitation methods.

3.5.4 Export factors interact with proteins comprising a NTF2 domain
‘The mechanism of MRNA export in plants is still a black box, largely because no homologs of

the known mRNA export receptors in yeast and mammals can be identified by sequence
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similarity’ (Meier, 2012). Thus, it is possible that plants use one or more factors that could
share features and function with human NXF1 and yeast Mex67 or in plants a distinct
mechanism of MRNA export evolved. Since in metazoans and yeast the mRNA export receptor
NXF1 (Mex67) physically interacts with mRNA export adaptors such as ALY and UIF
(Hautbergue et al., 2009, Heath et al., 2016), a proteomic analysis of putative interaction

partners of export factors should reveal candidates that share features with human NXF1.

AP-MS experiment revealed seven putative interactors of export factors that all display a
NTF2L domain and a predicted RRM motif. In yeast and metazoans it was shown that the
NTF2L domain is crucial for the function of the heterodimeric export receptor since the
interaction of both subunits is mediated by contact of the NTF2L domains of both proteins
(Herold et al., 2001, Katahira et al., 2002, Fribourg and Conti, 2003, Valkov et al., 2012).
Additionally, the NTF2L domain of NXF1 binds FG motifs present in Nups and this interaction
is crucial for the transported mMRNP to overcome the NPC barrier (Liker et al., 2000; Grant et
al., 2003; Stewart, 2010). A co-purification of especially NXF2-NXF6 with ALY1, ALY2 and
UIEF1 is supported by very high MASCOT scores whereas NXF1 might co-purify only with
ALY3. NXF2, NXF4 and NXF7 were also detected in the unfused SG negative control but
compared to the more likely unspecific co-purification of some export factors, a detection of
especially NXF2 and NXF4 in several AP-MS experiments with very high MASCOT scores
compared to the MASCOT scores of the detection in the negative control is a strong indication
that the co-purification between export factors and both NXF2 and NXF4 is rather specific.
NXF2 for instance was detected in all ALY1-SG, ALY2-SG and UIEF1-SG AP-MS experiments
with an average MASCOT score more than 18-fold higher than the detection in the negative
control. Accordingly, NXF4 was detected in all ALY1-SG, ALY2-SG and UIEF1-SG AP-MS
experiments with an average MASCOT score more than 11-fold higher than in the negative

control.

Reciprocal tagging, that is recommended to verify interactors when working with affinity
purification in Arabidopsis cell culture (Dedecker et al., 2015), confirmed a possible interaction
between various NXF candidates and export factors and additionally revealed possible
interactions between several export receptor candidates. In yeast and metazoans, the small
subunit of the heterodimeric export receptor (NXT1/Mtr2) is composed of an NTF2L domain
only. In Arabidopsis the three NTF2L containing candidates NTF2a (AT1G27310), NTF2b
(AT1G27970) and NTL (AT1G11570) consist of an NTF2L domain only but none of these
factors co-purified with the seven NXF candidates. Hence it is unlikely that plants use a similar
heterodimeric receptor(s) like other eukaryotes that consists of a bigger NXF-like and a smaller
NXT-like subunit. But if the basic mechanism of an mRNA export receptor dimer, connected
by an interaction of two NTF2L domains, is conserved, it is also possible that homo- and/or

heterodimers built by NXF candidates function as mRNA receptor(s) in plants. Candidate pairs
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that might form heterodimers are for instance NXF4/NXF6 and NXF5/NXF7 since for both pairs
the two factors were detected in the reciprocal AP-MS experiments with very high MASCOT
scores and additionally a direct protein-protein interaction of NXF4 and NXF6 was detected in
a global Y2H screen (Arabidopsis Interactome Mapping Consortium, 2011). Y2H experiments
analysing the seven NXF candidates further confirmed a possible heterodimerization of
candidates NXF3 and NXF4 and additionally demonstrated that these two proteins might also
form homodimers since a reciprocal protein-protein interaction was detected for both proteins
(Hachani, 2018).

Reciprocal AP-MS experiments using export factors and export receptor candidates
demonstrated that in plants it is rather unlikely that only one export receptor exists. It is possible
that in plants not only export factors are diversified but also several export receptor homo-
and/or heterodimers may contribute to mMRNA export. It is also possible that similar to export
factors these receptors function in parts redundantly what makes it challenging to proof that
MRNA export receptor candidates are involved in mRNA export.

3.5.5 Export receptor candidates interact with the NPC

AP-MS showed that several receptor candidates may interact with the NPC, a feature that
might also be important for a plant mMRNA export receptor since in other eukaryotes export
receptors interact with the NPC (Stewart, 2010). Except for NXF5 and NXF7, various Nups co-
purified with the remaining five receptor candidates. In total 17 out of 30 Nups identified 2010
by Tamura et al. in a seminal proteomic study to build the plant NPC were detected at least
once in the different AP-MS experiments. Over the last years some additional NPC associated
factors were identified and studies on several nup mutants in plants revealed that specific Nup
function may vary significantly between eukaryotes and that certain plant Nups are involved in
diverse signalling pathways, play specific cellular roles and influence plant growth by different
molecular mechanisms (Parry, 2014, Parry, 2015). Although some Nups are missing in plants
or have been replaced by plant-specific proteins, the subcomplexes and Nup classes are well
conserved (Meier et al., 2017). A key role in the nucleocytosolic transport of mMRNPs is played
in yeast and metazoans by the FG-Nup class since these factors interact with the export
receptor NXF1/Mex67 and mediate the translocation through the NPC. (Bachi et al., 2000;
Liker et al., 2000; Strasser et al., 2000; Stewart, 2010; Ben-Yishay et al., 2019). In Arabidopsis
10 Nups are rich in FG repeats (Tamura et al., 2010) and AP-MS experiment revealed that the
FG-Nup NUP98Db is a true interactor of NXF4 and the FG-Nup NUP98a is a true interactor of
NXF1 and NXF4. Additionally, 11 Nups from other classes co-purified with NXF1 and 9 Nups
from other classes co-purified with NXF4 highlighting a possible interaction of especially these
two candidates with the NPC.
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3.6 NTF2L containing proteins in Arabidopsis

Besides their function as mMRNA export receptors, in other eukaryotes NTF2L domain carrying
proteins are also involved in the recycling of RanGDP back to the nucleus, there are NTF2L
proteins that are stimulators of export for NES-containing proteins and proteins containing one
NTF2L domain and one RRM domain can act as eukaryotic Ras-GTPase-activating protein
(GAP)-binding proteins (G3BP's, Nehrbass and Blobel, 1996; Smith et al., 1998; Herold et al.,
2000; Tourriere et al., 2001).

The 19 plant NTF2L containing proteins can be classified into two groups. Proteins of group
one contain both NTF2L and RRM domains and proteins of group two display NTF2L domains
but no RRMs (Reichel et al., 2016). From the proteins that do not contain any RRM motifs only
two of the three proteins that comprise an NTF2L domain only are further characterized.
Besides similarities in domain structure to yeast Mtr2 and human NXT1, the three ‘NTF2L
domain only’ factors also show significant sequence similarity to yeast and human NTF2, the
protein that mediates the recycling of RanGDP back to the nucleus (Zhao et al., 2006). NTF2a
(AT1G27310) and NTF2b (AT1G27970) could functionally replace NTF2 in yeast, were located
at the nuclear rim, could bind Ran and were hence described as the factors that mediate Ran
import in Arabidopsis (Zhao et al., 2006). NTL (AT1G11570) could not be described as an
ortholog of NTF2 and is consequently the only candidate that might have a similar function like
NXT1/Mtr2, but since NTL was not detected in any AP-MS experiment it is rather unlikely that
an NXT1/Mtr2 ortholog exists in Arabidopsis.

A study published 2018 proposed that the eight candidates that contain both NTF2L and RRM
and that comprise the seven candidates analysed in this study, are orthologs of the human
RNA-binding protein Ras-GTPase activating protein SH3-domain—-binding protein 1 (G3BP1,
Abulfaraj et al., 2018). G3BP1 is located in stress granules (SGs) in the cytoplasm and
contributes to their assembly (Tourriere et al., 2003). SGs are large macromolecular
aggregates which basically contain stalled translation initiation complexes and mRNAs.
(Reineke et al., 2017). Within the SGs, the phosphorylation-dependent endoribonuclease
G3BP1 interacts with 40S ribosomal subunits and is tightly associated with a subset of poly(A)
mRNAs (Tourriere et al., 2001; Kedersha et al., 2016). In Arabidopsis in the last years the
candidates NXF1 and NXF4 were proposed to be G3BP1 orthologs that are located in SGs
and function in virus resistance and plant immunity (Krapp et al., 2017; Abulfaraj et al., 2018).
A study that used the interactome capture method to identify the portion of the proteome that
binds mRNA in etiolated Arabidopsis seedlings further demonstrated that all seven NXF
candidates analysed in this study bind mRNA in vivo (Reichel et al., 2016). This feature would
argue for both scenarios, the NXF candidates as diversified mRNA receptors and the NXF

candidates as diversified structural components of SGs.
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3.7 The localization of NXF candidates

The subcellular localization of NXF-GFP fusion proteins is significantly different compared to
the subcellular localization of Mex67-GFP in yeast and NXF1-GFP in human cells. Mex67-
GFP reveals a typical nuclear pore labelling, with just some signal in the nucleoplasm and
cytoplasm whereas NXF1-GFP is enriched at the nuclear envelope, shows a nuclear signal
and just some signal in the cytoplasm (Segref et al., 1997; Fribourg et al., 2001). In contrast,
the seven NXF candidates fused to eGFP and expressed in N. benthamiana or fused to GFP
and expressed by the endogenous promotor in the respective mutant background in
Arabidopsis showed a predominately cytosolic localization. Additionally, when expressing the
fusion proteins in tobacco leaf epidermis cells, an enriched signal could be detected at the
nuclear envelope what would argue for a function of the seven candidates as transporters
through the NPC and against a function of NXF candidates as SG components. An enriched
signal could also be observed in leaf mesophyll protoplasts where the NXF1-GFP expression
was driven by the endogenous promotor demonstrating that the enriched signal around nuclei
in tobacco cells might not be an artefact of overexpressing the candidate eGFP fusion proteins.
The co-localization experiments of Nup markers and NXF candidates in tobacco cells and
Arabidopsis leaf protoplasts showed that both proteins are enriched around the nuclear
envelope, but a clear co-localization could not be observed. Since the Nup marker Nup54 is
an FG-Nup that is lining the central channel and the Nup marker Nup35 is an inner ring complex
Nup (Beck and Hurt, 2017) it is not surprising that no clear co-localization can be observed
when NXF candidate fusion proteins are mainly cytosolic and might hence be enriched at the

cytosolic site of the nuclear envelope.

The localization analysis of NXF candidate fusion proteins in combination with the localization
of different Nup markers revealed a fundamental problem in describing the NXF candidates as
potential export receptors, since compared to yeast or human export receptors the majority of
all seven NXF candidate proteins are distributed in the cytosol and it could not be unequivocally
shown that NXF candidate proteins are also found in the nucleus. Proteins containing leucin-
rich export signals (NES) are exported from the nucleus by the export receptor AtXPO1 and
this export can be inhibited by the cytotoxin leptomycin B (LMB, Haasen et al., 1999). When
NXF candidate proteins are at any time located in the nucleus and are then exported to the
cytosol by AtXPO1, it can be assumed that a treatment with LMB should result in a nuclear
enrichment of NXF candidate proteins in the nucleus. Preliminary experiments treating tobacco
leaves transiently expressing NXF-eGFP proteins with LMB did not reproducibly lead to an
enrichment of NXF candidate fusion proteins in the nucleus (data not shown) but by improving
the experimental setups in future experiments it could be possible to show that NXF candidates
are not only located in the cytoplasm, but also in the nucleus. Additionally, nuclei purification

from wildtype Arabidopsis plants or stable transformed plant lines expressing NXF-GFP fusion
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proteins and detection by western blotting of either endogenous NXF proteins with antibodies
that were recently produced or NXF-GFP fusion proteins with antibodies against GFP can shed
light on the question if NXF proteins are also located in the nucleus. Pilot immunolocalization
experiments using antibodies raised against NXF1 indicated that endogenous NXF1 is also
located in the nucleus supporting the hypothesis that NXF1 may function as an mRNA export

receptor.

3.8 NXF candidates: possible mRNA export receptors or SG components?
Some results obtained in this study point to a possible function of NXF candidates as structural
components of SGs, but some other findings indicate that NXF candidates might act as mRNA
export receptors. In mammalian cells, key SG components are eukaryotic initiation factors
elF3, elF4E, elF4G, the phosphorylation-dependent endoribonuclease G3BP1 and 40S
ribosomal subunits (Kedersha et al., 2002; Tourriére et al., 2003; Kedersha et al., 2016). It was
further shown that casein kinase 2 (CK2) is the enzyme that phosphorylates G3BP1 and
regulates SG formation and that binding of G3BP1 to USP10 inhibits the assembly of SGs
(Panas et al., 2015; Kedersha et al., 2016; Reineke et al., 2017).

In AP-MS experiments using the seven NXF candidates as bait proteins several SG
components co-purified with the different NXF candidates. A very striking connection between
especially the two candidates NXF1 and NXF4 with proteins from SGs could be detected
(Table 7).

Table 7. Components of Arabidopsis SGs co-purifying with NXF-candidates.

TAIR DESCRIPTION NXF1-SG NXF2-SG NXF3-SG NXF4-SG NXF5-SG NXF6-SG NXF7-SG SG
AT3G60240 elF4G 4094/3 967/3 418/3 442773 364/3 1772
AT3G50000 CKIl ALPHA-2 3477 2
AT2G23070 CKIl ALPHA-4 2171 2
AT3G19130 RBP47B 125/ 2
AT1G4T7128 ROD21A 141/ 2 1358/ 2
AT4G30830 UBF24 232/ 2 1796/ 3 1241/ 3 3127/ 3 1382/ 3 1041/ 3 576/ 3
AT2G32060  40S PROTEIN S12 547/ 2 464/ 3 766/ 2 605/ 3 433/ 3 142/ 2
AT4G30800 405 PROTEIN S11 384/ 2 421/ 3 333/ 3 346/ 3 361/ 2 280/ 3
AT3G10090 40S PROTEIN S28-1 256/ 2 108/ 2
AT5G64140  40S PROTEIN S28 126/ 2
AT2G19750  40S PROTEIN S30 95/ 2

Translation initiation factor elF4G (AT3G60240) was in both NXF1-SG and NXF4-SG AP-MS
experiments among the two co-purified proteins with the highest MASCOT scores. Although
elF4G was also detected in the unfused SG negative control, a detection with a MASCOT

score more than 35-times higher in the NXF1-SG and NXF4-SG experiments clearly indicates
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a putative interaction between both candidates and the SG component elF4G. In the NXF1-
SG AP-MS experiments, additionally two subunits of casein kinase 2 (CK2, AT3G50000,
AT2G23070) and the Arabidopsis SG component RBP47B (AT3G19130; Weber et al., 2008)
co-purified while the Arabidopsis SG component RD21A (AT1G47128; Bogamuwa and Jang,
2016) was identified in both NXF1-SG and NXF4-SG experiments. Proteins that were detected
in the majority of the seven NXF candidate AP-MS experiments were on the one hand 40S
ribosomal subunits and on the other hand UBP24 (AT4G30890), the ortholog of human
USP10, which was detected with very high scores especially in the NXF2-NXF7-SG AP-MS
experiment and which was also identified to directly interact with NXF1 in Arabidopsis (Krapp
et al., 2017).

In contrast, NXF candidates co-purified reproducibly with export factors and components of
the NPC what indicates a possible function as mRNA export receptors. These possible
interactions were further supported by Y2H experiments performed in our lab (data not shown).
But what could cause the discrepancy between an interaction with cytosolic SG components
on the one hand and nuclear export factors on the other hand? Since both NXF candidates
and export factors can bind mRNA in vivo it is possible that an interaction between both types
of proteins is mediated by unspecific mRNA binding (Reichel et al., 2016; Choudury et al.,
2019). A treatment with the endonuclease benzonase should prevent nucleic acid mediated
protein binding but if mMRNAs are bound by several export factors (what can be assumed
according to the results obtained in this study) and hence tightly packed it cannot be excluded
that catalytic cleavage of mMRNA is perhaps partially inhibited. This would make an unspecific,
mMRNA mediated binding with a class of proteins that tightly bind to a subset of mRNAs
(Tourriere et al., 2001) possible and could explain the co-immunoprecipitation between various

export factors and NXF candidates.

Thus, in future experiments it will be crucial to further analyse protein-protein interactions
between export factors, NXF candidates and SG components by for instance in vivo FRET and
Y2H experiments or in vitro pulldowns to show to what class of proteins the NXF candidates
can be assigned or if there are some NXF candidates that might be part of SGs and some NXF
candidates that could function as mMRNA export receptors. Besides the above-mentioned key
experiments to show if NXF candidates are at any time located in the nucleus, a feature that
would be essential for possible mRNA export receptors, studies inducing SGs in NXG-GFP
expressing plants will be important to define NXF candidates as possible components of SGs.
Incubation for 45 min at 37 °C to induce heat stress or treatment with potassium cyanide to
cause respiratory stress resulted in the formation of stress granules in NXF1-GFP expressing
plants (Krapp et al., 2017). Similar treatments of plants expressing NXF-GFP proteins will show

if NXF candidates will assemble into stress granules.
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3. Discussion

Ultimately analysis of higher order nxf mutants will show if some NXF candidates could be
involved mRNA export. Plants lacking the candidates NXF1-NXF4 and plants lacking the
candidates NXF5-NXF7 show no export block and are not or only mildly affected in plant
growth and development. This can have two reasons. Either plant mRNA export receptors are
diversified and can function redundantly or NXF candidates have other functions, for instance
as components of SGs. Currently a mutant is generated lacking all seven NXF candidates. If
these plants do not show a bulk mMRNA export block it is a strong indication that NXF candidates
are not involved in mRNA export but if these plants show mRNA export defects it can be

assumed that some of the candidates could function as possible mMRNA export receptors.
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4. Materials

4.1 Instruments

Table 8. Instruments used in this study.

Instrument

Model/Manufacturer

Centrifuges

Digital camera

Homogenizer
Hybidization Oven
Imager

Microscope

Plant incubator
Quantum Meter
RT-gPCR Cycler
Shaking Incubator
Sonicator
Spektrophotometer

Thermocycler

Sorvall Evolution RC and Sorvall LYNX 4000 equipped with SLA1500 or 5534 rotor (Thermo
Fisher Scientific), Centrifuge 5417R and 5804 R (Eppendorf)

EOS 600D equipped with Macro lens EF-S 60 mm 1:2.8 USM or a ETS 18-55 mm objective
(Canon)

TissueLyser Il (Quiagen)
Hybridisierungsofen (Uniequip)
BioDocAnalyze System (Biometra), Intas Gel iX 20 plus (Intas)

TCS SP8 (Leica), SMZ645 stereo microscope (Nikon) with KL 1500 LCD (Schott), Discovery V8
stereo with Axiocam MRc5 and KL1500 LCD (Zeiss)

Plant incubator (Percival Scientific)

Quantum Flux ML-200 (Apogee Instruments)
Mastercycler® ep RealPlex (Eppendorf)

Multitron Standart, Pro, Ecotron, Minitron (Infors HT)
Uw2070 MS73 (Bandelin electronic)

NanoDrop ND-1000 (PEQLAB)

T3000 Thermocycler and T Gradient (Biometra)

4.2 Chemicals and enzymes

Chemicals and reagents were purchased from Applichem (Germany), Carl Roth (Germany),
Clonetech, Duchefa (Netherlands), Fluka (Switzerland), Life Technologies (UK), Merck
(Germany), Sigma Aldrich (Germany), USBiologcal (USA), and VWR (USA). Enzymes were
purchased from Thermo Fisher Scientific (USA), PEQLAB/VWR (USA) and New England

Biolabs (USA).
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4. Materials

4.3 Oligonucleotides

Table 9. List of oligonucleotides used in the cell fractioning experiment. Oligonucleotides were obtained from MWG
eurofins genomics. No = lab 1D

Sequence 5'-3' Description No.
AGGCGCGCAAATTACCCAATC gRT-PCR normalization 185 rRNA 5028
CAGACTCGAAAGAGCCCGGTATTG gRT-PCR normalization 185 rRNA 5029
AACAAAGCGTCCGGTGAGAACC gRT-PCR normalization u12 snRNA 5034
AGTAAGCAGCGTCAACACATCGG gRT-PCR normalization u12 snRNA 5035
TGGGAAAGTGTTGCCATCC gRT-PCR normalization GAP (AT1G13440) 4973
CTTCATTTTGCCTTCAGATTCCTC gRT-PCR normalization GAP (AT1G13440) 4974
AACGTGGCCAAAATGATGC gRT-PCR normalization PP2AA (AT1G13320) 4977
CACATTGTCAATAGATTGGAGAGC gRT-PCR normalization PP2AA (AT1G13320) 4978
CGTACAACCGGTATTGTGC gRT-PCR normalization ACT2 (AT3G18780) 3384
GTCCAGCAAGGTCAAGACG gRT-PCR normalization ACT2 (AT3G18780) 3385
AGGCATTGCATTGACTTCACCAG gRT-PCR (AT1G73480) 4949
GCCATGATTGGAGCAAGAACAGC gRT-PCR (AT1G73480) 4950
TCAGATGCAGCCGATGGAGATG gRT-PCR (AT2G43010) 4959
CGACGGTTGTTGACTTTGCTGTC gRT-PCR (AT2G43010) 4960
CCTTCACTCACACCATCAAAGCAC gRT-PCR (AT5G46110) 4963
TGAATTGAGAAGCAGCCGCATTG gRT-PCR (AT5G46110) 4964
GATGTGGGAGAGGAATGGTGAATG gRT-PCR (AT4G24350) 4965
GGGATGCTCACATCTCCTATGGAC gRT-PCR (AT4G24350) 4966
TCAGCAAATGCGGCTCATACTCG gRT-PCR (AT1G25400) 4971
TTCCAAGCCGTCGGATCCTTTIC gRT-PCR (AT1G25400) 4972
CCAATGCTGTTGCACCTAATGTTG gRT-PCR (AT2G29310) 5036
ACCGACGTCCTCGAGATAAGATTG gRT-PCR (AT2G29310) 5037
GGGATATCTCTCCGGTCGAT gPCR MOS11 (AT5G02770) 4532
TCAATTTCACCGAAACACCA gPCR MOS11 (AT5G02770) 4533
ACAGGTGGAAAATGCACACA gPCR TEX1 (AT5G56130) 4536
TGTGTCCCGTCAGGTTTGTA gPCR TEX1 (AT5G56130) 4537
TTCGAACTCTTTCAGCAGCA gPCR SSRP1 (AT3G28730) 4542
TTCGATGACGAAGCCTCTTT gPCR SSRP1 (AT3G28730) 4543
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Table 10. List of oligonucleotides used in the transcript profiling experiment. Oligonuclectides were obtained from

MWG eurofins genomics. No =lab ID

Sequence 5'-3'

Description

No.

