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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 mRNA 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 mRNA export of specific transcripts or 

subsets of transcripts than by differences in a bulk mRNA 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 mRNA export defects indicating that plant mRNA receptors could be highly 

diversified, but additional studies are needed to characterize the seven mRNA receptor 

candidates.  



 
  

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 1. Introduction 

3 
 

1. Introduction 

1.1 From mRNA biogenesis to mRNA 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 Görlich, 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 II (RNAPII). The key protein complex for nucleocytoplasmic 

mRNA export is the conserved TREX complex (TRanscription and EXport). It co-

transcriptionally assembles onto nascent mRNAs (Figure 1A), hands mRNAs over to a 

heterodimeric mRNA export receptor (Figure 1B) which guides export-competent messenger 

ribonucleoproteins (mRNPs) through NPCs (Figure 1C, Walsh et al., 2010; Heath et al., 2016). 
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1.2 TREX as the key regulator of mRNA export 

TREX is the key regulator that contributes to transcription and initiates mRNA export (Sträßer 

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, Hpr1, Mft1, 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, Yra1 

in yeast, Stutz et al. 2000; Strässer 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 (Sträßer 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 mRNA 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 II. SPT6, which works alongside FACT to 

remodel nucleosomes during transcription, can initiate this first assembly by directly binding to 

RNAPII CTD. SPT6 recruits IWS1 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 II CTD that insures TREX recruitment to actively 
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transcribed genes only. Since Ser2 phosphorylation of RNAP II 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 mRNA 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 mRNA 

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 mRNPs 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).  

 

 

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 mRNAs 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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1.5 TREX mediates the handover of mRNAs to export receptors 

A key function of TREX in the process of mRNA 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 β-sheets (Valkov et al., 2012). 
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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; Strässer 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 mRNA. 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. Yra1, 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 NXF1 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 THOC5 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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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 (Grüter 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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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 

(Nsp1 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; Hülsmann et al., 2012; Schmidt and Görlich, 

2016; Beck and Hurt, 2017). The time frames measured for the transport of an mRNP through 

the NPC range from ~180 ms for β-actin mRNA to ~500 ms for dystrophin mRNA and although 

both fast and slow (>800 ms) transport rates are measured for a single mRNA type mRNP, 

translocation occurs about 15-fold faster than diffusion through the nucleus (Grünwald and 

Singer, 2010; Mor et al., 2010; Adams and Wente, 2013; Ben-Yishay et al., 2016). Interestingly, 

the efficiency of mRNP translocations seems to be rather low, since only a small portion (15–

36%) of mammalian mRNAs that start the export process or interact with an NPC end the 

process successfully and are released into the cytoplasm (Grünwald 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 Gle1 and its co-activator inositol hexakisphosphate (IP6). An activated 

ATP/Dbp5/Gle1-IP6 complex then binds to the emerging mRNP what stimulates both the 

release of Gle1-IP6 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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1.7 mRNA export in plants – key complexes are conserved  

In yeast and humans, the key players and mechanisms of mRNA 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 mRNA export TREX, TREX-2 and NPC are 

conserved, although differences regarding composition/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; Sørensen et al., 2017; Pfab et al., 2018). For the last 

defining NPC translocation step of mRNA 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).  
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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; Sørensen 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 hpr1 mutant plants (Jauvion et al., 2010; Pan et al., 

2012; Xu et al., 2015; Sørensen 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 hpr1 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; Sørensen 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 hpr1, 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 mRNA 

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; Sørensen, 

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; Sørensen et al., 2017).  

MOS11, the last component of plant TREX is an orthologue of metazoan CIP29/ SARNP and 

yeast Tho1. 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 mRNA 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 IP6 are required also in plants for mRNA export (Lee et al., 2015).  
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The biological relevance of mRNA 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 mRNA export on a broad range of 

biological mechanisms is furthermore demonstrated as mRNA 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 mRNA 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 mRNA 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 mRNA 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 mRNA 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 mRNA export receptor(s) 

In plants it is not 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 mRNA export will be tested by WISH in 

export receptor mutant plants compared to Col-0.  
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2. Results 

2.1 Analysis of ALY proteins as potential mRNA 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 ALY3/4 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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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 (Yra1 in yeast) is recruited 

to the TREX complex by an interaction with UAP56 (Sub2 in yeast, Luo et al., 2001; Sträßer 

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; 

Sørensen, 2016).  

To verify an ALY- UAP56 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 Förster resonance energy transfer (FRET).  

 

 

 

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 

aly1-1, aly2-1, aly3-1 and aly4-1 were previously characterized on a molecular basis and 

homozygous single mutant plants as well as the corresponding aly1 aly2 and aly3 aly4 double 

mutant plants were phenotypically analysed (Sørensen, 2016). 

As these plants are only mildly affected in growth and development and show no or only a 

moderate mRNA export block, the double mutant plants aly1 aly2 and aly3 aly4 were crossed 

and a homozygous quadruple mutant (aly1 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,I). 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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2.1.4. 4xaly plants show bulk mRNA export block 

To test if the loss of all four ALY proteins results in a general mRNA 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 mRNA export demonstrated by an enrichment of polyadenylated mRNAs in 

the nucleus (Gong et al., 2005). 

The TREX-2 complex mutant thp1 served as a positive control, as the loss of THP1 leads to a 

severe general mRNA 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 thp1 was calculated compared to Col-0 showing a general mRNA block in 

both mutant genotypes with a more pronounced export defect detected in thp1 compared to 

4xaly (Figure 11 C). 
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2.1.5. Identification of mRNAs 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). 
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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 qPCR 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. 
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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 mRNAs 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). 