TGGGAAAGTGTTGCCATCC
CTTCATTTTGCCTTCAGATTCCTC
AACGTGGCCAAAATGATGC
CACATTGTCAATAGATTGGAGAGC
CGTACAACCGGTATTGTGC
GTCCAGCAAGGTCAAGACG
CCAATGCTGTTGCACCTAATGTTG
ACCGACGTCCTCGAGATAAGATTG
ATCACCAAGATGCTGACCCAGAC
CAAGCCCTTITGCTTACTCCCTGAG
AAACCTGGCCGTTCCAAGAAGC
ACGTCCTTCCTGGTCATCAACG
TTCAGAACCGTAGGGCAAGGAC
AGACAACTTCAACGCCCTCAGC
CCAAGCTCACAATGAACACTTCCC
ATAGAACCGTACGCCACTCCTC
ATAAGGTTGTTGACTCCGTCGTTG
ACCTCCAACACCTGCAATAGGG
TGGCATGACTCAGGCAGAGTTG
TGGGCTCGTCGGGTTATTICTTG
CCTCTGTTTGCGGTGCTTTAACC
CATTCACGATTTCACTTGCATCGG
TCACGTGCCATTCCCTGACTAC
TGCAGCTTCATGCTTCTCATCCTC
TGCTCTTAGCTCACACCACTTCC
AGCGTCTCCAAGGAAGACCAAC
CAGCCTGATTACTACACGGATGTG
AGTCCCGGCAAGTATCATAACAAG
TCCCTCTCTGCAGGCAATTTAGG
CACCAGAAGCTTCCACTTGGTG
TGCTGCTACAGAGGCTACTACG
ACAGCCTGACCAGCATAAGCAC
ATCTCCTTGCGCCAGATGACAC
TTCAGACCGTCGTAGACTTCCC
TGTTGTCGACGCAAGAGGAAGG
GCCCAGAAGAAATCTTCACCCATC

gRT-PCR normalization GAP (AT1G13440)
gRT-PCR normalization GAP (AT1G13440)
gRT-PCR normalization PP2AA (AT1G13320)
gRT-PCR normalization PP2AA (AT1G13320)
gRT-PCR normalization ACT2 (AT3G18780)
gRT-PCR normalization ACT2 (AT3G18780)

qRT-PCR (AT2G29310)
qRT-PCR (AT2G29310)
qRT-PCR (AT1G60140)
qRT-PCR (AT1G60140)
qRT-PCR (AT3G06145)
qRT-PCR (AT3G06145)
qRT-PCR (AT2G44910)
qRT-PCR (AT2G44910)
qRT-PCR (AT4G04840)
qRT-PCR (AT4G04840)
gRT-PCR (AT5G51720)
gRT-PCR (AT5G51720)
gRT-PCR (AT5G48490)
gRT-PCR (AT5G48490)
gRT-PCR (AT1G66100)
gRT-PCR (AT1G66100)
gRT-PCR (AT2G21650)
gRT-PCR (AT2G21650)
gRT-PCR (AT5G03350)
gRT-PCR (AT5G03350)
gRT-PCR (AT3G28740)
gRT-PCR (AT3G28740)
gRT-PCR (AT3G48360)
gRT-PCR (AT3G48360)
gRT-PCR (AT2G05540)
gRT-PCR (AT2G05540)
gRT-PCR (AT3G22740)
gRT-PCR (AT3G22740)
qRT-PCR (AT4G20820)
qRT-PCR (AT4G20820)

4973
4974
4977
4978
3384
3385
5036
5037
5038
5039
5040
5041
5042
5043
5044
5045
5046
5047
5048
5049
5050
5051
5052
5053
5054
5055
5058
5059
5060
5061
5062
5063
5064
5065
5066
5067
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Table 11. List of oligonucleotides used for genotyping, RT-PCR and colony PCR. Oligonucleotides were obtained
from MWG eurofins genomics. No =lab ID

Sequence 5'-3' Description No.
CACTGCGATTGAAGTGAAGACGATTAATTC genotyping, RT-PCR nxf1-1 (AT5G43960) 3726
CTCTACTGGTGCAGCCCGATG genotyping RT-PCR nxf1-1 (AT5G43960) 3727
TGAGCCTGCAGCAAGACCC genotyping nxf2-1 (AT5G60980) 3732
AAATACGTGTAAGGGACCAATAAGCAAAGG genotyping nxf2-1 (AT5G60980) 3733
CCTCAAGGAGATGCTCCTAAGCA RT-PCR nxf2-1 (AT5G60980) 3781
CTCGAGGGCACTTTGCTTTCCG RT-PCR nxf2-1 (AT5G60980) 3884
GCGAAATTCCAAAGAGATCTTATG genotyping, RT-PCR nxf3-1 (AT3G25150) 4455
CTTCTGGCTTCTCACTTGAATTC genotyping, RT-PCR nxf3-1 (AT3G25150) 4456
GCATGAAGGGTTCGGAGCAAG genotyping, RT-PCR nxf4-3 (AT5G48650) 4453
CTGTATCAGATTCTATCACTTGAG genotyping, RT-PCR nxf4-3 (AT5G48650) 4454
GTGAGACAGTACTATCATGTTTTAGGACAGC genotyping, RT-PCR nxf5-1 (AT1G69250) 4274
CGTTTTTCTGTTTCAGCTCAGTCTICTC genotyping, RT-PCR nxf5-1 (AT1G69250) 4275
ACCTCTTGTATAAGTCACCATCGCAAGT genotyping, RT-PCR nxf6-1 (AT1G13730) 4276
GCTCTGGTGTAGCGTCCATGAG genotyping, RT-PCR nxf6-1 (AT1G13730) 4277
ACAATGCCTTTCAGAAACTTGCCTC genotyping nxf7-1 (AT2G03640) 3822
CACGTATCAGCTCAGGGTAGTTICC genotyping nxf7-1 (AT2G03640) 3823
CCCAATTCGTAAACAGGCTTC RT-PCR nxf7-1 (AT2G03640) 4844
CTTGTAGAGACTCTGTTGCC RT-PCR nxf7-1 (AT2G03640) 4845
TGATCGGAAACGTTTTGACTC genotyping uief1-1 (AT4G10970) 2357
TTCCTTGGAAATTAGACCTCTTCTTAGCAAAAGC genotyping, RT-PCR uief1-1 (AT4G10970) 2783
GACTGAGAAACCGATTACTACGGAGA RT-PCR uief1-1 (AT4G10970) 2733
AATGAAATTAGGCCACGTGTG genotyping uief2-1 (AT4G23910) 2352
TACCAACAGCACCCTGAAAAG genotyping uief2-1 (AT4G23910) 2353
CTGGAACACCACTTATAGCGGAGA RT-PCR uief2-1 (AT4G23910) 2741
TTGGGAAAATCTTCTGGCTCTAACCC RT-PCR uief2-1 (AT4G23910) 2625
GTTCAGGTCCTTCTGGGAGAC colony PCR pGreen0179:ALY3::ALY3-3'5G/eGFP 2349
AGACCCTCCACAACGTGGCC colony PCR pGreen0179:ALY3::ALY3-3'SG 2313
AACTTCAGGGTCAGCTTGCCGTAG colony PCR pGreen0179:ALY3::ALY3-3'eGFP 4073
GCCTTTTCAGAAAT GGATAAATAGCCTTGCTTCC genotyping SAIL T-DNA insertion lines 802
GTTGCCCGTCTCACTGGTGA genotyping SALK T-DNA insertion lines 812
ATATTGACCATCATACTCATTGC genotyping GK T-DNA insertion lines 1595
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Table 12. List of oligonucleotides used for cloning. Oligonucleotides were obtained from MWG eurofins genomics. No

=lab ID

Sequence 5'-3' Description No.
GCTCTAGAATGGCGACTCCTTATCCTG Insertion NXF1 CDS in pCambia2300:355::3'SG/eGFP 4078
ATAGGATCCGCGACCACCACC Insertion NXF1 CDS in pCambia2300:355::3'SG/eGFP 3680
GCTCTAGAATGGCACAGCAGGAAG Insertion NXF2 CDS in pCambia2300:355::3'SG/eGFP 4079
GCGGGATCCAGATGAACCACCA Insertion NXF2 CDS in pCambia2300:355::3'SG/eGFP 3682
GCTCTAGAATGAATTTCTCTGTATTACTTTATATAAACTC Insertion NXF3 CDS in pCambia2300:355::3'SG/eGFP 4074
AGCGGATCCCGCAGCAAC Insertion NXF3 CDS in pCambia2300:355::3'SG/eGFP 4075
CGTCTAGAATGGATTCTACTGCTGCAAC Insertion NXF4 CDS in pCambia2300:355::3'SG/eGFP 4076
AGCGGATCCGTACGAGTTGATG Insertion NXF4 CDS in pCambia2300:355::3'SG/eGFP 4077
AGTTCTAGAATGGCTACCGAGGGAGT Insertion NXF5 CDS in pCambia2300:355::3'SG/eGFP 4790
ATCGGATCCATGTGCGGCTTCA Insertion NXF5 CDS in pCambia2300:355::3'SG/eGFP 4791
GTCTAGAATGGCACTTGAATCAAATGCTCC Insertion NXF6 CDS in pCambia2300:355::3'SG/eGFP 4337
AGCGGATCCACGGCTAGCT Insertion NXF6 CDS in pCambia2300:355::3'SG/eGFP 4338
CTCTAGAATGACACCTGAATCAAACGCTC Insertion NXF7 CDS in pCambia2300:355::3'SG/eGFP 4339
AGCGGATCCGTTTTTGGCCTC Insertion NXF7 CDS in pCambia2300:355::3'SG/eGFP 4340
GCTCTAGAATGTCGACTGGATTAGATATGTCTCTCGAC Insertion ALY1 CDS in pCambia2300:355::3'SG 2640
TITTCTAGAGTTTGTCTCCATATCTCCAGAATGGTA Insertion ALY1 CDS in pCambia2300:355::3'SG 2884
GCTCTAGAATGTCAGGTGGCTTAGATATGTC Insertion ALY2 CDS in pCambia2300:355::3'SG 4096
GCAGGATCCACTTGTTTCCATTGCC Insertion ALY2 CDS in pCambia2300:355::3'SG 4097
GCTCTAGAATGTCAGACGCTTTGAATATGACTCTTGATG Insertion ALY3 CDS in pCambia2300:355::3'SG 2642
TITGGATCCAGAGATGTTCATAGCTTCAGC Insertion ALY3 CDS in pCambia2300:355::3'SG 2888
GCTCTAGAATGTCTGGAGCATTGAATATGACT Insertion ALY4 CDS in pCambia2300:355::3'SG 4094
CGAGGATCCAGAGGTGTTCATGGC Insertion ALY4 CDS in pCambia2300:355::3'SG 4095
GCTCTAGAATGGACATGTCTTTAGATGAGATTATCAAG  Insertion UIEF1 CDS in pCambia2300:355::3'SG 4098
GCAGGATCCGTTGGGGAATCTTG Insertion UIEF1 CDS in pCambia2300:355::3'SG 4099
GCTCTAGAATGGAGACTGGAACACCAC Insertion UIEF2 CDS in pCambia2300:355::3'SG 4100
GCAGGATCCTTGGGAAAATCTTCTGG Insertion UIEF2 CDS in pCambia2300:355::3'SG 4101
AAAGGATCCGATATGTGAGTGAGTGAACTAGA Insertion of gen. ALY3 in pGreen0179:ALY3::3'eGFP 2887
TITGGATCCAGAGATGTTCATAGCTTCAGC Insertion of gen. ALY3 in pGreen0179:ALY3::3'eGFP 2888
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4.4 Plasmids

Table 13. List of plasmids used in this study. * = generated in this study, L = Lab collection, K = Kanamycin resistance,
B = Basta resistance, H = Hygromycin B resistance, R. site = Restriction site, S = Source, R = Plant resistance marker,
No = Lab ID, Exp = Experiment

Plasmid Exp. Description (Insertin plasmid, primers) R. Sites S R No
pCambia2300:35S::ALY1-3'SG AP-MS ALY1 CDS in P728, 2640+2884 Xbal K 1178
pCambia2300:35S::ALY2-3'SG AP-MS ALY2 CDS in P728, 4096+4097 Xbal/BamHI K 1179
pCambia2300:35S::ALY3-3'SG AP-MS ALY3 CDS in P728, 2642+2888 Xbal/BamHI K 1180
pCambia2300:35S::ALY4-3'SG AP-MS ALY4 CDS in P728, 2642+2888 Xbal/BamHI K 1181
pCambia2300:35S::UIEF1-3'SG AP-MS UIEF1 CDS in P728, 4072+4073 Xbal/BamHI K 1182
pCambia2300:35S::UIEF2-3'SG AP-MS UIEF2 CDS in P728, 4100+4001 Xbal/BamHI K 1183
pCambia2300:355::5G AP-MS  negative control L K 728
pCambia2300:355::ALY 1-3'eGFP FRET  ALY1 CDS in P1121, 2640+2884 Xbal L K 1251
pCambia2300:355::ALY3-3'eGFP FRET  ALY3 CDS inP1121, 2642+2888 Xbal/BamHI L K 1253
pCambia2300:35S::UIEF1-3'eGF P FRET  UIEF1 CDS in P1121, 4072+4073 Xbal/BamHI L K 1244
pCambia2300:35S::UIEF2-3'eGF P FRET  UIEF2 CDS in P1121, 4100+4001 Xbal/BamHI L K 1245
pCambia2300:35S::UIEF 1mut-3'e GFP FRET  UIEF1mut CDS in P1121, 4072+4073 Xbal/BamHI L K 1298
pCambia2300:35S::eGFP-NLS-mCherry FRET positive control L K 966
pCambia2300:355::mCherry-NLS FRET negative control L K 921
pcambia2300:355::UAP56-3'mCherry FRET  UAP56 CDS in P1141, 2174+2819 Xbal/Xmal L K 1254
pGreen0229:UIEF1::UIEF1-3'GFP CLSM  genomic UIEF1 in 638, 2745+2747 BamHI L B 1036
pGreen0229:UIEF2::UIEF2-3'GFP CLSM  genomic UIEF2 in 638, 4145+ 4146 BamHI L B 1159
pGreen0179:ALY3: ALY 3-3'SG Compl. genomic ALY3 in 834, 2887+2888 BamHI L H 1016
pGreen0179:ALY3: ALY 3-3'eGFP Compl. genomic ALY3 in 1199, 2887+2888 BamHI * H 1403
pCambia2300:35S::NXF1-3'SG AP-MS NXF1 CDS in P728, 4078+3680 Xbal/BamHI K 1168
pCambia2300:35S::NXF2-3'SG AP-MS NXF2 CDS in P728, 4079+3682 Xbal/BamHI K 1169
pCambia2300:35S::NXF3-3'SG AP-MS NXF3 CDS in P728, 4074+4075 Xbal/BamHI K 1170
pCambia2300:35S::NXF4-3'SG AP-MS NXF4 CDS in P728, 4076+4077 Xbal/BamHI K 1171
pCambia2300:35S::NXF5-3'SG AP-MS NXF5 CDS in P728, 4790+4791 Xbal/BamHI K 1311
pCambia2300:35S::NXF6-3'SG AP-MS NXF6 CDS in P728, 4337+4338 Xbal/BamHI K 1172
pCambia2300:35S::NXF7-3'SG AP-MS NXF7 CDS in P728, 4339+4340 Xbal/BamHI K 1173
pCambia2300:35S::NXF1-3'eGFP CLSM  NXF1 CDS in P1121, 4078+3680 Xbal/BamHI K 1174
pCambia2300:35S::NXF2-3'eGFP CLSM  NXF2 CDS in P1121, 4079+3682 Xbal/BamHI K 1175
pCambia2300:35S::NXF3-3'eGFP CLSM  NXF3 CDS in P1121, 4074+4075 Xbal/BamHI K 1176
pCambia2300:35S::NXF4-3'eGFP CLSM  NXF4 CDS in P1121, 4076+4077 Xbal/BamHI K 1177
pCambia2300:35S::NXF5-3'eGFP CLSM  NXF5 CDS in P1121, 4790+4791 Xbal/BamHI K 1310
pCambia2300:35S::NXF6-3'eGFP CLSM  NXF6 CDS in P1121, 4337+4338 Xbal/BamHI K 1401
pCambia2300:35S::NXF7-3'eGFP CLSM  NXF7 CDS in P1121, 4339+4340 Xbal/BamHI K 1402
pCambia2300:NXF1::5'e GFP-NXF 1 CLSM  genomic NXF1 in 983, 4050+4051 Nrul/BamHI L K 987
pGreen0229:NXF1::NXF1-3'GFP CLSM  genomic NXF1 in 638, 4127+4128 Smal L B 988
pCambia2300:NXF2::NXF2-3'e GFP CLSM  genomic NXF2 in 1121, 4057+4058 Smal/ BamHI L K 986
pGreen0229:NXF3::NXF3-3'GFP CLSM  genomic NXF3 in 638, 4136+4137 Smal/BamHI L B 1004
pGreen0229:NXF4::NXF4-3'GFP CLSM  genomic NXF4 in 638, 4138+4139 Xbal/Smal L B 991
pGreen0229:NXF5::NXF5-3'GFP CLSM  genomic NXF5 in 638, 4198+4199 Smal/BamHI L B 998
pGreen0229:NXF6::NXF6-3'GFP CLSM  genomic NXF6 in 638, 4196+4197 Smal/BamHI L B 999
pGreen0229:NXF7::NXF7-3'GFP CLSM  genomic NXF7 in 638, 4200+4201 Xbal/Smal L B 995
pGreen0179:NUP54::NUP54-3'tagRFP  CLSM  genomic NUP54 in 1094 4404+4346 Xbal/BamHI L K 1229
pGreen0229:355:5'mcherry-NUP54 CLSM  NUP54 CDSin 1211, 4723+4724 BamHI L B 1306
pCambia2300:35S::NUP35-3'mCherry CLSM  NUP35 CDSin 1141, 4793+4795 Xbal/BamHI L K 1312

94



4.5 Organisms

Table 14. List of T-DNA lines analysed in this study.

4. Materials

Name T-DNA insertion AGI Source
aly1-1 SAIL_381E08 AT5G59950 NASC
aly2-1 wiscDsLox461-464N 10 AT5G02530 NASC
aly3-1 SALK_063320 AT1G66260 NASC
aly4-1 GK-497B06 AT5G37720 NASC
uief1-1 SALK_ 129143 AT4G10970 NASC
uief2-1 SALK_059956 AT4G23910 NASC
nxfi-1 SALK_011708 AT5G43960 NASC
nxf2-1 SAIL_87G09 AT5G60980 NASC
nxf3-1 SALK_144662 AT3G25150 NASC
nxf4-3 GK-797C02 AT5G48650 NASC
nxfs-1 SAIL_750A08 AT1G69250 NASC
nxf6-1 GK-685A10 AT1G13730 NASC
nxf7-1 SALK_058330 AT2G03640 NASC

Table 15. List of bacteria strains used in this study.

Organism Name Resistance Purpose Company

A. tumefciens GV:pMP90 + pSoup Gentamycin, Rifampicin, Tetracyclin Plant transformation DSMZ

E. coli XL1 blue Tetracyclin Plasmid amplification Stratagene

4.6 Databases, Online Tools, Software

Table 16. List of databases, Online Tools, Software used in this study.

Databases, Online Tools, Software

https://

Geneinvestigator
ImageJ 1.49

Leica Application Suite X

Mendeley

Microsoft Excel 2016

Needle (EMBOSS)
PANTHER 14.0
Past 3.26

Primer3 v 0.4.0
QuantPrime
SnapGene v2.3.2

The Arabidopsis Information Resource v10

UniProt

(https://genevestigator.com/gv/)
(https://imagej.nih_gov/ij/)

(https://www leica-microsystems.com)
(https://www . mendeley.com/)

(https://www _microsoft.com/)

(https://www ebi.ac.uk/Tools/psa/emboss'_needle/)
(http://www _pantherdb.org/geneListAnalysis.do)
(https://folk_uio.no/ohammer/past/)
(http://bioinfo.ut.ee/primer3-0.4.0/primer3/input.htm)
(http://quantprime_mpimp-golm.mpg.de/)
(http://www snapgene.com/)

(https://www _arabidopsis.org/)

(http://www uniprot.org/)
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5. Methods

5.1 Nucleic acid based methods

5.1.1 Isolation of genomic DNA from Arabidopsis leaves

One Arabidopsis leaf was frozen in liquid nitrogen in a 1.5 mL tube with two glass beads and
was homogenized using the Tissue Lyser Il (Qiagene) with a frequency of 30 Hz for 30 sec.
400 pL Edward buffer (200 mM Tris pH 7.5, 250 mM NacCl, 25 mM EDTA, 0.5 % (w/v) SDS)
was added to the ground tissue. The sample was mixed by vortexing and centrifuged for 5 min
at 12000 g and RT. To precipitate the DNA, 300 uL of the supernatant were mixed with 300
ML of 100 %(v/v) isopropanol and incubated at RT for 2 min. After centrifugation for 5 min at
12000 g and RT the DNA pellet was washed once with 70 % (v/v) ethanol, air dried and
resuspended in 50 pyL H;0.

5.1.2 Isolation of RNA (for semi-quantitative RT-PCR)

Aerial parts from 10 DAS Arabidopsis seedlings were homogenized using the Tissue Lyser |l
(Qiagene) with a frequency 30 Hz for 60 sec. 50-100 mg of homogenized material was used
to extract RNA using the TRIzol™ reagent (Invitrogen) according to the manufacturer’s
instructions. The purified RNA was dissolved in 30 yL H2O. To remove DNA contaminations,
4 ug extracted RNA was incubated with 2 U of DNasel (NEB) for 80 minutes at 37 °C according

to the manufacturer’s instructions.

5.1.3 Isolation of RNA and genomic DNA (cell fractioning)

Aerial parts from 14 DAS Arabidopsis seedlings were homogenized using the Tissue Lyser Il
(Qiagene) with a frequency of 30 Hz for 60 sec. 50 mg of homogenized material was used to
simultaneously extract RNA and genomic DNA using the TRIzol™ reagent (Invitrogen)
according to the manufacturer’s instructions. 400 mg of homogenized material was used to
extract nuclei. Homogenized plant material was mixed with 30 mL Extraction Buffer 1 (0.4 M
Sucrose, 10 mM HEPES pH 8, 5 mM B-mercaptoethanol) in a 50 mL Falcon tube and
incubated on a rotating wheel at 4 °C for 15 min. Solution was filtered through a double layer
of Miracloth into a new 50 mL Falcon tube and centrifuged at 3000 g and 4 °C for 20 min. Pellet
was resuspended in 1 mL Extraction Buffer 2 (0.25 M Sucrose, 10 mM HEPES pH 8, 1 % (v/v)
Triton X-100, 10 mM MgCl,, 5 mM B-mercaptoethanol) and centrifuged at 12000 g and 4 °C
for 10 min. Washing was repeated 2 - 3 times. Pellet was resuspended in 400 pyL Extraction
Buffer 3 (1.7 M Sucrose, 10 mM HEPES pH 8, 0.15 % (v/v) Triton X-100, 2 mM MgCl,, 5 mM
B-mercaptoethanol) and another 400 pL of Extraction Buffer 3 was added to a new 1.5 mL

tube and overlaid with the pellet from the previous step. Following centrifugation at 16000 g
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and 4 °C for 60 min pellet was resuspended in 200 yL Nuclei Lysis Buffer (50 mM HEPES pH
8, 10 mM EDTA, 0.1 % (w/v) SDS). RNA and genomic DNA was simultaneously extracted from
lysed nuclei using the TRIzol™ reagent (Invitrogen) according to the manufacturer’'s
instructions. The purified RNAs from total cells and nuclei were dissolved in 30 uL H2O. To
remove DNA contaminations, up to 3 ug extracted RNA was incubated with 2 U of DNasel
(NEB) for 80 minutes at 37 °C according to the manufacturer’s instructions. To remove
DNAsel, RNA was filled up with water to a final volume of 200 uL and was mixed with 200 uL
Roti® - Aqua - P/C/I (Roth). After centrifugation at 20000 g for 10 min and RT, 200 pL of the
upper phase were transferred to a new 1.5 mL tube and were mixed with 20 yL 3 M KAc pH
4.8 and 500 pL 100 % (v/v) ethanol and frozen in liquid nitrogen. After thawing at -20 °C and
centrifugation at 20000 g and 4 °C for 10 min, RNA pellet was washed once with 70 % (v/v)

ethanol, air dried and resuspended in 30 uL H-O.

5.1.4 Isolation of RNA (transcriptome profiling)

Aerial parts from 10 DAS Arabidopsis seedlings were homogenized using the Tissue Lyser Il
(Qiagene) with a frequency of 30 Hz for 60 sec. 50-100 mg of homogenized material was used
to extract RNA using RNeasy® Mini Plant kit (Qiagen) according to the manufacturer’s
instructions. The purified RNA was dissolved in 30 yL H2O. To remove DNA contaminations,
4 ug extracted RNA was incubated with 2 U of DNasel (NEB) for 80 minutes at 37 °C according
to the manufacturer’s instructions. To remove DNAsel, RNA was filled up with water to a final
volume of 200 uL and was mixed with 200 pL Roti® - Aqua - P/C/I (Roth). After centrifugation
at 20000 g and RT, 200 yL of the upper phase were transferred to a new 1.5 mL tube and
were mixed with 20 yL 3 M KAc pH 4.8 and 500 pyL 100 % ethanol (v/v) and frozen in liquid
nitrogen. After thawing at -20 °C and centrifugation at 20000 g and 4 °C for 10 min, RNA pellet

was washed once with 70 % ethanol (v/v), air dried and resuspended in 30 pL H-O.

5.1.5 Reverse transcription (CDNA synthesis)

RNA was transcribed into cDNA using RevertAid™H Minus M-MuLV Reverse Transcriptase
(Thermo Fisher Scientific). In a total volume of 11 pL, 2 pg of DNasel-treated RNA were mixed
with 0.5 pg oligo-dT primers or 0.2 ug random hexamer primers for 5 min at 70 °C and cooled
down to 4 °C. Reaction buffer (1x), dNTP (1 mM) and 20 U RNase Inhibitor (Thermo Fisher
Scientific) were added to a final volume of 19 pL and the mixture was incubated for 5 min at
37 °C (5 min at 25 °C when random hexamer primers were used). To synthesize cDNA, 200 U
of RevertAid™H Minus M-MulV Reverse Transcriptase were added and the sample was
incubated for 60 min at 42 °C (10 min at 25 °C followed by 60 min at 42 °C when random
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hexamer primers were used). The reaction was stopped by heating the samples at 70 °C for
10 min. For cDNA library preparation used for validation of transcriptome profiling results oligo-
dT primers were used. For cDNA library preparation used for validation of deep sequencing

results of total cells and nuclei random hexamer primers were used.

5.1.6 Polymerase chain reaction (PCR)

Tag DNA Polymerase (Peglab) was used for genotyping, semi-quantitative RT-PCR and
colony PCR. Herculase Il Fusion DNA Polymerase (Agilent) DNA Polymerase was used for
cloning due to its proofreading activity. PCR cycle programs and PCR reaction mixes are
displayed in Table 16 and Table 17, respectively. Amplified fragments were analysed on

1 - 2 % agarose gels depending on fragment size.

Table 17. Cycling conditions for PCR reactions using Taq and Herculase Il Fusion DNA Polymerase.

Taq Herculase
Temperature Time Cycles Temperature Time Cycles
Initial denaturation 95°C 5 min 1 95°C 2 min 1
Denaturation 95°C 30 sec 26 - 40 95°C 20 sec 34
Annealing Primer Tm-5°C 30 sec 26 - 40 Primer Tm-5°C 20 sec 34
Extension 72°C 1 min/1 kbp 26 - 40 68 "CA/T2 °CB 30 sec”,1 ming/1 kbp 34
Final extension 72°C 5 min 1 68 "CA/72 °CB 5 min 1

Table 18. PCR reaction mixes using Taq and Herculase Il Fusion DNA Polymerase. A) Settings to amplify genomic
or plasmid targets B) Settings to amplify cDNA targets.

Reagent Taq Herculase
Buffer 1x Taq reaction buffer (Peqglab) 1x Herculase reaction buffer (Agilent)
dNTP 0.2 mM each dNTP 0.3 mM each dNTP
Forward primer 0.5 uM 0.2 pM
Reverse primer 0.5 uM 0.2 pM
Polymerase 0.5 U Tag DNA polymerase (Peglab) 0.5 U Herculase DNA polymerase (Agilent)
H.O Up to 25 pL Up to 50 pL

5.1.7 Real time quantitative PCR (QRT-PCR)

The gPCR reactions were performed in a total volume of 10 uL using KAPA™ SYBR® FAST
QPCR MasterMix Universal (PEQLAB), GO03-SF stripes (Kisker Biotech GmbH and Co KG)
and the Mastercycler epgradient S realplex® with realplex software v2.2 (Eppendorf AG)
according to the manufacturer’s instructions. Targets were amplified with specific primer pairs
(Table 7, 8) that were design with the web applications quantprime (Arvidsson et al., 2008) or
primer3 (Untergasser et al.,, 2007). The following cycling program was used: 1) Initial

Denaturation (2 sec at 98 °C), 2) Two step cycling (40 x 5 sec at 98 °C followed by 15 sec at
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60 °C) and 3) Melting curve for quality control. The normalised relative quantities (NRQ) were
calculated according to Hellemans et al., 2007 using the three mRNA references genes GAP,
PP2AA3 and ACT2 or the non-mRNA reference genes 18S rRNA and U12 snRNA (Kwok et
al., 2013, Kudo et al., 2016). Primer efficiencies for the specific primer pairs were calculated

using a three-step dilution of the cDNA templates.

5.1.8 Agarose gel electrophoresis

1 - 2% (w/v) agarose gels (40 mM Tris pH 8, 20 mM acetic acid, 1 mM EDTA) supplemented
with 0.005 % (v/v) ethidium bromide were used to separate DNA/RNA fragments. DNA/RNA
samples were mixed with 6x loading dye (250 mM Tris pH 7.5, 10% (w/v) SDS, 30% (v/v)
glycerol, 0.5 M DTT, 0.1% (w/v) bromophenol blue) and gels were run at 150 V. DNA/RNA
fragments were visualized by excitation at 256 nm with a BioDoc Analyser (Biometra GmbH,
Gottingen).

5.1.9 PCR clean up and DNA extraction from agarose gels
For the clean-up of PCR samples and DNA fragments from agarose gels, the NucleoSpin®
Gel and PCR Clean-up kit (Macherey-Nagel) was used according to the manufacturer's

instructions.

5.1.10 Restriction digest and dephosphorylation

Plasmids and PCR fragments were digested with restriction enzymes (NEB) according to the
manufacturer’s instructions. Digestions were performed o/n. To prevent self-ligation, 5’ -
phosphate groups from digested plasmids were removed by incubation with 5 U of Antarctic
Phosphatase (NEB) in 1 x Antarctic Phosphatase buffer (NEB) for 60 min at 37 °C.

5.1.11 Ligation
Digested inserts and plasmids were mixed in a 4:1 molar ratio with the addition of 5U T4 DNA
ligase (Thermo Scientific) and 1x T4 Ligase buffer in a total volume of 20 pL. Ligation was

performed o/n at 4 °C:
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5.1.12 Isolation of plasmid DNA from E. coli

For minipreparation of plasmid DNA, 2 mL selective LB-medium were inoculated with a positive
transformed E. coli colony and incubated o/n at 37 °C and 200 rpm. Cells from1.5 ml liquid
cultures were harvested by centrifugation for 3 min at 1800 g. Cell pellet was resuspended in
200 pL P1 buffer (50 mM Tris-HCI pH 8, 10 mM EDTA, 100 pg/mL RNase A). For cell lysis,
300 pL of P2 buffer (0.2 M NaOH, 1 % (w/v) SDS) were added and the mixture was incubated
for 5 min at RT. To stop the cell lysis, 300 pyL of P3 buffer (3 M potassium acetate, pH 4.8)
were added and the sample was incubated for 10 min on ice before centrifugation at 12000 g
for 10 min and RT. The supernatant was transferred to a new 1.5 mL tube and an equal amount
of 100 % (v/v) isopropanol was added. After incubation for 5 min at RT to precipitate the
plasmid DNA, sample was spun down at 12000 g for 10 min at RT and the pellet was washed
with 70 % (v/v) ethanol, air dried and re-dissolved in 50 yL H2O.

Midipreparation of plasmid DNA was performed using the NucleoBond® Xtra Midi Kit

(Macherey Nagel) according to the manufacturer’s instructions.

5.1.13 Sequencing of plasmid DNA
Sequencing of purified plasmid DNA was performed by the TubeSeq Service of Eurofins MWG
Operon (Ebersberg). DNA samples and sequencing primers were prepared according to

instructions of the provider (https://www.eurofinsgenomics.eu).

5.1.14 RNA sequencing

Library preparation and RNAseq were performed at the service facility “KFB - Center of
Excellence for Fluorescent Bioanalytics” (Regensburg, Germany; www.kfb-regensburg.de).
Library preparation and RNAseq were carried out as described in the lllumina TruSeq Stranded
MRNA Sample Preparation Guide, the lllumina HiSeq 1000 System User Guide (lllumina, Inc.,
San Diego, CA, USA), and the KAPA Library Quantification Kit - Illumina/ABI Prism User Guide
(Kapa Biosystems, Inc., Woburn, MA, USA).

In brief, 250 ng total or nuclear RNA was used for purifying the poly-A containing mRNA
molecules using poly-T oligo-attached magnetic beads. Following purification, the mRNA was
fragmented to an average insert size of 200-400 bases using divalent cations under elevated
temperature (94 °C for 4 minutes). Next, the cleaved RNA fragments were reverse transcribed
into first strand cDNA using reverse transcriptase and random hexamer primers. Actinomycin
D was added to improve strand specificity by preventing spurious DNA-dependent synthesis.
Blunt-ended second strand cDNA was synthesized using DNA Polymerase |, RNase H and

dUTP nucleotides. The incorporation of dUTP, in place of dTTP, quenched the second strand
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during the later PCR amplification, because the polymerase does not incorporate past this
nucleotide. The resulting cDNA fragments were adenylated at the 3' ends, the indexing
adapters were ligated, and subsequently specific cDNA libraries were created by PCR
enrichment. A column based size selection with a 2200 bp cutoff was applied to the nuclear
samples (Select-a-Size DNA Clean & Concentrator, Zymo Research). The libraries were
guantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit. Equimolar
amounts of each library were used for cluster generation on the cBot with the lllumina TruSeq
PE Cluster Kit v3. The sequencing run was performed on an HiSeq 1000 instrument using the
indexed, 2x100 cycles paired end (PE) protocol for RNA sequencing of total cells and nuclei
in the cell fractioning experiment (7.1.3) and the 50 cycles single-read (SR) protocol for the
transcript profiling experiment (7.1.4) with the TruSeq SBS v3 Reagents according to the
lllumina HiSeq 1000 System User Guide. Image analysis and base calling resulted in .bcl files,

which were converted into .fastq files with the bcl2fastg v2.18 software.

The analysis of RNA-seq data was performed by Dr. Julia Engelmann (Royal Netherlands

Institute for Sea Research).

5.2 Protein based methods

5.2.1 Affinity purification of SG-tagged proteins

Affinity purifications of SG-tagged proteins expressed in suspension cultured cells were
performed as described in Pfab et al., 2017. Briefly, 15 g of transformed PSB-D cells were
frozen in liquid nitrogen and ground to a fine powder using mortar and pestle. The ground cells
were mixed with 20 mL prechilled extraction Buffer (25 mM HEPES-KOH pH 7.4, 100 mM
NacCl, 0.05 % (v/v) IGEPALCA-630, 1 mM DTT, 2 mM MgCl,, 5 mM EGTA, 10 % (w/v) glycerol,
cOmplete™EDTA free proteinase inhibitor tablets (Sigma-Aldrich), 1 mM PMSF dissolved in
2-propanol). To disrupt the cells and shear the nucleic acids defrosted cells were sonicated
five times for 30- seconds at 30 % intensity followed by 60-seconds intervals for cooling using
a UW2070 MS73 (Bandelin) Sonicator. MgCl; (to a final concentration of 5 mM) and 50 U/mL
Benzonase were added to the mixture to degrade RNA and DNA. The sample was incubated
for 30 minutes at 4 °C on a rotating wheel. Cell debris was spun down at 40000 x g and 4 °C
for 60 min and the supernatant was filtered through a 0.45 pym syringe filter. The protein
concentration of the cell extract was determined by Bradford protein assay. 10 pL protein mix
was filled up with H2O to a total volume of 200 pL and mixed with 1 mL Bradford reagent
(0.01 % (w/v) Coomassie Blue G-250, 5 % (v/v) ethanol, 10 % (v/v) phosphoric acid) in a
polystyrol cuvette (Sarstedt AG & Co, Germany). After incubation of 10 minutes, the
absorbance was measured at 595 nm with the BioPhotometer® (Eppendorf AG, Hamburg)

and the protein concentration was estimated by comparison with a BSA calibration curve. 150
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mg of total proteins were adjusted with extraction buffer to a final volume of 30 mL. 100 pL
magnetic beads were washed four times with extraction buffer and added to the protein extract.
Proteins were incubated with magnetic beads for 60 min at 4 °C on a rotating wheel. After
centrifugation at 2000 g and 4 °C for 10 min the beads were transferred into a 1.5 mL tube and
washed three times with 1 mL extraction buffer using a magnetic rack. Proteins were eluted
from beads with 300 uL elution buffer (0.1 M glycine-HCI, pH 2.7) for 5 minutes at RT and 700
rom. Beads were separated from eluted proteins with a magnetic rack and the protein

containing supernatant was transferred to a 1.5 mL tube.

5.2.2 Acetone precipitation

To precipitate proteins eluted from magnetic beads (6.2.1), the sample was mixed with ice-
cold acetone to a final concentration of 20 % (v/v). Eluted proteins and acetone were mixed,
and proteins were precipitated o/n at -20 °C. After centrifugation at 20000 g and 4 °C for 20
min the precipitated proteins were washed twice with 500 pL ice cold acetone. After washing,

the protein pellet was resuspended in 25 yL 1x PBS.

5.2.3 SDS-PAGE

The SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed with polyacrylamide
gels containing a resolving gel (9 % acrylamide: bisacrylamide (30:0.15), 0.75 M Tris pH 8.8,
0.2 % (w/v) SDS, 0.1 % (w/v) ammonium persulfate (APS) and 0.02 % (v/v) TEMED) and a
stacking gel (5 % (v/v) acrylamide mix Gel 30 (5:1), 140 mM Tris pH 6.8, 0.23 % (w/v) SDS,
0.11 % (w/v) APS and 0.06 % (v/v) TEMED). Gels were cast using a Bio-RAD Mini- Protean®
3 Multicaster system (Bio-Rad). Analysed samples were mixed with 6 x SDS loading buffer (50
mM Tris pH 6.8, 0.002 % (w/v) bromophenol blue, 2.5 % (w/v) glycerol, 1 % (w/v) SDS and
143 mM -mercaptoethanol) to a final concentration of 1x and heated at 95 °C for 10 min. SDS
polyacrylamide gel electrophoresis (SDS-PAGE) was performed in a Bio-RAD Mini-Protean®
3 running chamber using Laemmli running buffer (0.1% SDS (w/v), 3.03 g/L Tris, and 14.41
g/L glycine). Gels were run at 200 V and sizes of proteins were estimated using PageRuler™

unstained protein ladder (Thermo Scientific).

5.2.4 Coomassie Brilliant Blue (CBB) staining
Proteins were visualized by incubation of SDS polyacrylamide gels in Coomassie Brilliant Blue
(CBB) solution (0.2 % (w/v) CBB G-250, 30 % (v/v) ethanol and 10 % (v/v) acetic acid) for 30

min and destaining with 7.5 % (v/v) ethanol and 5 % (v/v) acetic acid o/n.
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5.2.5 Trypsin in-gel digestion

Proteins that were purified (5.2.1), separated by SDS-PAGE electrophoresis (5.2.3) and
stained with Coomassie Brilliant Blue (5.2.4) were cut out of the gel using a scalpel. One gel
lane was divided into 6 gel pieces and each piece was cut into 1mm fragments. Fragments
were transferred into a 2 mL tube and washed four times while gently shaking. 1x 60 min (50
mM NH4HCO:3), 1x 60 min (Mix 50 mM NH4sHCO3; and acetonitrile in the ratio 3:1), 1x 30 min
(Mix 50 mM NH4HCOS3 and acetonitrile in the ratio 1:1) and 1x 10 min (200 uL acetonitrile).
Gel fragments were subsequently lyophilised for 60 min. To reduce cysteines, 200 pL of 1
mg/ml DTT dissolved in 50 mM NHsHCO; were added to the samples and incubated for 35
min at 56 °C. For carbamidomethylation of the cysteines, supernatant was removed and
200 pL of 5 mg/ml iodoacetamide dissolved in 50 mM NH4HCO; was added to the samples.
Samples were incubated at RT in the dark for 35 min. The four washing steps as described
above were repeated and gel fragments were lyophilised. Dry gel fragments were incubated
with 10-20 pL of trypsin mix (0.04 pg/uL trypsin in 50 mM NH4HCO:3), covered with 40 pyL 50
mM NH4HCO3 and incubate o/n at 37 °C. The supernatant that contains the extracted peptides
was transferred to a 0.5 mL collection tube. 40 yL 100 mM NH4sHCO3; was added to each tube
and the samples were incubated for 60 min at 39 °C while gently shaking. The supernatant
was transferred to the collection tube and extraction step was repeated once with 100 mM
NH;HCO3z at 39 °C and once with a mix of 100 mM NHsHCO3 and acetonitrile in the ratio 1:1
at 30 °C. The collection tube with the pooled peptides of all three extraction steps was lyophilize

o/n.

5.2.6 Mass spectrometry

Mass spectrometry was performed in the lab of Dr. Astrid Bruckmann (Department of
Biochemistry |, University of Regensburg) as described in Antosz et al., 2017. Briefly, the
peptides obtained by trypsin digestion were separated by reverse-phase chromatography on
an UltiMate 3000 RSLCnano System (Thermo Scientific) using a Reprosil-Pur Basic C18 nano
column. A linear gradient of 4 to 40% acetonitrile in 0.1% formic acid was applied for 90 min.
The HPLC system was coupled to a maXis plus UHR-QTOF system (Bruker Daltonics) via a
nanoflow electrospray source (Bruker Daltonics). Data-dependent acquisition of tandem mass
spectrometry (MS/MS) spectra by CID fragmentation was performed utilizing a dynamic
method with a fixed cycle time of 3 s (Compass 1.7; Bruker Daltonics). Protein Scape 3.1.3
(Bruker Daltonics) in connection with Mascot 2.5.1 (Matrix Science) facilitated database
searching of the NCBI database. Mascot peptide ion score cut-off was set to 25. A protein

score of minimum 80 was considered as criteria for reliable protein identification.
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5.3 Microbial work

5.3.1 Cultivation of bacteria

Luria Bertani (LB) medium (5 g/L Yeast extract, 10 g/L NaCl, 10 g/L tryptone) was used as
standard growth medium for all bacterial strains used in this study. Medium to cast LB plates
was obtained by adding 1.5 % (w/v) agar prior to autoclaving. For bacterial selection, the LB
medium was supplemented with sterile-filtered antibiotics leading to the following final
concentrations: 50 pg/ml gentamycin, 50 pg/ml (E. coli) or 25 pg/ml (A. tumefaciens)
kanamycin, 50 pg/ml rifampicin and 12 pg/ml tetracyclin. E. coli and A. tumefaciens bacteria
strains were grown at 37 °C or 28 °C, respectively. Bacteria in liquid LB media were grown

under agitation at 200 rpm.

5.3.2 Preparation of chemically competent cells

10 mL LB medium with appropriate antibiotics was inoculated with a single E. coli or A.
tumefaciens bacteria starter colony and incubated o/n at 37 °C or 28 °C and 200 rpm,
respectively. The starter culture was used to inoculate 100 mL selective LB media to an OD600
of 0.1. After the cells were grown to an OD600 of 0.75 they were harvested by centrifugation
for 10 min at 4000 g and 4 °C. The cell pellet was re-suspended in 30 mL sterile filtered cold
TBF1 buffer (100 mM RbCI, 10 mM CacCl,, 50mM MnCl;, 30mM NaOAc; adjusted to pH 5.8
with acetic acid) and incubated on ice for 90 min. The cells were harvested for 10 min at 3000 g
and 4 °C and re-suspended in 4 mL of sterile filtered cold TBF2 buffer (10 mM MOPS, 10 mM
RbCI, 75 mM CaCl, and 15% (w/v) glycerol). Chemically competent cells were stored in 50 uL
aliquots at -80 °C.

5.3.3 Transformation of chemically competent E. coli cells

50 pL chemically competent E. coli cells (5.3.2) thawed on ice were mixed with 200 ng plasmid
DNA or 10 pL ligation product (5.1.11). After incubation for 20 min on ice a heat shock at 42 °C
was applied for 2 min. After 10 min incubation on ice the sample was mixed with 1 mL LB
medium without selection and incubated for 60 min at 37 °C and 200 rpm. Transformed cells

were spread on LB plates with the appropriate selection and incubated o/n at 37 °C.

5.3.4 Transformation of chemically competent A. tumefaciens cells
50 pL chemically competent A. tumefaciens cells (5.3.2) thawed on ice were mixed with 200 ng
plasmid DNA. After incubation for 5 min on ice and 5 min in liquid nitrogen a heat shock at

37 °C was applied for 5 min. After heat shock the sample was mixed with 1 mL LB medium
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without selection and incubated for 120 min at 28 °C and 200 rpm. Transformed cells were

spread on LB plates with the appropriate selection and incubated for 2-3 days at 28 °C.

5.4 Plant work

5.4.1 Cultivation of Arabidopsis plants

Arabidopsis seeds were sown on soil (80% (v/v) Einheitserde Typ ED 73, 10% (v/v) sand and
10% Isoself® from Knauf Perlite). Soil was pre-soaked in water containing 0.03% (v/v) confidor
WG70 (Bayer) and 3 g/L fertiliser Osmocote Start (The Scotts Company). After sowing out, the
pots were stratified for 2-3 days at 4 °C in the dark before plants were grown under long-day
conditions (LD; 16 hour light) at 22 °C and 100 ymol m=2 s light.

For plant growth under sterile conditions, Arabidopsis seeds were sterilized using chloric gas
(40 mL 12.5% hypochloric acid (w/v) and 2 mL 37% HCI (v/v)). Arabidopsis seeds were sown
on solid 0.5x MS plates (2.15 g/L Murashige and Skoog media, 1% (w/v) sucrose, 0.7% or 1%
(w/v) phyto agar adjusted to pH 5.8). After stratification (2-3 days at 4 °C in the dark), plants
were grown in a plant incubator (Percival Scientific) under LD conditions at 22 °C and 100

umol m2s?,

Transgenic Arabidopsis plants carrying a hygromycin B resistance were selected on solid 0.5x
MS plates (2.15 g/L Murashige and Skoog media, 1% (w/v) sucrose, 0.7% phyto agar (w/v);
adjusted to pH 5.8) supplemented with hygromycin B to a final concentration of 30 pug/ml.

5.4.2 Transformation of Arabidopsis plants by floral dipping

Arabidopsis plants were stably transformed using the ‘Floral Dip’ method described in Clough
and Bent, 1998. Briefly, approximately 10-30 Arabidopsis plants grown in one pot with 10-
15 cm inflorescences were used for each transformation. A. tumefaciens GV3101 + pSoup
carrying cells transformed by heat shock (7.3.4) with pGreen-derived plasmids were used for
transformation. Selected bacteria colonies were tested by colony PCR for insertion of the
plasmid. Colonies carrying the pGreen-derived plasmids were grown o/n in 5 mL selective LB
at 28 °C and 200 rpm. 500 mL selective LB were inoculated with 500 pL of the starter culture
and incubated o/n at 28 °C and 200 rpm. The cells were harvested by centrifugation for 15 min
at 5000 g and were re-suspended in 500 mL infiltration medium (5% (w/v) sucrose, 10 mM
MgCl2, 0.02% (v/v) Silvet L77 and 0.01 mM acetosyringone dissolved in ethanol). The
inflorescences of the plants were dipped into the infiltration medium for 1 min and were left o/n
covered with plastic foil. Plants were grown to maturity in the plant growth chamber and plants

of the next generation were selected for transformation with the transgene.
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5.4.3 Crossing of Arabidopsis plants

For crossing of Arabidopsis plants with different genotypes, 3-5 unopened flower buds from
genotype A were emasculated by removing all anthers, sepals and petals with a crossing
tweezer. Pollen from genotype B was subsequently transferred to stigmas from genotype A.
Plants were grown for 14-21 days in the plant growth chamber and the siliques with the hybrid
seeds were harvested.

5.4.4 Phenotyping of Arabidopsis plants

For soil based phenotypic analysis, the plants were grown under LD conditions. The plant trays
were rotated every 2 days to avoid that position of plants affects plant phenotypes. The
morphology and development of Arabidopsis plants were monitored by documenting specific
plant traits at several defined developmental stages as described in Boyes et al., 2001. Siliques
were bleached by o/n incubation in 75 % ethanol and 25 % acetic acid. All pictures were taken
with a Zeiss Discovery V8 stereo microscope or a Canon EOS 600D equipped with a Macro
lens EF-S 60 mm 1:2.8 USM (Canon) or an ETS 18-55 mm objective (Canon).

For MS based phenotypic analysis of Arabidopsis roots, seeds were sown on 0.5x MS plates
(2.15 g/L Murashige and Skoog, 1% (w/v) sucrose, 1% phyto agar (w/v); adjusted to pH 5.8)
and plants were grown upright under LD conditions. All phenotypic analyses were performed

at least twice.

5.4.5 Isolation of protoplasts from Arabidopsis rosette leaves

The isolation of Arabidopsis mesophyll protoplasts was performed like described in Wu et al.,
2009. Briefly, the epidermis from leaves from 3-5-week-old plants was removed using a
Tesafilm (Tesa) and peeled leaves (8-10) were transferred to a Petri dish containing 10 mL
enzyme solution (1% cellulase Onozuka R10 (Duchefa), 0.25% macerozyme R10 (Duchefa),
0.4 M mannitol, 10 mM CaCl,, 20 mM KCI, 0.1% BSA and 20 mM MES, pH 5.7). The leaves

were gently shaken at 40 rpm for 120 min until the protoplasts were released into the solution.

5.4.6 Whole mount in situ hybridization (WISH) of Arabidopsis seedlings

WISH was performed as described in Gong et al., 2005. Briefly, seedlings (6 DAS) were fixed
for 30 min in a 1:1 solution of heptane and fixation buffer (120 mM NaCl, 7 mM Naz;HPOa,,
3 mM NaH2PO4, 2.7mM KCI, 0.1% (v/v) Tween20, 80 mM EGTA, 10% (v/v) DMSO and 5%
formaldehyde) and washed 2x in 100% ethanol and 3x with 100% methanol for five minutes.
The seedlings were then incubated for 30 min in a 1:1 100% ethanol/xylene solution and
washed 2x in 100% ethanol, 2x in 100% methanol and 1x in 1:1 100% methanol/fixation buffer

without formaldehyde solution. Post fixation was conducted for 30 min in fixation buffer with
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formaldehyde. The fixed seedlings were washed 2x for 5 min in fixation buffer without
formaldehyde and 1x for 5min in Perfect Hyb™plus (Sigma) hybridization buffer. Seedlings
were incubated in fresh Perfect Hyb™plus hybridization buffer for 60 min at 50 °C in a
hybridization oven before 25 pmol of a 48mer of poly(dT) probe labelled at the 5’end with Alexa
Fluor® 488 dye was added, and seedlings were incubated o/n at 50 °C. The seedlings were
washed 1x for 60 min with 2x SCC (0.15 M NacCl, 0.015 M sodium citrate) supplemented with
0.1% (w/v) SDS, and 1x 20 min with 0.2x SCC supplemented with 0.1% (w/v) SDS. The
seedlings were mounted on an object slide in DAPI solution and the roots were examined by
CLSM using a Leica SP8 microscope. Intensities of the Alexa Fluor 488 signals in cytoplasm
and nucleoplasm were measured in ImageJ software version 1.49m. WISH experiments were

performed at least twice.

5.4.7 Cultivation of Arabidopsis PSB-D cells

The Arabidopsis landsberg erecta PSB-D suspension cells (Arabidopsis Biological Resource
Center) were cultured and transformed under sterile conditions according to Van Leene et al.,
2011. The cells were grown in darkness at 25 °C while shaking at 130 rpm. Once a week, the
cells were diluted by transferring 7 mL cells into a 100 mL Erlenmeyer flask containing 43 mL
MSMO medium (0.443 % Murashige and Skoog Salt mixture (US Biological), 3 % (w/v)
sucrose, 0.5 mg/L NAA dissolved in 100 mM NaOH, 100 mg/L myo-inositol, 0.05 mg/L kinetin
dissolved in DMSO, 0.4 mg/L thiamine, adjusted to pH 5.7 with 1 M KOH). For selection,
MSMO medium was supplemented with kanamycin or hygromycin B to a final concentration

of 50 pg/mL or 20 pg/mL, respectively.

5.4.8 Transformation of Arabidopsis PSB-D cells

The Arabidopsis suspension cells were transformed by A. tumefaciens mediated cell
transformation. An A. tumefaciens colony carrying a plant expression vector (5.3.4) was grown
as a starter culture in 2 mL LB medium supplemented with kanamycin o/n at 28 °C and
200 rpm. The starter culture was transferred into 20 mL selective LB medium and was grown
o/n at 28 °C and 200 rpm. The cells were harvested by centrifugation for 15 min at 3000 g and
re-suspended in 40 mL sterile MSMO medium. This washing step was repeated once and the
OD600 of the cell suspension was adjusted to 1.0. For transformation, 3 mL of 3-days old
Arabidopsis suspension cells (OD600: 1.2 - 1.3) were co-cultivated with 200 ul of the A.
tumefaciens/MSMO solution and 6 yL 100 mM acetosyringone in one well of a 6-well plate.
The 6-well plate was taped with Micropore surgical tape and cells were incubated for 3 days

in a shaking incubator at 130 rpm and 25 °C in the dark.
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For selection in liquid medium, the 3 mL transformed cells were transferred into a 25 mL
Erlenmayer flask containing 8 mL MSMO medium supplemented with 50 yL/mL kanamycin or
20 pg/mL hygromycin B (for plasmid selection), 500 uL/mL vancomycin and 500 uL/mL
carbenicillin (to kill A. tumefaciens cells). After cultivation for 8 days in a shaking incubator at
130 rpm and 25 °C the 10 mL cell suspension were transferred into a 100 mL Erlenmayer flask
containing 25 mL MSMO supplemented with kanamycin or hygromycin, vancomycin and
carbenicillin and the suspension culture was incubated for 7 days. In the following suspension

cultures were diluted once a week like described in 5.4.7.

For selection on solid medium, the 3 mL transformed cells were washed with 40 mL MSMO
medium. Cells were harvested by centrifugation for 5 min at 500 g and 2-3 mL of cells were
spread on MSMO plates supplemented with 50 yL/mL kanamycin or 20 pg/mL hygromycin B,
500 pL/mL vancomycin and 500 yL/mL carbenicillin. The MSMO plates were incubated for 2-5
weeks at 25 °C in the dark. Using a scarpel, the grown callus was scraped off the plates and
transferred into a 100 mL Erlenmayer flask containing 30 mL MSMO supplemented with 50
ML/mL kanamycin or 20 pg/mL hygromycin B, 500 uL/mL vancomycin and 500 uL/mL
carbenicillin. After one week of incubation at 25 °C in a shaking incubator at 130 rpm, cells

were diluted once a week like described in 5.4.7.

After 4-8 weeks growth in liquid MSMO medium, the transformed Arabidopsis suspension cells
were gradually upscaled to a final volume of 5 L per transformed cell suspension culture and

cells were harvested in 15 g aliquots and stored at -80 °C.

5.4.9 Tobacco infiltration

For transient expression of transgenic fusion proteins in Nicotiana benthamiana, 10 mL
selective LB medium were inoculated with an A. tumefaciens colony carrying a plant
expression vector (6.3.4) and grown o/n at 28 °C and 200 rpm. The bacteria were harvested
by centrifugation for 10 min at 4000 g and re-suspending the bacteria pellet in 10 mL infiltration
medium (10 mM MES-KOH pH 5.7, 10 mM MgCl,, 0.1 mM acetosyringone dissolved in
ethanol). A. tumefaciens cells in infiltration medium were infiltrated in the abaxial side of leaves
from 2-4 weeks old N. benthamiana plants using a syringe. After 2-3 days, infiltrated leaves

were mounted on objective slides and analysed by CLSM (5.5.1).

5.5 Microscopy
5.5.1 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) was performed using a Leica SP8 microscope,
equipped with a 10X NA 0,3, 40X Oil NA 1,3 or 63X Glycerol NA 1.3 objective. DAPI was
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excited with a 405 nm laser, GFP/Alexa Fluor® 488 were excited using an Argon laser at 488
nm and tagRFP/mCherry/Pl were exited using an DPSS laser at 561 nm. The emission of
GFP/ Alexa Fluor® 488 and tagRFP/mCherry were detected with Hybrid detectors at 500-550
nm or 570-620 nm, respectively. The emissions of DAPI or Pl were detected with PMTs at 410-
495 nm or 570-620 nm, respectively.

5.5.2 Forster resonance energy transfer (FRET)

For FRET acceptor photobleaching (FRET-APB), eGFP and mCherry fusion proteins acting
as donor/acceptor pairs were expressed in N. benthamiana leaves (5.4.9) and FRET
efficiencies were measured and calculated as described in Weidtkamp-peters and Stahl, 2017.
Briefly, square pieces (0.5 x 0.5 cm) of infiltrated N. benthamiana leaves were mounted in H.O
on an objective slide with the abaxial side facing up. Images were acquired using a SP8
(Leica,Wetzlar, Germany) confocal laser scanning microscope (CLSM) equipped with a 63X
Glycerol NA 1.3 objective (5.5.1). For bleaching, a circular area was bleached at 100% laser
power for 80 iterations. 15 pre-bleach and 15 post-bleach images were analysed by ImageJ
software version 1.49m. The mean FRET efficiencies were calculated by the following formula:
([IPOST — IPRE] / IPRE) x 100 with IPOST = mean fluorescence intensity of 15 postbleached

frames and IPRE = mean fluorescence intensity of 15 prebleached frames.

5.5.3 DAPI staining

After WISH (5.4.6) and before CLSM analysis (5.5.1), Arabidopsis roots were mounted in DAPI
solution (1x PBS pH 7.5, 0.2 yg/mL 4’,6-diamidino-2-phenylindole (DAPI), 0.1 % Triton X-100)
and incubated for 10 min at RT.

5.5.4 Propidium iodide (PI) staining
Arabidopsis roots were mounted in 15 yM propidium iodide on an objective slide with a cover

slip and were incubated for 10 min at RT before CLSM analysis.
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Table $1. Phenotypic evaluation Of 4xaly plants compared to Col-0 plants. All data are means + SD. n = 15 for
number of leaves, rosette diameter at bolting, bolting, primary inflorescences and n = 30 for root length and hypocotyl

length
Genotype No. of leaves Rosette diameter Bolting Pr. Infl. Root length Hypocotyl length
P at bolting at bolting [mm] [DAS] [42 DAS] 8 DAS [cm] 8 DAS [mm]
Col-0 13.4+063 57.2+500 276+1.76 473+068 3.14+0.30 1.96 +0.32
4xaly 9.13+099 3467 £7.70 306+15 273+044 195+0.38 452 +0.50

Table S2. Phenotypic evaluation Of 3xaly plants compared to Col-0 plants. All data are means + SD.n = 15

Genotype Bolting Rosette diameter Plant height Root length
[DAS] 28 DAS [mm] 42 DAS [cm] 8 DAS [cm]
Col-0 26.26 +1.27 92.66 +8.20 3953 +3.44 266+038
3xalyALY1 2813 +1.30 49 66 + 4.62 2813 +3.39 169+0.18
3xalyALY2 2313 £1.72 93.53 +6.66 404 £6.31 244 +040
3xalyALY3 2133 +1.44 98.46 + 10.76 38.53 +5.01 276+0.32
3xalyALY4 2113 £0.91 7713 £6.18 3846 +3.04 255+038
4xaly 30217 4553 + 6.67 19.53 £ 10.76 14+024

Table S3 . Phenotypic evaluation of 4xaly plants expressing ALY3-SG compared to Col-0, 3xalyALY3 and 4xaly
plants. All data are means + SD.n =15

Genotype Bolting [DAS] Rosette diameter 28 DAS [mm] Plant height 28 DAS [cm]
Col-0 274 +061 78+7.15 026 +0.24
4xaly 308+1.55 4986 +9.35 003+0.12
3xalyALY3 1973 +1.18 828+473 96+217
#1.3 20+ 0.96 8433 +8.15 11.1+£253
#21 2066 +0.86 91.73 + 888 92+285
#4.8 21.2+0865 96.66 + 8.88 823 +266

Table S4. Phenotypic evaluation of 4xaly plants expressing ALY3-eGFP compared to Col-0, 3xalyALY3 and 4xaly
plants. All data are means + SD.n =15

Genotype Bolting [DAS] Rosette diameter 28 DAS [mm] Plant height 28 DAS [cm]
Col-0 274 +061 78+7.15 026 +0.24
4xaly 308+1.55 4986 +9.35 003+0.12
3xalyALY3 1973 +1.18 828+473 96+217
#4.11 20.06 +0.92 81+823 97+295
#5.10 2113 +£1.74 884 +822 913+£392
#7.9 19.66 + 0.86 8766 +8.73 12.46 + 2 67
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Table $5. Phenotypic evaluation of uief mutant plants compared to Col-0 plants. All data are means + SD.n = 15

Genotype Bolting Rosette diameter Plant height Root length
[DAS] 28 DAS [cm] 42 DAS [cm] 8 DAS [mm]

Col-0 25+ 063 10.68 + 0.37 3766 +2.29 32.06 +5.40
uieft 258+122 928+078 3253 +2.91 3313 +£3.46
uief2 252+074 953 + 0.64 324+178 33.06 +3.73
2xuief 2573 +1.23 86409 3053 £1.70 33.86 + 368

Table S6. Phenotypic evaluation of 2xuief, 4xaly and 4xaly2xuief mutant plants compared to Col-0 plants. All data
are means + SD.n=15

Genotype Bolting Rosette diameter Plant height Root length
[DAS] 28 DAS [cm] 42 DAS [cm] 8 DAS [mm]

Col-0 272 +1.46 6.99+0.72 31.06 +2.51 34.06 +5.00
2xuief 27.86 +1.02 514 +£058 2473 +1.87 3415 +£3.72
4xaly 3093 +3.92 408 +068 13.93 £+ 7.53 18.48 + 3.41
4xaly 2xuief 304 +3.89 332+044 10.46 + 5.31 18.68 + 3.21

Table S7. Phenotypic evaluation of uief mutant plants compared to Col-0 plants. All data are means + SD.n = 15

Genotype Bolting Rosette diameter Plant height Root length
P [DAS] 28 DAS [mm] 42 DAS [cm] 8 DAS [mm]
Col-0 2493 +128 88 + 8.57 46.6 + 2.65 33.06 +3.91
4xnxf 342+297 81.86 +582 22 +9.05 322+314
3xnxf 266 +125 80.33 + 464 4493 +3.19 3273 +494
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Figure S8. Number of cells determined by qPCR that were used to extract RNA for RNA sequencing. Genomic
DNA isolated from a total fraction (0.05 g plant material) and a nuclear fraction (0.5 g plant material) from four biological
replicates of Col-0 and 4xaly plants was used to amplify regions from the three single copy genes (A) MOST11, (B) TEX1
and (C) SSRP1 by qPCR. Number of cells were determined by standard curves that were made based on qPCR results
using known number of plasmids carrying genomic MOST1, TEXT or SSRP1 as templates.
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Table S$9. List of 70 candidates identified to use a putative ALY dependent mRNA export pathway. 70 candidates
were identified by transcriptomic profiling to be downregulated in 4xaly log2 < -1 (4xaly downregulated) and by cell
fractioning followed by RNAseq to display an mRNA export block in 4xaly EB log2 > 1 and a nuclear enrichment in 4xaly
NE log2 =1.

TAIR DESCRIPTION 4xaly downregulated 4xaly EB 4xaly NE
AT1GT5380 BIFUNCTIOMAL NUCLEASE 1 -1.35 2594 2537
ATEGETESS XYLOSE ISOMERASE -1.29 415 1.48
AT2G27150 ABSCISIC-ALDEHYDE OXIDASE-RELATED -1.07 245 22.26
ATEGE68T0 BETA-GALACTOSIDASE 4 -2.32 24.07 25.53
AT2G19800 INOSITOL OXYGEMASE 2 -1.57 2327 245
ATEG18630 ALPHA/BETA-HYDROLASES SUPERFAMILY PROTEIN -1.26 23.06 23.09
AT5G14120 Major facilitator superfamily protein -1.51 1.6 1.55
AT3IG19720 DYNAMIN-LIKE PROTEIN B -1.38 11.61 8.63
ATSG3I6T00 PHOSPHOGLYCOLATE PHOSPHATASE 1A -1.05 11.37 9.34
ATEG41240 GLUTATHIONE S-TRANSFERASE T1-RELATED -1.04 9.35 9.06
ATAGO0TS0 METHYLTRANSFERASE PMT15-RELATED -1.18 9.32 2519
AT1G63860 DISEASE RESISTANCE PROTEIN -1.03 9.07 8.52
AT1GOTT45 DHNA REPAIR PROTEIN RADS1 HOMOLOG 4 -1.01 8.68 8.66
ATAG097E0 CHOLINE KINASE 3-RELATED -11 8.58 6.24
AT1G07135 Glycine-rich protein -1.47 7.94 1.3
AT5G37360 LOW protein: ammoniumtransporter 1-like protein -1.07 772 9.73
ATSGET480 BTB/POZ AMD TAZ DOMAIN-CONTAINING PROTEIN 4 1.3 7.39 8.12
AT1G15125 S-adenosyl-L-methionine-dependent methyltransferases -1.45 727 2542
AT3G53830 REGULATOR OF CHROMOSOME CONDENSATION -1.32 6.09 7.84
AT4G19530 DISEASE RESISTANCE PROTEIN 17 5.81 44
AT2G26560 PATATIN-LIKE PROTEIN 2 -2.05 5.2 1.87
AT3G26840 ESTERASENLIPASETHIOESTERASE FAMLY PROTEIN -1.02 5.16 57
AT1GT2930 TOLLANTERLEUKIN-1 RECEPTOR-LIKE PROTEIM -1.42 5.14 1.85
ATEGAT040 LON PROTEASE HOMOLOG 2 -1.07 5.02 347
ATAG26555 PEPTIDYL-PROLYL CIS-TRANS ISOMERASE FKBP16-1 -1.84 492 6.7
AT3G50560 MNAD(P)-binding Rossmann-fold superfamily protein -1.06 4.69 497
AT4G19500 NUCLEOSIDE-TRIPHOSPHATASETRANSMEMBRANE RECEFTOR -1.16 4.38 2.38
ATAG2TT10 CYTOCHROME P450 70983 -1.18 41 3.92
AT3G26510 OCTICOSAPEPTIDE/PHOX/BEMAP FAMILY PROTEIM -1.08 36 6.68
AT1GTE650 CALCIUM-BINDING PROTEIN CML38 -2.59 3.56 142
AT2G41290 PROTEIN STRICTOSIDINE SYNTHASE-LIKE 2 -1.01 3.55 144
AT5G49730 SUPEROXIDE-GEMERATING NADPH OXIDASE HEAVY CHAIN SUBUNIT B -1.02 3.39 37
AT1GT3480 MONOGLYCERIDE LIPASE -1.27 3.39 1.65
AT1G18020  12-OXOPHYTODIENOATE REDUCTASE-LIKE PROTEIN 2A-RELATED -1.43 289 243
AT4G23300 CYSTEINE-RICH RECEFTOR-LIKE PROTEIN KINASE 11-RELATED -1.01 1.03 1.25
AT3G44860 ATPP-LIKE PROTEIN-RELATED -1.5 25 1.94
AT2G20725 CAAX AMINO TERMINAL PROTEASE FAMLY PROTEIN -1.01 246 1.21
ATEG46110 GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR-LIKE 117 24 1.58
AT4G02520 GLUTATHIONE S-TRANSFERASEF2 -1.38 2.38 3.29
AT1G60140 Enzyme putatively involved in trehalose biosynthesis -1.54 23 2.62
AT3G15356 LECTIN-LIKE PROTEIN-RELATED -1.67 224 1.89
AT4G36630 SPLICING FACTOR U2AF LARGE SUBUNIT A -1.21 218 357
AT1G18730 PHOTOSYNTHETIC NDH SUBUNIT OF SUBCOMPLEXEB 4 -1.4 215 1.32
AT4G24350 PHOSPHORYLASE SUPERFAMILY PROTEIN -1.38 2.03 207
AT2G29310 Tropinone reductase homolog -1.63 1.98 1.03
AT2G23600 METHYLESTERASE 2-RELATED -1.08 1.9 1.32
AT4G25835 AAA-ATPase -1.21 1.84 36
AT2G43010 TRANSCRIPTION FACTOR PIF4 -1.07 1.81 122
AT1GT2450 PROTEIN TIFY 11B -1.02 1.77 112
AT1G21100 INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE 1-RELATED -1.59 1.71 1.49
AT4G31550 WRKY TRANSCRIPTION FACTOR 11-RELATED -1.55 1.67 1.51
ATEG25240 STRESS INDUCED PROTEIN -1.65 1.63 1.92
ATEG03350 LECTIN-LIKE PROTEIN-RELATED 1.3 1.62 1.7
AT2G28120 DEUBIQUITILATING ENZYME 1 -1.5 1.62 141
AT1GE1100 CsLt 1.06 1.55 1.03
AT4G13495 Full length noncoding primary transcript -1.22 1.49 1.18
AT2G30930 N-METHYLTRANSFERASE -1.35 1.46 1.19
AT3G26210 CYTOCHROME P450 71823 -1.03 1.35 14
AT2G40100 CHLOROPHYLL A-B BINDING PROTEIN CP29.3 -1.24 1.29 1.35
AT1G23090 SULFATE TRANSPORTER 3.3-RELATED -1.07 1.28 8.35
ATEG6E4572 MNatural antisense transcript -1.14 127 1.19
AT3G14930 UROPORPHYRINOGEN DECARBOXYLASE 1 -1.36 1.24 147
ATEG24470 TWO-COMPONENT RESPONSE REGULATOR-LIKE APRRS -1.48 1.16 112
ATAG16860 DISEASE RESISTANCE PROTEIN -1.07 115 1.6
AT2G47060 Probable receptor-like protein kinase -1.1 1.15 1.21
AT1G02840 SERINE/ARGININE-RICH SPLICING FACTOR SR34B-RELATED -1.18 114 1.04
AT1G25400 Transmembrane protein -1.96 1.12 1.09
AT3G19680 Uncharacterized protein -1.34 1.05 117
AT5G44568 Transmembrane protein -1.37 1.03 1.63
AT1G27450 ADEMINE PHOSPHORIBOSYL TRANMSFERASE 1 -1.03 1.01 1.39
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Figure S10. GO-term analysis of candidates identified to use a putative ALY dependent mRNA export pathway.
(A) GO term analysis for molecular function of 403 function hits identified from 1085 candidate genes detected by transcript
profiling to be downregulated in 4xaly log2 < -1 (4xaly downregulated). (B) GO term analysis for molecular function of 480
function hits identified from 964 candidate genes detected in the cell fractioning experiment with 4xaly EB log2 > 1 and
4xaly NE log2 > 1. Analysis was done using http://www_pantherdb.org.
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Figure S11. Molecular characterization of uief1-1 and uief2-1 T-DNA insertion lines. (A) uief1-1 and uief2-1 T-DNA
insertion alleles with triangles marking the T-DNA insertion. Primers used for genotyping PCR (B) and RT-PCR (C) are
highlighted with black arrows. UTRs = light grey boxes, exons = block boxes, introns = black lines. (B) Genotyping PCRs
with the indicated primers in the homozygous wief1-1 and uief2-1 T-DNA insertion mutants. (C) RT-PCR using cDNA
generated from RNA extracted from 14 DAS seedlings of Col-0 and the homozygous wief1-1 and wief2-1 T-DNA insertion
mutant plants with the indicated primers spanning the T-DNA insertions. RT-PCRs were performed for various cycles to
show that PCR reactions were not saturated.
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Figure S12. uief single and double mutants show moderate mRNA export block. (A) CLSM images from
representative sections from roots of Col-0, wief1, uief2 and 2xuief plants after WISH with the Alexa Fluor 488 oligo (dT)
signal in green and DAPI signal in blue. Bars = 60 pm (top rows) and 10 uym (bottom row). (B) Average nuclear/cytosol
signal ratio of 75 or more nuclei per genotype. The ratios are shown relative to Col-0 (ratio of 1), with error bars indicating
SD. Data sets marked with different letters are significantly different as assessed by a multicomparison Tukey’s test (P <
0,001) after one-way analysis of variance.
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Figure S13. uief single and double plants are only mildly affected regarding plant growth and development.
Phenotype of uief1, uief2 and 2xuief plants compared to Col-0 at 28 DAS (A) and 42 DAS (B). uief plants show no altered
root length at 8 DAS (C). (D-G) Phenotypic analysis for (D) bolting time, (E) rosette diameter at bolting, (F) plant height 42
DAS and (G) root length 8 DAS. Error bars indicate SD of 15 plants Data sets marked with different letters are significantly
different as assessed by a multicomparison Tukey’s test (P < 0.05) after one-way analysis of variance.
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Table S14a. List of expected interactors of mMRNA export factors. Proteins that co-purified with ALY 1-SG, ALY 2-SG,
ALY3-SG, ALY 4-SG, UIEF 1-5SG and UIEF2-5G. Proteins that co-purified with unfused SG were removed from the list. The
average MASCOT score is shown and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION ALY1 ALY2 ALY3 ALY4 UIEF1 _ UIEF2
AT3G13950 UBQ3 - polyubiguitin 3 47721 3 34371 3 280/ 3 3969/ 3
AT1G55820 GBF-INTERACTING PROTEIN 1-RELATED 3929/ 3 34471 3 198/ 2 3459/ 3 148/ 2
AT3G13222 GBF-INTERACTING PROTEIN 1-RELATED 3344/ 3 2175 3 2845/ 3
AT1G13730 NUCLEAR TRANSPORT FACTOR 2 2840/ 3 2584/ 3 3307/ 3 1471 2
AT1G29350 RNA POLYMERASE || DEGRADATION FACTOR-LIKE PROTEIN 1838/ 3 1344/ 3 1525/ 3
ATSG03740 HISTONE DEACETYLASE HOT3 1368/ 3 111303 1395/ 3
AT3G25150 NUCLEAR TRANSPORT FACTOR 2 M21 3 1348/ 3 1388/ 3
ATSG13850 HMR-RELATED 1093/ 3 1048/ 3 4231 2 2871 2 887/ 3 176/ 2
AT2G27840 HISTONE DEACETYLASE HODT4 11300 3 929/ 3 1135/ 3
AT1G59250 NUCLEAR TRANSPORT FACTOR 2 1153/ 3 1293/ 3 248/ 2 1531/ 3
AT3G12380 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 805/ 3 836/ 3 2281 2 2068/ 2 241/ 2
AT2G43030 505 RIBOSOMAL PROTEIN L3-1 542/ 3 74T 3 384/ 3 406/ 3 790/ 3 208/ 2
AT4G17520 RGG REPEATS MNUCLEAR RNA BINDING PROTEIN B 1007/ 3 715/ 3 336/ 2 1106/ 3
ATSG4T210 AT185T1P-RELATED 7793 836/ 3 382/ 2 1454/ 3 2022
AT2G20060 395 RIBOSOMAL PROTEIN L4 4241 3 484/ 3 35113 512/ 3 8271 3
ATAG01310 545 RIBOSOMAL PROTEIN L7 729/ 3 1022/ 3 568/ 3 7241 3 948/ 3
ATSG44780 MULTIPLE ORGANELLAR RNA EDITING FACTOR 4 506/ 3 57413 162/ 2 582/ 3 180/ 3
AT2G42710 MTOCHONDRIAL RIBOSOMAL PROTEIN 748/ 3 808/ 3 531/ 2 500/ 3 987/ 3
ATIGTOME0 Sterile alpha metif (SAM) domain-containing protein 583 3 1481/ 3 12721 3 373 3 290/ 3
AT3G25520 545 RIBOSOMAL PROTEIN L10 7241 3 1021/ 3 1005/ 3 T892 3 832/ 3
AT4G30850 UBIQUITIN CARBOXYL-TERMINAL HYDROLASE 10 555/ 3 801/ 3 693/ 3
ATIG27925 PROTEASE DO-LIKE 1 506/ 3 597/ 3 778 3
AT1G55280 THO COMPLEX SUBUNIT 4C 499/ 3 453/ 3 2748/ 3 1771 3 4200 3
AT1G0T310 CALCIUM-DEPENDENT LIPID-BINDING 4741 3 455/ 3 388/ 3
AT1GTE240 NUCLEAR SPECKLE RNA-BINDING PROTEIN A 541/ 3 5211 3 4711 3 2571 2
ATSG55860 RIBOSOMAL PROTEIN L25/GLN-TRNA SYNTHETASE 5373 637/ 3 544/ 3 583/ 3 699/ 3 1571 2
AT1G0T320 505 RIBOSOMAL PROTEIN L4 367/ 3 538/ 3 333/3 455/ 3 589/ 3 128/ 2
AT1G48520 HIGH WMOBILMTY GROUP AS 4458/ 3 400/ 3 33113 2133 4241 3
AT3G52150 305 RIBOSOMAL PROTEIN 2 428/ 3 393/ 3 57213 3173 438/ 3
AT3G51800 PROLIFERATION-ASSOCIATED PROTEIN 2G4 3743 289/ 3 4713
ATSG55210 Hypothetical protein 383/ 3 329/ 3 3773
ATAG05400 395 RIBOSOMAL PROTEIN L40 24113 430/ 3 855/ 3 626/ 3 337 3 107/ 2
AT1G52370 Ribosomal protein L22p/L17e family protein 365/ 3 389/ 3 4141 3 301/ 3 388/ 3
AT4G38150 Pentatricopeptide repeat-containing protein 285/ 3 380/ 3 2200 3
ATSG23500 5§05 RIBOSOMAL PROTEIN L13-3 238/ 3 283 3 285/ 3
AT4G28380 Ribosomal protein L22p/L17e family protein 289/ 3 3153 309/ 2 245/ 3 2821 3
ATSG52380 WVASCULAR-RELATED NAC-DOMAIN & 188/ 3 245/ 2 2070 2 1821 3
ATSG59870 HISTONE H2A 180/ 3 3471 2 288/ 2
AT2G33845 EXPRESSED PROTEIN 169/ 3 1312
AT3G51820 EUKARYOTIC ASPARTYL PROTEASE FAMILY PROTEIN 162/ 3 358/ 3 548/ 2 2741 2 388/ 3
ATSG45020 28 KDA HEAT/ACID-STABLE PHOSPHOPROTEIN-LIKE PROTEIN 139/ 3 183/ 2 245/ 3
AT3G44750 HISTONE DEACETYLASE HOT1 12303 11303 166/ 2
AT1G32950 505 RIBOSOMAL PROTEIN L11 1148/ 2 995/ 3 12300 3 542/ 3
AT2G32060 405 RIBOSOMAL PROTEIN 512 705/ 2 370/ 3 148/ 2
AT1G17880 TRANSCRIPTION FACTOR BTF3 6359/ 2 545/ 3
AT3G15180 305 RIBOSOMAL PROTEIN S20 533/ 2 801/ 3 289/ 2 194/ 3
AT3G45470 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 3742 393/ 3 22713
AT4G30800 405 RIBOSOMAL PROTEIN S11 425/ 2 4100 3
AT3G55820 EUKARYOTIC TRANSLATION INMATION FACTOR 8-1-RELATED 352/ 2 2200 3 4421 2
ATSG17510 GLUTAMINE-RICH PROTEIN-RELATED 258/ 2 218/ 2 215 2
AT1G3181T RIBOSOMAL PROTEIN S11 248/ 2 2000 3 565/ 3 2821 3 303/ 3
AT1GT8530 505 RIBOSOMAL PROTEIN L13 328/ 2 285/ 3 254/ 2 137 2 286/ 2
AT1G03230 EUKARYOTIC ASPARTYL PROTEASE FAMILY PROTEIN 2800 2 380/ 3 1441 2 203 156/ 3
AT1G52850 CLASS | PEPTIDE CHAIN RELEASE FACTOR 2812 2300 3 259 2
AT1G24240 395 RIBOSOMAL PROTEIN L19 2741 2 391/ 3 380/ 3 309/ 2
ATSG23535 395 RIBOSOMAL PROTEIN L24 321z 348/ 3 483/ 3 328/ 3
AT4G10480 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 3152 332/ 3 2781 2
AT3G03920 HIACA RIBONUCLEOPROTEIN COMPLEX SUBUNIT 1 2250 2 1312 245/ 2
ATCG00S00 285 RIBOSOMAL PROTEIN S7 2500 2 245/ 3 130/ 2
AT2G22780 MALATE DEHYDROGENASE 204/ 2 136/ 3 2500 2
ATSG54280 PROTEIN EXORDIUM-LIKE 2 286/ 2 2373 283 3 2800 3
ATCGO07TS0 285 RIBOSOMAL PROTEIN S11 196/ 2 vz
AT2G05520 SUBTILISIN-LIKE PROTEASE SBT1.8 2500 2 278 2 828/ 2 3233
ATSGS5220 505 RIBOSOMAL PROTEIN L29 198/ 2 283 2
AT4G15830 RGG REPEATS MNUCLEAR RNA BINDING PROTEIN A 2521 2 183/ 2 369/ 2
AT3G48800 STERILE ALPHA WOTIF 180/ 2 245/ 3 168/ 2 208/ 3 24/ 2
ATSG30510 305 RIBOSOMAL PROTEIN S1 proca Fiped 278 3 128/ 2 2281 3
ATSG54500 505 RIBOSOMAL PROTEIN L24 218 2 278 3 4571 3 167/ 2
AT5G18550 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 58 170/ 2
ATCGO0830 395 RIBOSOMAL PROTEIN L2 185/ 2 175 2 114 2
AT1G59530 EXPANSIN-A1 171 2 183/ 3 1271 2
ATSG40950 395 RIBOSOMAL PROTEIN L27 163/ 2 321z
AT2G44210 carboxy-terminal peptidase 1417 2 1521 3 2271 2
ATSG42960 OUTER ENVELOPE PORE PROTEIN 24A 150/ 2 203 2 191/ 2
AT3G09480 HISTONE H2B.5-RELATED 1721 2
AT3IGOTITO LO21067P 153/ 2 1200 2 g4/ 2
AT1GT5480 RNA-BINDING 136/ 2
AT2G42580 MULTIPROTEIN-BRIDGING FACTOR 1A 1411 2
AT2G44525 NADH dehydrogenase ubiguinone 1 alpha subcomplex 133 2 173 3
AT3G55505 Mitochendrial ghycoprotein MW 2 1317 3
ATAG10970 RIBOSOME MATURATION FACTOR 1200 2 anz 1448/ 3
AT3G53180 RIBOSOME-RECYCLING FACTOR 145/ 2 163/ 3
ATSGOT310 ETHYLENE-RESPONSIWE TRANSCRIPTION FACTOR ERF113 M2 2 g8/ 2
AT4G22440 Nucleic acid-binding, OB-fold-like protein 114/ 2
AT1G55410 EUKARYOTIC TRANSLATION INMATION FACTOR S5A-3 M2 2 1471 2
AT1G47420 SUCCINATE DEHYDROGEMNASE SUBUNT S M3 2 2421 2
ATSGS2200 EMBRYO-SPECIFIC PROTEIN ATS3B 1200 2 02
AT3G55910 505 RIBOSOMAL PROTEIN S 1221 2 136/ 3 158/ 2
ATSG2TET0 HISTONE H24 5-RELATED 1260 2 152/ 3
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6. Supplements

Table S14b. List of expected interactors of mRNA export factors. Proteins that co-purified with ALY 1-SG, ALY 2-SG,
ALY3-SG, ALY 4-SG, UIEF 1-5SG and UIEF2-5G. Proteins that co-purified with unfused SG were removed from the list. The
average MASCOT score is shown and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION ALY1 ALY2 ALY3 ALY4 UIEF1 _ UIEF2
ATSG09440 PROTEIN EXORDIUM-LIKE 4 102/ 2 162/ 2
AT1G01300 ASPARTYL PROTEASE FAMILY PROTEIN 2 1200 2 408/ 3 248/ 3
AT2G22720 SPT2 CHROMATIN PROTEIN 104/ 2
ATEG22T745 METHYL-CPG-BINDING DOMAIN-CONTAINING PROTEIN 1-RELATED g4/ 2 1230 2 309/ 2
AT2G18750 405 RIBOSOMAL PROTEIN S30 82/ 2
AT3G535850 HISTONE H2B.3 14521 3
AT1G20220 ALBADNARNA-BINDING PROTEIN 2300 3 208/ 3
AT4G12080 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 1 1571 3 192/ 2 275 3
AT2G45850 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 9 191/ 3
AT4G33250 EUKARYOTIC TRANSLATION INMATION FACTOR 3 SUBUNIT K 245/ 3 309/ 2
AT1G21680 REPLICATION FACTOR C SUBUNIT 4 198/ 3 107/ 2
AT1G54510 305 RIBOSOMAL PROTEIN S8 ALPHA 162/ 3 342
AT3G18580 NUCLEIC ACID-BINDING 160/ 3
ATSG53070 RIBOSOMAL PROTEIN LSRMNASE H1 1411 3 288/ 2 218/ 2
AT1G50640 STRESS RESPONSE PROTEIN 135/ 3 306/ 3
AT4G27380 Hypothetical protein 1321 3
AT1G52740 HISTONE H2A VARIANT 3-RELATED 118/ 3 104/ 2 g9 2
ATSGSTS10 605 RIBOSOMAL PROTEIN L25-1-RELATED 11303
AT3G51010 Protein translocase subunit a3
AT3G13120 375 RIBOSOMAL PROTEIN S10 11303
AT5G23580 Sterile alpha metif (SAM) domain-containing protein 92/ 3 99/ 3
ATSG54570 395 RIBOSOMAL PROTEIN L15 99/ 3 1230 2
AT4G31810 3-HYDROXYISOBUTYRYL-COA HYDROLASE-LIKE PROTEIN 2 339/ 2 1871 2
ATSG51580 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 4 2800 2 2033 253 3
AT2G47880 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXHS3 2800 2
AT1G28110 SERINE CARBOXYPEPTIDASE-LIKE 45 197/ 2
AT3G12700 ASPARTIC PROTEINASE NANA 194/ 2
AT1G54350 NUCLEOPORIN SEH1 196/ 2
AT2G41040  S-ad L ionine-dependent methylransferases superfamily protein 190/ 2 387 2
ATSG0STTO 395 RIBOSOMAL PROTEIN L7 218 2 132/ 2
ATSG54550 395 RIBOSOMAL PROTEIN L7 2070 2
AT1G25770 EXPANSIN-A10 1510 2
AT1GTS010 ALBADNARNA-BINDING PROTEIN 128/ 2
AT3G51310 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 11 128/ 2
AT2G44085 5§05 RIBOSOMAL PROTEIN L2 M7 2 283 2
ATAG03120 U1 SMALL NUCLEAR RIBONUCLEOPROTEIN C M1 2 102/ 2
AT2G42810 PROTEIN LIGHT-DEPENDENT SHORT HYPOCOTYLS 10 1271 2
AT1G58580 ALPHA-XYLOSIDASE 1-RELATED 102/ 2
AT2G21440 EXPRESSED PROTEIN g9 2
AT3IG20740 POLYCOMB PROTEIN EED 105/ 2
AT3IG2Z7010 TRANSCRIPTION FACTOR TCP11-RELATED g8/ 2
ATSG13510 395 RIBOSOMAL PROTEIN L10 88/ 2
AT3G13230 RNA-BINDING PROTEIN PNO1 832 126/ 2
AT1GT5350 505 RIBOSOMAL PROTEIN L3 3T 3
AT1GTI940 umor necrosis factor receptor family protein 356/ 3
AT4G34520 305 RIBOSOMAL PROTEIN 51841 284/ 3
ATSG40040 605 ACIDIC RIBOSOMAL PROTEIN P2 2830 3
ATSG39500 395 RIBOSOMAL PROTEIN LS3 2353
AT1GTS850 305 RIBOSOMAL PROTEIN S17 2281 3
ATSG40080 395 RIBOSOMAL PROTEIN L41 278 3
ATSG27320 Ribosomal L18p/L5e family protein 2221 3
AT4G37E60 Ribosomal protein L12/ ATP-dependent Clp protease adaptor protein 2000 3
AT3IG01740 395 RIBOSOMAL PROTEIN LS54 198/ 3
ATSG43960 GHBlAADZ0085.1 1481/ 2
ATCGO0SE0 PHOTOSYSTEM 1| CP47 REACTION CENTER PROTEIN 397/ 2 2571 2
AT4G354580 395 RIBOSOMAL PROTEIN L11 425/ 2
ATSG55140 395 RIBOSOMAL PROTEIN L30 503/ 2
AT1G0TE30 395 RIBOSOMAL PROTEIN L47 4121 2
ATSG35800 395 RIBOSOMAL PROTEIN L41 369/ 2
AT1G48350 395 RIBOSOMAL PROTEIN L18 Tz
AT3G59650 395 RIBOSOMAL PROTEIN L43 3312
AT1G45400 375 RIBOSOMAL PROTEIN S17 a2
ATSG50600 11-BETA-HYDROXYSTEROID DEHYDROGEMNASE 1A-RELATED 301/ 2
AT4G21280 OXYGEN-EVOLVING ENHANCER PROTEIN 3-1 2000 2
ATSG14510 Heavy metal transport/detoxification superfamity protein 2521 2
AT1GTO180 505 RIBOSOMAL PROTEIN L¥/L12-RELATED 208/ 2 106/ 2
ATCG00020 PHOTOSYSTEM 1| PROTEIN D1 167/ 2
AT1GT4570 305 RIBOSOMAL PROTEIN S8 163/ 2
AT1G27435 hypothetical protein 183 2
ATIGTTTS0 SMALL RIBOSOMAL SUBUNIT PROTEIN S13 205/ 2
AT2G33450 505 RIBOSOMAL PROTEIN L28 168/ 2
ATSG52370 285 RIBOSOMAL 534 PROTEIN 150/ 2
ATCG00505 285 RIBOSOMAL PROTEIN 512 1431 2
ATSG02050 MTOCHONDRIAL GLYCOPROTEIN FAMILY PROTEIN 1441 2
AT1G17580 505 RIBOSOMAL PROTEIN HLL 145/ 2
AT1G03850 125 SEED STORAGE PROTEIN CRD 1221 2
AT1G58550 305 RIBOSOMAL PROTEIN 3-1 1141 2
AT3G27850 505 RIBOSOMAL PROTEIN L12-1 118 2
AT1G54870 GLUCOSE AND RIBTOL DEHYDROGEMNASE HOMOLOG 2-RELATED 108/ 2
ATCGO0820 375 RIBOSOMAL PROTEIN 519 1221 2
ATSG15780 305 RIBOSOMAL PROTEIN 3-2 g7z
AT1G59620 605 RIBOSOMAL PROTEIN L34-1-RELATED 82/ 2
AT3G12370 505 RIBOSOMAL PROTEIN L10 166/ 3
AT3G50820 OXYGEN-EVOLVING ENHANCER PROTEIN 1-2 108/ 3
AT2G37230 Pentatricopeptide repeat-containing protein 478/ 2 192/ 2
ATCG00280 PHOTOSYSTEM 1| CP43 REACTION CENTER PROTEIN 228 2
ATSG14740 BETA CARBONIC ANHYDRASE 2 204/ 2
AT3G01500 BETA CARBONIC ANHYDRASE 1 191/ 2
ATAG38570 FRUCTOSE-BISPHOSPHATE ALDOLASE 2 1532

119



6. Supplements

Table S14c. List of expected interactors of mMRNA export factors. Proteins that co-purified with ALY 1-SG, ALY 2-SG,
ALY3-SG, ALY 4-SG, UIEF 1-5SG and UIEF2-5G. Proteins that co-purified with unfused SG were removed from the list. The
average MASCOT score is shown and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION ALY1 ALY2 ALY3 ALY4 UIEF1 _ UIEF2
AT3G05040 RIBOSOMAL PROTEIN L12/ ATP-DEPENDENT CLP PROTEASE 125/ 2
AT4G35880 395 RIBOSOMAL PROTEIN L23 M1 2
ATSG09500 405 RIBOSOMAL PROTEIN S15-3-RELATED 105/ 2
AT3G04550 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 14 2010 3
AT2G33820 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 10 107/ 3
AT3G53030 METHYL-CPG-BINDING DOMAIN-CONTAINING PROTEIN 1-RELATED 327z
AT1G54770 DECXYNUCLEOTIDYLTRANSFERASE INTERACTING PROTEIN 2 175 2
AT4G32605 Mitochendrial ghycoprotein famity protein 222
ATSG43310 COP1-INTERACTING PROTEIN-LIKE PROTEIN 1521 2 108/ 2
AT1G32730 ELECTRON CARRER/IRON ION-BINDING PROTEIN 163/ 2
AT2G22080 UBP1-ASSOCIATED PROTEINS 1A-RELATED 1721 2
AT1G33780 TRANSPORTER 156/ 2
AT1GT4000 PROTEIN STRICTOSIDINE SYNTHASE-LIKE 11 161/ 2
ATSG11800 TRANSLATION MACHNERY-ASSOCIATED PROTEIN 22 148/ 2
AT1G51150 GLUCOSE-INDUCED DEGRADATION PROTEIN 8 HOMOLOG 136/ 2
ATSG23400 DISEASE RESISTANCE PROTEIN-LIKE 139/ 2
ATSG47380 TRANSCRIPTION FACTOR KUA1 125/ 2
AT3G01180 ESF1 HOMOLOG 108/ 2
AT1G35140 PROTEIN EXORDIUM-RELATED 85/ 2
AT2G435850 SOMETHING ABOUT SILENCING PROTEIN 10 82/ 2
AT2G35700 EXPANSIN-A4 88/ 2
AT4G23810 UAPSB-INTERACTING EXPORT FACTOR 2 1335/ 3
AT3G05850 LIPOAMIDE ACYLTRANSFERASE COMPONENT 319/ 3
AT2G44530 RIBOSE-PHOSPHATE PYROPHOSPHOKINASE 5 2023
ATSG08420 KRR1 SMALL SUBUNIT PROCESSOME COMPONENT HOMOLOG 23113
AT1GTE810 EUKARYOTIC TRANSLATION INMATION FACTOR SB 852/ 2
AT5G13530 E3 UBIQUITIN-PROTEIN LIGASE KEG 385/ 2
AT1GT3T20 WD40 REPEAT-CONTAINING PROTEIN SMU1 348/ 2
ATSGS5TT0 PROTEIN CROWDED MNUCLEI 4 348/ 2
AT3G48170 BETAINE ALDEHYDE DEHYDROGEMNASE 2 3832
AT1G44310 PRP40 PRE-MRNA PROCESSING FACTOR 40 HOMOLOG A 3471 2
AT1G14850 NUCLEAR PORE COMPLEX PROTEIN NUP155 2112
ATSG54840 ABC TRANSPORTER F FAMILY MEMBER 35 2000 2
AT2G05120 NUCLEAR PORE COMPLEX PROTEIN NUP133 231z
AT2G22300 CALMODULIN-BINDING TRANSCRIPTION ACTWATOR 2272
AT4G35550 SPLICING FACTOR U2AF LARGE SUBUNIT A 2232
AT3G19960 MY OSIN-1-RELATED 2232
ATSG22040 ubiguitin carboxyl-terminal hydrolase 190/ 2
AT3G18185 PRE-MRNA-SPLICING FACTOR SPFZT 222
AT1G32380 RIBOSE-PHOSPHATE PYROPHOSPHOKINASE 2 181/ 2
AT2G20780 CLATHRIN LIGHT CHAIN 170/ 2
ATSG53440 LOW PROTEIN: ZINC FINGER CCCH DOMAIN PROTEIN 170 2
AT1G33410 NUCLEAR PORE COMPLEX PROTEIN NUP180 170/ 2
AT1GT3960 TRANSCRIPTION INMTATION FACTOR TFID SUBUNT 2 190/ 2
AT1G14850 SPLICING FACTOR 3ASUBUNIT 1 188/ 2
AT4G10840 PROTEIN KINESIN LIGHT CHAIN-RELATED 1 180/ 2
AT2G15485 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 19 2022
AT3IG2TET0 FOCADHESIN 2281 2
ATSG0S180 SPLICING FACTOR 3ASUBUNIT 3 165/ 2
AT2G44200 PRE-MRNA-SPLICING FACTOR CWC25 HOMOLOG 193/ 2
ATSG15120 PLANT CYSTEINE OXIDASE 1 214/ 2
AT1G55260 MEMBRANE-ASSOCIATED PROTEIN VIPP1 175 2
AT2G32500 SPLICING FACTOR 3ASUBUNIT 2 148/ 2
ATSG15020 PAIRED AMPHIPATHIC HELLX 166/ 2
AT3G55340 PHRAGMOPLASTIN INTERACTING PROTEIN 1 192/ 2
ATSG16930 AAATYPE ATPASE FAMILY PROTEIN 1371 2
ATSG54770 THIAMINE THIAZOLE SYNTHASE 156/ 2
AT3G23300 METHYLTRANSFERASE PMT1-RELATED 1312
AT1G50900 RNA-BINDING 136/ 2
AT2G18330 ATPASE FAMILY AAADOMAIN-CONTAINING PROTEIN 3 1431 2
AT2G20810 GALACTURONOSYLTRANSFERASE 10-RELATED 1371 2
AT3G55510 ACTWATOR OF BASALTRANSCRIPTION 1 139/ 2
ATSG55530 ATP-DEPENDENT 8-PHOSPHOFRUCTOKINASE 7 1271 2
AT1G01510 C-TERMINAL BINDING PROTEIN AN 138/ 2
AT3G45960 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXH11 1141 2
AT2G18455 CHAPERONE DNAJ-DOMAIN SUPERFAMILY PROTEIN 02
AT1G54880 375 RIBOSOMAL PROTEIN S5 1341 2
ATSG51150 RNA POLYMERASE-ASSOCIATED PROTEIN LEOM 135/ 2
AT2G31410 COILED-COIL DOMAMN-CONTAINING PROTEIN 386 108/ 2
ATSG14480 TRNA PSEUDOURIDINE SYNTHASE 1-RELATED 1221 2
AT4G32810 COPPER ION BINDING PROTEIN 128/ 2
AT2G15270 PRER-INTERACTING PROTEIN 1 HOMOLOG 105/ 2
AT4G32840 ATP-DEPENDENT 8-PHOSPHOFRUCTOKINASE & 118 2
ATAG21710 DNA-DIRECTED RNA POLYMERASE Il SUBUNIT RPB2 100/ 2
AT4G31180 ASPARTATE-TRNA LIGASE 85/ 2
AT2G04842 THREONINE-TRNA LIGASE 832
ATSG02310 E3 UBIQUITIN-PROTEIN LIGASE UBR1 g7z
AT1G04170 EUKARYOTIC TRANSLATION INTIATION FACTOR 2 SUBUNIT 3 812
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6. Supplements

Table $15a. List of expected interactors of mRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5  NXFé NXF7
ATSG43960 NUCLEAR TRANSPORT FACTOR 2 5014/ 3 451/ 3 110 2
AT1G29350 RNA POLYMERASE || DEGRADATION FACTOR-LIKE PROTEIN 4178/ 3 2500 3 2584/ 3 506/ 3 245/ 3 1748/ 3
AT3G13950 UBQ3 - polyubiguitin 3 3653/ 3 2388/ 3 12700 3 1662/ 3 575/ 3 34700 3 4780 3
AT3G22430 RNA RECOGNITION MOTIF XS DOMAIN PROTEIN 1258/ 3 150/ 3
AT1GTE240 NUCLEAR SPECKLE RNA-BINDING PROTEIN A 1128/ 3 2421 2 178/ 3 245/ 3 174 3
ATSG44780 MULTIPLE ORGANELLAR RNA EDITING FACTOR 4 1206/ 3 433/ 2 167/ 2 396/ 3 245/ 3
AT1G0T310 CALCIUM-DEPENDENT LIPID-BINDING 674/ 3 548/ 3 51103
ATSG15540 NIPPED-B-LIKE PROTEIN 787/ 3
AT1G35950 C-JUN-AMINO-TERMINAL KINASE-INTERACTING PROTEIN T34 3
AT2G31320 POLY [ADP-RIBOSE] POLYMERASE 1 811/ 3
AT1G14850 NUCLEAR PORE COMPLEX PROTEIN NUP155 554/ 3 4771 3
AT3G51650 NUCLEOTIDYLTRANSFERASE 744/ 3
AT1G22060 SPORULATION-SPECIFIC PROTEIN 808/ 3
AT1G55820 GBF-INTERACTING PROTEIN 1-RELATED 794 3 494/ 3 752 3 1365/ 3 365/ 3 3457/ 3 568/ 3
AT3G13222 GBF-INTERACTING PROTEIN 1-RELATED 581/ 3 228 2 1613/ 3 11103 258/ 3 24300 3 353/ 3
AT1G48550 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXH3 563/ 3 258/ 2
AT2G03150 CCAR1 HOMOLOG 550/ 3
AT3IG45450 Hypothetical protein 406/ 3
AT3G48800 STERILE ALPHA WOTIF 408/ 3
ATIGTOME0 Sterile alpha metif (SAM) domain-containing protein 383 3 126/ 2 199/ 2 1721 3 202/ 3
ATSG55710 NOT TRANSCRIPTION COMPLEX SUBUNIT VIPZ-RELATED 418/ 3
AT1G28110 SERINE CARBOXYPEPTIDASE-LIKE 45 324/ 3 204/ 2
ATSG55540 BASIC PROLINE-RICH PROTEIN 1, BPP1 402/ 3
AT3G08850 REGULATORY-ASSOCIATED PROTEIN OF MTOR 365/ 3
AT2G40070 Flocculation FLO11-like protein 452/ 3
AT5G13530 E3 UBIQUITIN-PROTEIN LIGASE KEG 359/ 3 M3 2
AT3G18110 PENTATRICOPEPTIDE REPEAT 3T 3
AT2G17970 2-0X0GLUTARATE 453/ 3 2871 2
AT2G45340 PROTEIN SUPPRESSOR OF PHYA-1051 4771 3
AT3G04550 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 14 401/ 3 24113 205/ 2 356/ 3 193/ 2
ATSG22040 ubiguitin carboxyl-terminal hydrolase 337/ 3
AT1GTI450 Pentatricopeptide repeat-containing protein 336/ 3
ATSG53440 LOW PROTEIN: ZINC FINGER CCCH DOMAIN PROTEIN 3233
AT2G44710 RNA-binding (RRM/RBD/RNP motifs) famity protein 334/ 3
AT1G48410 ARGONAUTE-1 336/ 3
AT2G15485 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 19 388/ 3 104/ 2
AT3G05920 Tetratricopeptide repeat (TPR)-like superfamily protein 340/ 3
AT2G32850 E3 UBIQUITIN-PROTEIN LIGASE COP1 405/ 3
AT1G14840 MICROTUBULE-ASSOCIATED PROTEIN 70-4 348/ 3
AT4G02350 POLY [ADP-RIBOSE] POLYMERASE 2 375 3
AT3G54230 SUPPRESSOR OF ABI3-3 354/ 3
AT1G52930 RNA PROCESSING FACTOR 3, RPF3 2830 3
AT2G35810 E3 UBIQUITIN-PROTEIN LIGASE HOS1 258/ 3 190/ 3
ATSG15020 PAIRED AMPHIPATHIC HELLX 319/ 3
AT2G25320 TRAF-LIKE FAMILY PROTEIN 316/ 3
AT4G08510 C-JUN-AMINO-TERMINAL KINASE-INTERACTING PROTEIN 2233
AT3G0T030 ALBADNARNA-BINDING PROTEIN 3153 128/ 2
ATSG51580 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 4 218/ 3 283 3 1471 2
AT1G33410 NUCLEAR PORE COMPLEX PROTEIN NUP180 25213 2300 2
AT2G28920 Ubiguitin-associateditranslation elongation factorEF1B protein 221 3
AT2G40240 Tetratricopeptide repeat (TPR)-like superfamily protein 2221 3
ATSG27030 TOPLESS-RELATED PROTEIN 3 284/ 3
AT1G54880 375 RIBOSOMAL PROTEIN S5 198/ 3
AT3G48150 CELL DWISION CYCLE PROTEIN 23 HOMOLOG 284/ 3
AT3G45530 RNA BINDING 204/ 3
AT1G242580 ATPASE WRNIP1 208/ 3
ATSG04280 SRA STEM-LOOP-INTERACTING RNA-BINDING PROTEIN 28713
ATSG13280 MY OSIN 258/ 3
ATSG51340 MAUZ CHROMATID COHESION FACTOR HOMOLOG 238/ 3
AT2G41040 L ionine-dependent methylransferases superfamily protein 206/ 3 M7 2
ATSG22450 SPECTRIN BETA CHAIN 239/ 3
AT3IGS2120 BIFUNCTIONAL GLUTAMATE/PROLINE-TRNA LIGASE 2100 3
AT2G43030 505 RIBOSOMAL PROTEIN L3-1 176/ 3 383/ 3 389/ 3 255/ 3 397/ 3 4141 3 3183
AT3G21810 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 40 2200 3
AT2G45510 SERINE/ARGININE-RICH SPLICING FACTOR RS31-RELATED 174 3
AT3G13480 METHYLATED RNA-BINDING PROTEIN 1 208/ 3 136/ 2
AT1G50650 GLYCINE-RICH RNA-BINDING PROTEIN RZ1B 208/ 3
AT2G15650 Pentatricopeptide repeat-containing protein 1817 3
ATSG40480 GP210 ORTHOLOG 168/ 3
AT2G05120 NUCLEAR PORE COMPLEX PROTEIN NUP133 1871 3 136/ 2
AT2G18330 ATPASE FAMILY AAADOMAIN-CONTAINING PROTEIN 3 188/ 3
ATAG21710 DNA-DIRECTED RNA POLYMERASE Il SUBUNIT RPB2 190/ 3
AT3G20250 PUMILIO HOMOLOG 5 184/ 3
AT2G22810 AMINO-ACID ACETYLTRANSFERASE NAGS1 150/ 3
ATSG10960 POPZ 1471 3
AT2G42580 14-3-3-LIKE PROTEIN GF14 MU-RELATED 161/ 3
AT4G23850 CALCIUM-DEPENDENT PROTEIN KINASE 3 160/ 3
AT3G55340 PHRAGMOPLASTIN INTERACTING PROTEIN 1 135/ 3
AT3G53930 SERINE/THREONINE-PROTEIN KINASE ATG1B 13113
AT4G32050 NEUROCHONDRIN 148/ 3
AT3IG2TET0 FOCADHESIN 138/ 3
AT4G24550 AP-4 COMPLEX SUBUNIT MU-1 102/ 3
ATSG08550 GC-RICH SEQUENCE DNA-BINDING FACTOR-LIKE PROTEIN 13713
AT1G13880 GUANINE MUCLEOTIDE EXCHANGE FACTOR 1 1300 3
AT2G34580 187-KDA MICROTUBULE-ASSOCIATED PROTEIN AIRS 1200 3
AT4G01050 RHODANESE-LIKE DOMAIN-CONTAINING PROTEIN 4 203
ATSG055T0 SIGNAL RECOGNITION PARTICLE RECEPTOR SUBUNIT BETA 96/ 3
AT4G32810 NUCLEAR PORE COMPLEX PROTEIN NUPS5 99/ 3
AT1G57170 PROTEIN FLX-LIKE 2 785/ 2
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6. Supplements

Table $15b. List of expected interactors of mRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5 NXFé NXF7
AT3G14750 PROTEIN FLX-LIKE 1 834/ 2
AT2G22780 MALATE DEHYDROGENASE 01/ 2 190/ 2 139/ 2
AT3G58580 CARBON CATABOLITE REPRESSOR PROTEIN 4 HOMOLOG 2 584/ 2
ATSG03740 HISTONE DEACETYLASE HOT3 5249/ 2 7332 832/ 3 795/ 2 1283/ 3 1188/ 3 884/ 3
AT1G01300 ASPARTYL PROTEASE FAMILY PROTEIN 2 G628/ 2 1721 2 4871 3 3322 104 2 4110 3
AT4G12080 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 1 504/ 2 428/ 2 2431 2 248/ 3
AT5G23580 Sterile alpha metif (SAM) domain-containing protein 550/ 2
AT3IG27400 PECTATE LYASE 11-RELATED 366/ 2
AT2G47250 PRE-MRNA-SPLICING FACTOR 3872
ATAG20020 MULTIPLE ORGANELLAR RNA EDITING FACTOR 1 455/ 2
AT4G15840 BTB/POZ DOMAIN-CONTAINING PROTEIN 375 2
ATIG21215 RNA-binding (RRM/RBD/RNP motifs) famity protein 482/ 2 304/ 3 440/ 2 278 2 338/ 2
AT2G33820 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 10 380/ 2 188/ 2 1949/ 2
ATSG24520 PROTEIN TRANSPARENT TESTA GLABRA 1 5271 2 M7 2
ATSG57250 Pentatricopeptide repeat-containing protein 514/ 2 305/ 3
ATSG15580 PROTEIN FURRY 508/ 2
ATSG51960 PROTEIN MERZ-LIKE 1-RELATED 443/ 2
AT2G38550 PROTEIN FATTY ACID EXPORT 3 431/ 2
ATSG12330 PROTEIN LATERAL ROOT PRIMORDIUM 1 428/ 2
AT1G55280 THO COMPLEX SUBUNIT 4C 3572 288/ 3 3T 3 333/3 691/ 3 493/ 3 3183
AT2G42710 MTOCHONDRIAL RIBOSOMAL PROTEIN 4371 2 689/ 3 793/ 3 570/ 3 2830 3 7353 254/ 3
ATSG17510 GLUTAMINE-RICH PROTEIN-RELATED 320/ 2
AT3IG52330 Zinc knuckle (CCHC-type) family protein 352/ 2
ATSG25710 GLUTAMATE-TRNA LIGASE 278 2
ATSG51910 NICOTINIC RECEPTOR-ASSOCIATED PROTEIN 1 280/ 2
ATAG02570 CULLIN-1-RELATED 303/ 2
AT2G45140 AT11025P-RELATED 380/ 2
AT1G32380 RIBOSE-PHOSPHATE PYROPHOSPHOKINASE 2 3471 2
ATSG51200 NUCLEAR PORE COMPLEX PROTEIN NUP205 4231 2 408/ 2
AT2G44530 RIBOSE-PHOSPHATE PYROPHOSPHOKINASE 5 Tz
ATIGT1210 Pentatricopeptide repeat (PPR) superfamily protein 2871 2 2732
AT2G47340 PROTEASE DO-LIKE 2 328/ 2
AT2G22380 CHAPERONE PROTEIN DNAJ AS 4121 2
AT1G43850 TRANSCRIPTIONAL COREPRESSOR SEUSS 252 2
ATSG13850 HMR-RELATED 381/ 2 596/ 2 655/ 2 542/ 3 875/ 3 821/ 3 811/ 3
AT3G22580 PARAFIBROMIN 285/ 2
AT3G54510 GH11602P 3572
AT3IG53470 SERINE CARBOXYPEPTIDASE-LIKE 35-RELATED 384/ 2
AT2G35350 RIBOSE-PHOSPHATE PYROPHOSPHOKINASE 2-RELATED M3z
ATIG27925 PROTEASE DO-LIKE 1 2372 3723
ATSG45220 Hypothetical protein 288/ 2
AT2G02880 MUCIN-LIKE PROTEIN 245/ 2
AT1G3181T RIBOSOMAL PROTEIN S11 2300 2 352/ 3 197/ 2 vz 148/ 2 176/ 3 1400 2
AT1G54380 TAFB-LIKE RMA POLYMERASE Il P300 253 2
AT2G29140 PUMILIO HOMOLOG 1-RELATED 303/ 2
ATSG16930 AAATYPE ATPASE FAMILY PROTEIN 2431 2
AT3IG12580 Hypothetical protein 2521 2
AT4G16340 Guanine nucleotide exchange factor SPIKE 1 234/ 2
ATAG22770 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 2 228 2
AT2G32070 CCR4-ASSOCIATED FACTOR 1 HOMOLOG 2-RELATED 3572
AT3G50000 CASEIN KINASE Il SUBUNIT ALPHA-2-RELATED 3471 2
AT1G04400 SECH1073-350K14.1 253 2
ATSG41TTO CROOKED NECK-LIKE PROTEIN 1 285/ 2
AT3GS1670 G-LIKE PROTEIN 303/ 2
AT1G103580 NUCLEAR PORE COMPLEX PROTEIN NUPS8A 328/ 2 485/ 3
AT3G15060 KINESIN-LIKE PROTEIN KIN-13B 2322
AT4G00S50 DEAD-BOX ATP-DEPENDENT RNA HELICASE & 273 2
ATSGS5100 LARP 2571 2
AT1G59840 HYPERSENSITWE-INDU CED RESPONSE PROTEIN 2 248/ 2
AT1G15520 CCR4-ASSOCIATED FACTOR 1 HOMOLOG 2-RELATED 258/ 2
AT1GTS080 PROTEIN ASSOCIATED WITH TOPO Il RELATED-1 2441 2
AT2G43850 OUTER ENVELOPE PORE PROTEIN 37 2372 1400 2
ATSG54280 PROTEIN EXORDIUM-LIKE 2 2281 2 2372 288/ 3 163/ 3 2300 2 258/ 3 148/ 2
AT3G18310 NUCLEOPORIN NUP35 231z 130/ 2 28712 179/ 3
AT2G32700 TRANSCRIPTIONAL COREPRESSOR LEUNIG_HOMOLOG 231z
AT1G21700 SWUSNF COMPLEX SUBUNIT SWI3C 208/ 2
AT3G51820 EUKARYOTIC ASPARTYL PROTEASE FAMILY PROTEIN 2112 591/ 3 508/ 3 619/ 3 22713 2821 3 228/ 3
ATSG35980 HOMEQDOMAIN INTERACTING PROTEIN KINASE 204/ 2
AT4G25880 PUMILIO HOMOLOG & proca Fiped
ATSG54320 MITOCHONDR AL TRANSLATION FACTOR 1 28712 164/ 2
AT2G22300 CALMODULIN-BINDING TRANSCRIPTION ACTWATOR 248/ 2
ATSGS3510 CYCLIN-DEPENDENT KINASE & 2132
AT1G55040 ZINC FINGER 254/ 2
ATCGO0830 395 RIBOSOMAL PROTEIN L2 190/ 2 2421 2
AT1G09530 RAS-RELATED PROTEIN RABAZA 205/ 2
AT3G12410 POLYNUCLEOTIDYL TRANSFERASE 1949/ 2
AT4G31120 PROTEIN ARGININE N-METHYLTRANSFERASE 5 2250 2
AT1GE2914 Pentatricopeptide repeat-containing protein 234/ 2
ATIG52240 E3 UBIQUITIN-PROTEIN LIGASE ZNF558 193/ 2 167/ 2 156/ 2 2200 2 166/ 2
AT1G58100 TRANSCRIPTION FACTOR TCPZ3-RELATED 195/ 2
AT3G15010 HETEROGENEOQOUS NUCLEAR RIBONUCLEOPROTEIN AQ 2070 2 166/ 2 196/ 2
AT1G33780 TRANSPORTER 204/ 2 2200 3
ATSG15120 PLANT CYSTEINE OXIDASE 1 194/ 2
AT4G31810 3-HYDROXYISOBUTYRYL-COA HYDROLASE-LIKE PROTEIN 2 218 2 02 186/ 2 280/ 3 124/ 2
AT4G31180 ASPARTATE-TRNA LIGASE 214/ 2
AT1GS2670 Pentatricopeptide repeat-containing protein 228/ 2
AT3G58540 Mitogen activated protein kinase kinase kinase-like protein 184/ 2
AT2G05000 Pentatricopeptide repeat-containing protein 235/ 2
AT1GTE810 Hypothetical protein 185/ 2
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6. Supplements

Table $15c. List of expected interactors of mRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5 NXFé NXF7
AT1G55480 DNA/RNA-BINDING PROTEIN KIN17 165/ 2
AT1GT3T20 WD40 REPEAT-CONTAINING PROTEIN SMU1 2421 2
AT2G23070 CASEIN KINASE I SUBUNIT ALPHA-4 2172
AT2G45850 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 9 234/ 2 2112 191/ 2 1221 2
ATAG25010 PEROXISOMAL FATTY ACID BETA-OXIDATION PROTEIN AlM1 164/ 2
ATSG13480 PRE-MRNA 3 END PROCESSING PROTEIN WDR33 2232
AT4G28950 GH13594P-RELATED 185/ 2
ATSG18310 UBIQUITIN CARBOXYL-TERMINAL HYDROLASE ISOZYME LS 203 2
AT4G2T7880 E3 UBIQUITIN-PROTEIN LIGASE SINAT4 1730 2
AT3G05850 LIPOAMIDE ACYLTRANSFERASE COMPONENT 235 2
ATAG05020 EXTERNAL ALTERNATWE NAD 175 2
AT5G35550 PROTEASOME SUBUNMT ALPHA TYPE-5 158/ 2
AT2G03510 ERLIN 2241 2 148/ 2 1221 3
AT2G18960 ATPASE 1 proca Fiped
AT4G30850 UBIQUITIN CARBOXYL-TERMINAL HYDROLASE 10 2322 1796/ 3 12411 3 3273 1382/ 3 1041/ 3 576/ 3
AT3G45830 RAS-RELATED PROTEIN RABAZC-RELATED 2132
AT2G37230 RIBOSOMAL PENTATRICOPEPTIDE REPEAT PROTEIN 5 185/ 2
AT2G44020 EXPRESSED PROTEIN 196/ 2
AT4G17330 G2434-1 PROTEIN 169/ 2
AT2G18455 CHAPERONE DNAJ-DOMAIN SUPERFAMILY PROTEIN 195/ 2
AT3G16830 TOPLESS-RELATED PROTEIN 2 218/ 2
ATSG01400 SYMPLEKIN 161/ 2
ATSG18880 DNINYL CHLOROPHYLLIDE AS-VINYL-REDUCTASE 148/ 2
AT3G03060 P-LOOP CONTAINING MUCLEOSIDE TRIPHOSPHATE HYDROLASES 191/ 2
ATSG5TETO EUKARYOTIC TRANSLATION INMATION FACTOR ISOFORM 4G-1 181/ 2
AT3G53410 2-METHYL-5-PHYTYL-1 1949/ 2
ATSG45750 RAS-RELATED PROTEIN RABAIC 2068/ 2
AT1G50070 ADAPTOR PROTEIN COMPLEX 1 1521 2
AT1G12775 Pentatricopeptide repeat-containing protein 204/ 2
AT4G38150 Pentatricopeptide repeat-containing protein 195/ 2 155/ 2 1417 2
ATSG4T210 rbp 188/ 2 983/ 3 802/ 3 745 3 11200 3 1206/ 3 888/ 3
AT1G0T320 505 RIBOSOMAL PROTEIN L4 197/ 2 188/ 3 33 174 3 300/ 3 288/ 3 2800 3
AT3G45080 285 RIBOSOMAL PROTEIN S8 1730 2
ATSG55930 AUTOPHAGY-RELATED PROTEIN 101 148/ 2
AT3G18185 PRE-MRNA-SPLICING FACTOR SPFZT 165/ 2
AT4G14780 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXH1S 155/ 2
AT2G20780 CLATHRIN LIGHT CHAIN 158/ 2 anz
AT1GE0030 MOLECULAR CHAPERONE HSP4IVDNAJ FAMILY PROTEIN 158/ 2
AT1G5T380 REF/SRPP-like protein 170/ 2
AT3G51310 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 11 1400 2 158/ 2 11103 2300 2 1411 2
AT3G45220 E3 UFM1-PROTEIN LIGASE 1 133/ 2
AT1G4T128 CYSTEINE PROTEINASE RD21A 1411 2 135/ 2
AT1GTET30 PAF1 HOMOLOG 1431 2
AT2G25850 DNAJ HOMOLOG SUBFAMILY C MEMBER 13 148/ 2
AT1GE0TE0 CCR4-ASSOCIATED FACTOR 1 HOMOLOG S-RELATED 165/ 2
ATSG42960 OUTER ENVELOPE PORE PROTEIN 24A 1341 2
AT1G51985 Pentatricopeptide repeat-containing protein 1571 2
ATSG20950 GLYCOSYL HYDROLASE FAMILY PROTEIN 1341 2 168/ 3 258/ 2 150/ 2
AT1G32220 NAD(P}-binding Rossmann-fold superfamily protein 176/ 2
AT3G53110 DEAD-BOX HELICASE DBPS0 1400 2
ATSG58040 FIP1[I-LIKE PROTEIN-RELATED 138/ 2
ATSG245850 CHLOROPLASTIC TRANSLOCASE SUBUNIT HP30-2 158/ 2
AT1G53720 PEPTIDYL-PROLYL CIS-TRANS ISOMERASE-LIKE 4 128/ 2
AT3G58210 TRAF-LIKE FAMILY PROTEIN-RELATED 130/ 2
ATSG01180 E3 UBIQUITIN-PROTEIN LIGASE HAKAI 164/ 2
ATSG04885 ATP-DEPENDENT RNA HELICASE A-LIKE PROTEIN 165/ 2
ATSG23500 5§05 RIBOSOMAL PROTEIN L13-3 1400 2 208/ 3 218/ 3 179/ 3 21103 208/ 3 2421 3
AT3IG52200 ENDONUCLEASE OR GLYCOSYL HYDROLASE-RELATED 130/ 2
AT1G04870 PROTEIN ARGININE N-METHYLTRANSFERASE PRMT10 148/ 2 304/ 3
AT1G51010 CLEAVAGE AND POLYADENYLATION SPECIFICITY FACTOR 3 133/ 2
AT2G22370 MEDIATOR OF RNA POLYMERASE 1| TRANSCRIPTION SUBUNMT 13 1421 2
ATSG0S320 NOR1/HIN1-LIKE PROTEIN 3 1421 2
ATSG18300 PROLYL 4-HYDROXYLASE SUBUNIT ALPHA-3 125/ 2
ATAG25780 GRPE PROTEIN HOMOLOG 124/ 2
ATSG18520 I15W| CHROMATIN-REMODELING COMPLEX ATPASE CHRAT 1230 2
AT2G25280 POLYADENYLATE-BINDING PROTEIN-INTERACTING PROTEIN 7 154/ 2
ATSG50600 11-BETA-HYDROXYSTEROID DEHYDROGEMNASE 1A-RELATED 148/ 2 2000 2 4231 2
AT1G05850 E3 UBIQUITIN-PROTEIN LIGASE ARIS-RELATED 1431 2
ATSG12110 ELONGATION FACTOR 1-BETA 1 1421 2
ATSG45520 NUCLEAR INTRON MATURASE 2 133/ 2
ATSG41380 TRANSCRIPTION AND DNA REPAIR FACTOR IH HELICASE XPB 1521 2
AT2G41820 NUCLEAR PORE COMPLEX PROTEIN NUPS3A 132/ 2
ATSG39960 GTP-BINDING PROTEIN 1312
AT2G20060 395 RIBOSOMAL PROTEIN L4 148/ 2 21103 2821 3 2372 218/ 3 28103 2741 3
AT3G19130 POLYADENYLATE-BINDING PROTEIN RBP47B 125/ 2
ATSG35910 PROTEIN RRPS-LIKE 2 1312
AT1G55170 PROTEIN FLX-LIKE 3 150/ 2
AT1G02930 GLUTATHIONE S-TRANSFERASE FS-RELATED 1200 2
AT2G35480 PRE-MRNA CLEAVAGE COMPLEX 2 PCF11-LIKE PROTEIN 1371 2
AT1G53140 DYWNAMIN-RELATED PROTEIN SA 124/ 2
ATSG12120 Ubiguitin-associateditranslation elongation factorEF1B protein 134/ 2
AT4G35850 Pentatricopeptide repeat (PPR) superfamily protein 132/ 2
AT1G01510 C-TERMINAL BINDING PROTEIN AN 1312
AT1G31780 CONSERVED OLIGOMERIC GOLGI COMPLEX SUBUNIT & 128/ 2
AT1G22730 MA3 DOMAIN-CONTAINING PROTEIN 125/ 2
AT4G15420 TRANSCRIPTIONAL ADAPTER 2-BETA 1200 2
AT4G18100 heat shock protein 1300 2
AT4G35800 DNA-DIRECTED RNA POLYMERASE I SUBUNIT 1 108/ 2
ATAG2TT50 BINDING PROTEIN 11302
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6. Supplements

Table $15d. List of expected interactors of mRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5 NXFé NXF7
AT3G0S550 ATP-CITRATE SYNTHASE M1 2
AT4G35550 SPLICING FACTOR U2AF LARGE SUBUNIT A 118 2
ATSGS2270 GHIAAC3Z2509.1 124/ 2
ATSG28370 F21B23.6 PROTEIN 125/ 2 145/ 2
AT1G12470 WVACUOLAR PROTEIN SORTING-ASSOCIATED PROTEIN 18 HOMOLOG 1230 2
ATSG50960 PENTATRICOPEPTIDE REPEAT-CONTAINING PROTEIN PNM1 1230 2
AT1G55440 TRANSCRIPTION ELONGATION FACTOR SPTS 108/ 2
AT3G54580 Pentatricopeptide repeat (PPR) superfamily protein 1071 2
AT1G04550 HYPERKINETIC 1141 2
AT1GT3480 PROTEIN KINASE SUPERFAMILY PROTEIN M1 2
AT3G58040 E3 UBIQUITIN-PROTEIN LIGASE SINATZ M2 2
AT2G01570 TRANSMEMBRAMNE 9 SUPERFAMILY MEMBER 3 100/ 2
AT4G00800 VACUOLAR PROTEIN SORTING 8 HOMOLOG 02
ATSG19320 RAN GTPASE-ACTMATING PROTEIN 2 02
AT1G47200 WPP DOMAIN-CONTAINING PROTEIN 1-RELATED M2 2 178/ 2
AT3IG1T040 PROTEIN HIGH CHLOROPHYLL FLUCRESCENT 107 106/ 2
AT1G51580 MANNOSYL-OLIGOSACCHARIDE 1 108/ 2
AT3G48580 ACETOLACTATE SYNTHASE 100/ 2
AT3G45500 Ribonuclease P protein subunit P38-like protein 104/ 2
ATSG43310 COP1-INTERACTING PROTEIN-LIKE PROTEIN 103/ 2 1441 2
AT1G0S070 PROTEIN SRCZ HOMOLOG M3 2
AT1G80880 NUCLEAR PORE COMPLEX PROTEIN NUPSS g7z
ATSG20810 PROTEIN PLASTID MOVEMENT IMPAIRED 1-RELATED 1 106/ 2
AT4G32285 Probable clathrin assembly protein 102/ 2
AT3G51520 F21B23.6 PROTEIN 102/ 2
AT3G53150 MTOCHONDRIAL RHO GTPASE 2 g8/ 2
ATSG25210 PHD FINGER PROTEIN ALFIN-LIKE 4 85/ 2
AT1G51580 PYRIDOXAMINE 5-PHOSPHATE OXIDASE FAMILY PROTEIN 101/ 2
AT2G39280 REGULATOR OF NONSENSE TRANSCRIPTS 2 g4/ 2
AT1G07TIS0 ST4 phosphatase-associated family protein 94/ 2
AT3G53250 HOMOCYSTEINE S-METHYLTRANSFERASE 2 832
AT2G35050 RICIN B-LIKE LECTIN EULS3 102/ 2
AT1G48570 TIN15.19 80/ 2
ATSG14480 TRNA PSEUDOURIDINE SYNTHASE 1-RELATED g7z
AT2G20180 CLIP-ASSOCIATED PROTEIN 85/ 2
AT1GTS210 CYTOSOLIC PURINE S-NUCLEOQTIDASE g1z
AT3G25150 NUCLEAR TRANSPORT FACTOR 2 a2a 2 71203 4807/ 3 1477 3 10271 3 2289/ 3 366/ 3
AT3G13060 EVOLUTIONARILY CONSERWVED C-TERMINAL REGION 5 g1z
AT2G35500 GOLGI SNAP RECEPTOR COMPLEX MEMBER 2 g4/ 2
AT1G54550 ATP-BINDING CASSETTE SUB-FAMILY F MEMBER 3 g4/ 2
AT4G12780 GPN-LOOP GTPASE 3 282
AT2G43130 RAS-RELATED PROTEIN RABASC anz
AT1G31800 PROTEIN LUTEIN DEFICIENT 5 80/ 2
AT4G10810 POLYADENYLATE-BINDING PROTEIN-INTERACTING PROTEIN 12 88/ 2
AT5G15550 RIBOSOME BIOGENESIS PROTEIN WDR12 88/ 2 204/ 3
AT2G22880 GLYCINE-RICH DOMAIN-CONTAINING PROTEIN 1 a2
AT1G59250 NUCLEAR TRANSPORT FACTOR 2 1342/ 3 7413 559/ 3 4850/ 3 1239/ 3 2388/ 3
AT4G17520 RGG REPEATS MNUCLEAR RNA BINDING PROTEIN B 853/ 3 929/ 3 561/ 3 9471 3 12471 3 773
AT3G25520 545 RIBOSOMAL PROTEIN L10 535/ 3 509/ 3 455/ 2 4200 3 729/ 3 518/ 3
ATAG01310 545 RIBOSOMAL PROTEIN L7 585/ 3 805/ 3 799/ 2 259/ 3 718 3 339/ 3
ATAG05400 395 RIBOSOMAL PROTEIN L40 408/ 3 2400 3 2281 2 196/ 3 285/ 3 278 3
AT3G52150 305 RIBOSOMAL PROTEIN 2 397/ 3 258/ 2 32212 258/ 3 2781 3 248/ 2
AT1G13730 NUCLEAR TRANSPORT FACTOR 2 284/ 3 4741 3 51103 545/ 3 3543/ 3
AT1G48520 HONS 3400 3 506/ 3 506/ 3 882/ 3 545/ 3 4371 3
ATSG55860 RIBOSOMAL PROTEIN L25/GLN-TRNA SYNTHETASE 35713 458/ 3 28103 248/ 3 548/ 3 323
AT3G12380 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 285/ 3 3430 3 428/ 3 635/ 2 589/ 3 54/ 2
ATCG00280 PHOTOSYSTEM 1| CP43 REACTION CENTER PROTEIN 190/ 3 393/ 3
ATSG09440 PROTEIN EXORDIUM-LIKE 4 156/ 3 1141 2
AT1G32950 505 RIBOSOMAL PROTEIN L11 584/ 2 368/ 3 532/ 2 763/ 3 7312
AT2G32060 405 RIBOSOMAL PROTEIN 512 5471 2 454/ 3 786/ 2 805/ 3 433 3 1421 2
AT3G03740 BTB/POZ AND MATH DOMAIN-CONTAINING PROTEIN 4 545/ 2
ATCGO0270 PHOTOSYSTEM 1 D2 PROTEIN 440/ 2 385/ 3
ATSG40040 605 ACIDIC RIBOSOMAL PROTEIN P2 508/ 2 524/ 3 154/ 2
AT4G30800 405 RIBOSOMAL PROTEIN S11 384/ 2 4211 3 333/3 348/ 3 381/ 2 2800 3
AT3G59650 395 RIBOSOMAL PROTEIN L43 483/ 2 382/ 3 2741 2
ATCGO07TS0 285 RIBOSOMAL PROTEIN S11 286/ 2 2471 2
AT4G15830 RGG REPEATS MNUCLEAR RNA BINDING PROTEIN A 2871 2 2281 3 254/ 2 275 3 3471 3 289/ 3
ATSG30510 305 RIBOSOMAL PROTEIN S1 408/ 2 158/ 2 158/ 2
AT1G52370 Ribosomal protein L22p/L17e family protein 3822 402/ 3 354/ 3 253 3 385/ 3 28713
AT1GT5350 505 RIBOSOMAL PROTEIN L3 32z 338/ 2
ATSG23535 395 RIBOSOMAL PROTEIN L24 3z 24313 182/ 2 2300 3 334/ 2 168/ 3
AT2G34180 NWVOLVED IN RRNA PROCESSING 7 278 2 348/ 2
AT1G0TE30 395 RIBOSOMAL PROTEIN L47 3790 2 285/ 3 1771 2
ATSG55140 395 RIBOSOMAL PROTEIN L30 4132 305/ 3
AT2G27840 HISTONE DEACETYLASE HODT4 a2 787/ 3 336/ 2 458/ 3 1037/ 3 920/ 2
AT1G17880 TRANSCRIPTION FACTOR BTF3 288/ 2 2300 2 179/ 3 286/ 2 286/ 2 255/ 2
AT1G48350 395 RIBOSOMAL PROTEIN L18 275 2 2022 g4/ 2 148/ 2
AT4G34520 305 RIBOSOMAL PROTEIN 51841 348/ 2 2000 2
ATSG54500 505 RIBOSOMAL PROTEIN L24 288/ 2 248/ 2 208/ 2 168/ 2
AT1G03230 EUKARYOTIC ASPARTYL PROTEASE FAMILY PROTEIN 2431 2 17103 288/ 2
AT3G10080 405 RIBOSOMAL PROTEIN S28-1 258/ 2 108/ 2
AT3G15180 305 RIBOSOMAL PROTEIN S20 288/ 2 255/ 2 411/ 2 2353 278 2
AT3G51800 PROLIFERATION-ASSOCIATED PROTEIN 2G4 2800 2 2281 3 vz 428/ 3
ATCGO0820 375 RIBOSOMAL PROTEIN 519 245/ 2 2232
ATSG2T700 405 RIBOSOMAL PROTEIN S21 2281 2 193/ 3
AT1GT8530 505 RIBOSOMAL PROTEIN L13 245/ 2 192/ 3 812 176/ 2 148/ 3 1200 2
AT4G21280 OXYGEN-EVOLVING ENHANCER PROTEIN 3-1 203 2 330/ 3
ATSG14320 375 RIBOSOMAL PROTEIN SWS2 284/ 2 390/ 2
ATAG05180 XY GEN-EVOLWVING ENHANCER PROTEIN 3-2 201/ 2 180/ 3
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6. Supplements

Table $15e. List of expected interactors of mRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5 NXFé NXF7
ATSG21010 BTB/POZ AND MATH DOMAIN-CONTAINING PROTEIN S-RELATED 2812
ATSG27320 Ribosomal L18p/L5e family protein 186/ 2
AT1G24240 395 RIBOSOMAL PROTEIN L19 258/ 2 184/ 3 1221 2 278 2 108/ 2
AT1GTI940 tumer necrosis factor receptor family protein 179 2 1M 2 an 2 153 2
AT1G52850 CLASS | PEPTIDE CHAIN RELEASE FACTOR 198/ 2 258/ 2 218/ 3 2241 2 254/ 3 2821 2
AT2G05520 SUBTILISIN-LIKE PROTEASE SBT1.8 185/ 2 635/ 3 5849/ 2 343/ 2
ATSG39500 395 RIBOSOMAL PROTEIN LS3 2132
ATSG40950 395 RIBOSOMAL PROTEIN L27 235 2 208/ 2 178/ 3 154/ 2
AT1GTS850 305 RIBOSOMAL PROTEIN S17 1730 2 133/ 2 1014 3 1441 2
AT2G05070 CHLOROPHYLL A-BBINDING PROTEIN 2.1 169/ 2 2333
AT1GTE300 SMALL NUCLEAR RIBONUCLEOPROTEIN SM D3 2232 162/ 3
ATCG00S00 285 RIBOSOMAL PROTEIN S7 162/ 2 1730 2
AT1G53545 hydroxyproline-rich ghycoprotein famity protein 160/ 2 228/ 2
ATSGS5220 505 RIBOSOMAL PROTEIN L29 208/ 2 2471 2
AT2G47880 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXHS3 161/ 2 528/ 2 378/ 3
ATSG15000 BTB/POZ AND MATH DOMAIN-CONTAINING PROTEIN 1 175 2
AT3G12700 ASPARTIC PROTEINASE NANA 167/ 2 2373 354/ 3 288/ 2
AT4G38570 FRUCTOSE-BISPHOSPHATE ALDOLASE 2 203 2 344/ 3
ATSG4TTO0 605 ACIDIC RIBOSOMAL PROTEIN P1-1-RELATED 1431 2 115 2 109 2
ATSG45020 28 KDA HEAT/ACID-STABLE PHOSPHOPROTEIN-LIKE PROTEIN 188/ 2 1221 2 1421 2 285/ 3
AT1G52740 HISTONE H2A VARIANT 3-RELATED 169/ 2 136/ 3
AT3G27850 505 RIBOSOMAL PROTEIN L12-1 148/ 2 101 2 125/ 2
ATSG05850 POLYGALACTURONASE INHBITOR 1 148/ 2
AT1G15820 CHLOROPHYLL A-BBINDING PROTEIN 148/ 2 171 2
ATSG54140 405 RIBOSOMAL PROTEIN S28 126/ 2
AT1G54510 305 RIBOSOMAL PROTEIN S8 ALPHA 139/ 2 106/ 2
AT1G05580 OXYGEN-EVOLVING ENHANCER PROTEIN 2-1 139/ 2 281 2
AT4G32605 Mitochendrial ghycoprotein famity protein 132/ 2 1211 2 225/ 2
ATSG14510 Heavy metal transport/detoxification superfamity protein 154/ 2 135/ 2 133 2
ATSG53070 RIBOSOMAL PROTEIN LSRMNASE H1 145/ 2 2022 158/ 3
AT1G20220 ALBADNARNA-BINDING PROTEIN 148/ 2 303/ 3 253 2 138/ 3 191/ 3 148/ 3
AT2G22720 SPT2 CHROMATIN PROTEIN 135/ 2
AT3G03920 HIACA RIBONUCLEOPROTEIN COMPLEX SUBUNIT 1 1221 2 278 2 1721 2 288/ 3 1521 3
AT3G55910 505 RIBOSOMAL PROTEIN S 1200 2 130/ 2 11303 102/ 2
ATSG01530 CHLOROPHYLL A-BBINDING PROTEIN CP25.1 139/ 2 179/ 3
AT4G35880 395 RIBOSOMAL PROTEIN L23 1141 2 1471 2 107/ 2 148/ 3
AT1G59620 605 RIBOSOMAL PROTEIN L34-1-RELATED M3 2 114 2 100/ 2
AT4G37E60 Ribosomal protein L12/ ATP-dependent Clp protease adaptor protein 123 2 108/ 2
AT1G44575 PHOTOSYSTEM 1 22 KDA PROTEIN 108/ 2 138/ 2
ATAG1T720 SECH211-185B21.5 126/ 2 201 2
ATSG572580 605 ACIDIC RIBOSOMAL PROTEIN P3-1-RELATED M3 2 M2 2 128/ 2
AT3IG01740 395 RIBOSOMAL PROTEIN LS54 106/ 2
AT3G09480 HISTONE H2B.5-RELATED 106/ 2
AT3G44300 NITRILASE 1-RELATED 103/ 2
AT2G41730 CALCIUM-BINDING SME PROTEIN-RELATED g1z 1200 2
AT1G15280 CASC3/BARENTSZ EIF4All BINDING PROTEIN 832 1271 2
AT4G01150 PROTEIN CURWATURE THYLAKOID 1A g4/ 2
ATAG10970 RIBOSOME MATURATION FACTOR 188/ 3 1041 3 125/ 2
ATSG55210 Hypothetical protein 25113 2200 3 167/ 3 2250 3 20703
AT4G28360 Ribosomal protein L22piL17e family protein 258/ 3 26821 3 1617/ 2 265/ 3 234/ 2
AT1G42440 PRE-RRNA-PROCESSING PROTEIN TSR1 HOMOLOG 148/ 3 1312
AT3G01750 395 RIBOSOMAL PROTEIN L13 164/ 3 100/ 3
AT1G50640 STRESS RESPONSE PROTEIN 155/ 3 1471 2
ATSG22010 REPLICATION FACTOR C SUBUNIT 1 108/ 3
ATSG21105 FID3373P-RELATED 525/ 2 428/ 2 1278/ 3 398/ 3 1821 3
AT5G18550 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 58 3322 108/ 3 307 2
AT1G0S5T0 DEXH-BOX ATP-DEPEMDENT RNA HELICASE DEXH2-RELATED 288/ 2
ATAG10710 FACT COMPLEX SUBUNIT SPT16-RELATED 2070 2
AT4G35020 COLD SHOCK DOMAIN-CONTAINING PROTEIN 3-RELATED 2132 170/ 2
AT1GTS010 ALBADNARNA-BINDING PROTEIN 180/ 2 203 2
AT3G45960 EXPANSIN-LIKE A1-RELATED 170/ 2
AT1G58580 ALPHA-XYLOSIDASE 1-RELATED 158/ 2 178/ 2
AT4G32330 PROTEIN WWD2-LIKE S-RELATED 2112
ATSG59480 M-PHASE PHOSPHOPROTEIN & 194/ 2 1312
AT3G52120 SURP AND G PATCH DOMAIN-CONTAINING 1 1471 2 M1 2
AT3G01180 ESF1 HOMOLOG 155/ 2 g8/ 2 118 2
ATSG52380 WVASCULAR-RELATED NAC-DOMAIN & 1471 2 2232 2153 156/ 2
AT3G13230 RNA-BINDING PROTEIN PNO1 148/ 2
AT1GT4000 PROTEIN STRICTOSIDINE SYNTHASE-LIKE 11 1730 2 167/ 2
AT2G42810 PROTEIN LIGHT-DEPENDENT SHORT HYPOCOTYLS 10 148/ 2 185/ 2 02 198/ 3
AT3G55820 EUKARYOTIC TRANSLATION INMATION FACTOR 8-1-RELATED 150/ 2 1371 2 2272
ATSG2T870 HISTONE H2A.5-RELATED 1341 2 2100 3 1371 2
AT2G35795 Mitochendrial ghycoprotein famity protein 1200 2
AT3G44750 HISTONE DEACETYLASE HOT1 104/ 2 204/ 2
AT2G44525 NADH dehydrogenase ubiguinone 1 alpha subcomplex assembly factor-like 107 2
AT5G10950 Tudor/PWWR/MBT superfamily protein 104/ 2 154 2
AT3G51010 Protein translocase subunit g7z
AT3G02220 CHROMOSOME 9 OPEN READING FRAME 85 832 a5/ 2
AT4G34580 SUBTILISIN-LIKE PROTEASE SBT1.6 a2a 2 255/ 2
AT3G55560 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 15 282
AT1G05150 RHO-N DOMAIN-CONTAINING PROTEIN 1 24/ 2
ATSG02240 Protein is tyrosine-phosphorylated 307 3
AT3G55500 ALADIN 218/ 3
ATSG05580 NUCLEAR PORE COMPLEX PROTEIN NUPS3 25213
AT3G52960 PEROXIREDOXIN-5 150/ 3
AT3G43810 CALMODULIN-T-RELATED 153/ 3 104/ 2
AT1G20580 SMALL NUCLEAR RIBONUCLEOPROTEIN SM D3 12303
ATSG12180 Splicing factor 3B subunit 8-like protein 1200 3
AT3G53850 HISTONE H2B.8 1088/ 2
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Table S15f. List of expected interactors of mMRNA export receptor candidates. Proteins that co-purified with NXF-SG
candidates. Proteins that co-purified with unfused SG were removed from the list. The average MASCOT score is shown
and how many times the protein was detected in out three independent experiments.

TAIR DESCRIPTION NXF1 NXF2 NXF3 NXF4 NXF5 NXFé NXF7
AT1G35880 ERYTHROID DIFFERENTIATION-RELATED FACTOR 1 750/ 2
ATAG28510 ARGININE METHYLTRANSFERASE 1-RELATED 252 2
AT1G10200 LI DOMAIN-CONTAINING PROTEIN WLIM1 2132
AT3G45960 DEXH-BOX ATP-DEPENDENT RNA HELICASE DEXH11 2000 2
AT1G47420 SUCCINATE DEHYDROGEMNASE SUBUNT S 185/ 2
AT3G18580 NUCLEIC ACID-BINDING 153/ 2
ATSG04440 RAP release 2, galactose-binding-like domain protein 148/ 2
AT1G20110 PROTEIN FREE1 1371 2
AT1G45400 375 RIBOSOMAL PROTEIN S17 138/ 2
AT1G80230 CYTOCHROME C OXIDASE SUBUNIT 5B 1141 2
ATIGTTTS0 SMALL RIBOSOMAL SUBUNIT PROTEIN S13 1411 2
AT3IG22640 Cupin family protein 1271 2
ATSG0STTO 395 RIBOSOMAL PROTEIN L7 1221 2
ATSG11800 TRANSLATION MACHNERY-ASSOCIATED PROTEIN 22 82/ 2
AT5G15140 CHLOROPLASTIC GROUP 1B INTRON SPLICING FACILITATOR CRSZ-B 832
AT2G35740 POLY HESO1 88/ 2
AT3G55410 EIF-2-ALPHA KINASE GCNZ 282
AT1G59880 NUCLEAR PORE COMPLEX PROTEIN NUPS8-NUPSS anz
AT2G0TETS Ribosomal protein S12/523 family protein 82/ 2
AT1G51780 1AA-AMING ACID HYDROLASE ILR1-LIKE 4-RELATED gz
ATCGO0SE0 PHOTOSYSTEM 1| CP47 REACTION CENTER PROTEIN 485/ 3
AT3G50820 OXYGEN-EVOLVING ENHANCER PROTEIN 1-2 3233
ATSG59870 HISTONE H2A 273 3 194/ 2
AT4G03280 CYTOCHROME B6-F COMPLEX IRON-SULFUR SUBUNIT 2213
AT4G28750 PHOTOSYSTEM | REACTION CENTER SUBUNIT WA 185/ 3
ATSG25000 MYROSINASE 1-RELATED 153/ 3
ATCG00020 PHOTOSYSTEM 1| PROTEIN D1 185/ 3
AT1G59530 EXPANSIN-A1 151/ 3
AT3G01500 BETA CARBONIC ANHYDRASE 1 §02/ 2
ATSG14740 BETA CARBONIC ANHYDRASE 2 398/ 2
AT3G14420 (5)-2-HYDROXY-ACID OXIDASE GLOA a2
ATSG38430 RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A 238 2
AT1G51520 PHOTOSYSTEM | CHLOROPHYLL AJ/B-BINDING PROTEIN 3-1 277z
AT3G14415 (S}-2-hydroxy-acid oxidase GLO2 2871 2
AT2G20280 PHOTOSYSTEM | REACTION CENTER SUBUNIT WA 2112
AT4G00810 505 ACIDIC RIBOSOMAL PROTEIN P1-2 204/ 2
AT1G11880 AMINOMETHYLTRANSFE RASE-RELATED 178/ 2
ATCG00340 PHOTOSYSTEM | PT00 CHLOROPHYLL AAPOPROTEIN A2 154/ 2
AT3G08940 CHLOROPHYLL A-BBINDING PROTEIN CP25.2 175 2
AT1G31330 PHOTOSYSTEM | REACTION CENTER SUBUNIT Il 135/ 2
AT3G45470 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 1471 2 proca Fiped 24112
AT1G23310 GLUTAMATE-GLYOXYLATE AMINOTRANSFERASE 1 126/ 2
AT1GT8830 EP1-LIKE GLYCOPROTEIN 1-RELATED 1221 2
AT1G03130 PHOTOSYSTEM | REACTION CENTER SUBUNIT IH1 M3 2
AT1G32060 PHOSPHORIBULOKINASE 138 2
ATSG04140 FERREDOXIN-DEPENDENT GLUTAMATE SYNTHASE 1 M7 2
AT4G10480 NASCENT POLYPEPTIDE-ASSOCIATED COMPLEX SUBUNIT 118 2 2153 348/ 2
AT1G53540 MONODEHYDROASCORBATE REDUCTASE 118 2
AT1G54770 DECXYNUCLEOTIDYLTRANSFERASE TERMINAL-INTERACTING 107/ 2 103/ 2 a2a 2
AT2G42580 MULTIPROTEIN-BRIDGING FACTOR 1A 12102
AT1G08580 Hypothetical protein M2 138/ 2
AT2G21170 TRIOSEPHOSPHATE ISOMERASE M3 2
AT2G30870 GLUTATHIONE S-TRANSFERASE F10 101/ 2
AT3G44320 NITRILASE 1-RELATED 104/ 2
AT3G45940 DECXYURIDINE TRIPHOSPHATASE g7z
AT2G18750 405 RIBOSOMAL PROTEIN S30 85/ 2
AT4G25100 SUPEROXIDE DISMUTASE [FE] 1 88/ 2
ATEG22T745 METHYL-CPG-BINDING DOMAIN-CONTAINING PROTEIN 1-RELATED 13113 1411 2
AT1G53830 PECTINESTERASE 2 116/ 3
AT2G33845 EXPRESSED PROTEIN 1411 3
AT4G27380 Hypothetical protein 128970 3
AT2G43210 PLANT UBX DOMAIN-CONTAINING PROTEIN 11 327z
ATIGTTS10 PROTEIN DISULFIDE ISOMERASE-LIKE 1-2 235 2
AT4G35850 LARP 193/ 2
AT1G21750 PROTEIN DISULFIDE ISOMERASE-LIKE 1-1 178 2
AT2G22080 UBP1-ASSOCIATED PROTEINS 1A-RELATED 1949/ 2
ATSGS3510 GAMMA CARBONIC ANHYDRASE-LIKE 1 1421 2
AT1G53470 AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 12-RELATED 1312
AT1G55410 EUKARYOTIC TRANSLATION INMATION FACTOR S5A-3 1230 2
ATSG08420 KRR1 SMALL SUBUNIT PROCESSOME COMPONENT HOMOLOG 02
AT3G13120 375 RIBOSOMAL PROTEIN S10 103/ 2
AT1G55070 EUKARYOTIC TRANSLATION INMATION FACTOR 3 SUBUNIT J 102/ 2
AT3G22850 ALUMINUM INDUCED PROTEIN WITH YGL AND LRDR MOTIFS 103/ 2
AT2G44085 5§05 RIBOSOMAL PROTEIN L2 82/ 2 1571 2
AT1G48510 PUTATIVE DNA-BINDING PROTEIN 124/ 2
ATSG1TT10 GRPE PROTEIN HOMOLOG M2 2
AT3G53030 METHYL-CPG-BINDING DOMAIN-CONTAINING PROTEIN 1-RELATED 107/ 2
AT1G18810 PROTEIN FAM3ZA g8/ 2
AT2G21180 TRANSLOCON-ASSOCIATED PROTEIN SUBUNIT ALPHA 98/ 2
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p35S::NXF1-eGFP p35S::NXF1-3GFP p35S::NXF2-eGFP p35S::NXF3-eGFP
p35S::NUP35-mCherry p35S::NUP35-mCherry p35S::NUP35-mCherry  p35S::NUP35-mCherry

p35S::NXF4-eGFP p35S::NXF5-3GFP p35S::NXF6-eGFP p35S::NXF7-eGFP
p35S::NUP35-mCherry p35S::NUP35-mCherry p35S :NUP35-mCherry p35S::NUP35-mCherry

Figure S16. Co-expression of NXF-eGFP candidates and NUP35-mCherry in N. benthamiana. NXF1-7-3'eGFP and
NUP35-3mCherry were transiently co-expressed in N. benthamiana. Cells expressing both NXF1-eGFP and NUP35-
mCherry show a green cytosolic NXF1 signal and a red NUP35-mCherry signal enriched at the nuclear envelope (A). (B-H)
Single nuclei of cells co-expressing NXF-eGFP and UAP56-mCherry demonstrates that NXF proteins and NUP35 proteins
are enriched around the nuclear envelope. Size bars (A) =50 ym, (B-H) =5 pm.
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