 

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 mRNAs were both 4xaly EB and 4xaly NE and by that were considered reliable 

candidates to be exported by an ALY mRNA 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 

quantities 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).  

 

 

 

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

reference mRNAs, 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 

qRT-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 ACTIN2, 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-0 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 mRNA 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 

3xalyALY2 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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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 

3xalyALY2, 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 mRNAs 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 mRNA 

export block similar to the block in 4xaly could be detected (Figure 17 B).  
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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 mRNA block. To address the question if different ALY proteins might 

regulate the export of different mRNAs, 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 



 
 2. Results 

30 
 

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 mRNA 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).  

 

 

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-0. 

 

 

 

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 



 
 2. Results 

32 
 

3xalyALY3 that both shared around 40% of reduced transcripts with 4xaly whereas ~ 60% of 

mRNAs 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 mRNA export pathway, transcript 

levels of mRNAs 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 qRT-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 ALY1, 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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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 qRT-PCR in some genotypes but for 

all other candidates a similar downregulation was identified by RNAseq and qRT-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 qRT-PCR with fold changes of -13.11 and -

14.68 respectively (Table 2).  

qRT-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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RNAseq and qRT-PCR experiments showed that mRNAs 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 

qRT-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 ALY2) 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 qRT-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). qRT-PCR 
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could support the RNAseq result, since a significant difference in the transcript levels between 

3xalyALY2 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 

qRT-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 mRNA export pathways, we will analyse in future experiments if different ALY proteins 

directly bind in vivo to specific mRNAs 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 mRNAs 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. 
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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 ALY3-

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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2.2 Analysis of UIEF proteins as potential mRNA 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 Yra1 is lethal (Strässer 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).  
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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 ALY3 (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 Förster resonance 

energy transfer (FRET). Both UIEF1-eGFP and UIEF2-eGFP directly interacted with UAP56-

mCherry demonstrated by mean FRET efficiencies of 8.5% (UIEF1) 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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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).  
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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 mRNA 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, mRNA export assays were 

performed.  
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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 uief1 and/or uief2 results in a moderate, but still 

significant mRNA 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). 

 

 

 

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 mRNA 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 mRNA 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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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 mRNAs 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 

mRNAs 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 qRT-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 
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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. 

 

 

 

qRT-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 qRT-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, qRT-PCR could not unequivocally confirm that there are transcripts that potentially 

are specifically exported by UIEF export factors. Like mentioned above, candidates used for 

qRT-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.  

qRT-PCR on the candidates AT4G04840 and AT5G51720 showed that there are transcripts 

whose functional mRNA 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 qRT-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.  

 

 

 

 

 

 

 



 
 2. Results 

49 
 

2.3. Identification 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 mRNA export is conserved, ALY and/or UIEF proteins are 

most likely also involved in recruiting the plant mRNA 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 mRNA 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.  



 
 2. Results 

50 
 

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.     

 

 

 

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 
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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. 

 

 

 

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 mRNA 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 mRNAs.  

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.  

 

 

 

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 motifs, 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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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.  

 

 

 

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.    

 

  

 

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.  
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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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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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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.  

 

 

 

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 
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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. 

      

 

 

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; Strässer 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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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; Grüter 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 nxf1-1, 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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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 mRNA 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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2.3.9. 4xnxf and 3xnxf plants show no mRNA export block  

In respect to their role as putative mRNA 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).  
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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 mRNA export process. Additionally, in a later stage of mRNA 

export, adaptors hand mRNA over to a heterodimeric mRNA export receptor and by that are 

crucial for the last defining step of mRNA export, the translocation of export competent mRNPs 

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 mRNA 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 (Yra1 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 Yra1 is essential for mRNA export (Strässer 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 mRNA 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, Yra1 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; Sträßer and Hurt, 2001). A direct interaction between the Arabidopsis 

UAP56 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 

(Strässer 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 mRNAs in vivo, further supporting a 

possible role of Arabidopsis ALY proteins as mRNA 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 Yra1 depletion mRNA export is 

blocked and the loss of Yra1 is lethal (Portman et al., 1997; Strässer 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 aly1 and aly2 as well as aly3 and aly4 has no or only minor effects on 

plant growth and mRNA export, suggesting that the four ALYs function redundantly (Sørensen, 

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 Yra1 plays a more prominent 

role in mRNA export in yeast than the ALY proteins do in Arabidopsis and that in plants 

redundant export factors exist, that can export mRNAs 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 α 

gene (TCR α) 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 (Domínguez-Sánchez 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 aly1 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 

(Sørensen, 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 

3xalyALY2, 3xalyALY3 and 3xalyALY4 have rather comparable phenotypes clearly distinct 

from 3xalyALY1. 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 aly1 aly2 and 

aly3 aly4 which are only mildly affected (Sørensen, 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 mRNA 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 aly1 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 mRNAs 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 3xalyALY2 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 qRT-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 mRNAs 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 mRNAs AGO6 and DCL2 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 qRT-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 mRNA export factors.  

 

3.3 UIEF proteins act as additional mRNA export factors  

The viability of 4xaly mutant plants showed, that in Arabidopsis apart from the four ALYs other 

proteins can act redundantly as mRNA export factors. In mammals, the TREX associated 

factors CHTOP, LUZP4, UIF and THOC5 can function as additional export adaptors and some 

functional redundancy with ALY was demonstrated since only simultaneous knockdown of 

ALY/THOC5, 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 mRNA 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://www.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 mRNA 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. qPCR 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 mRNAs 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 mRNA 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 



 
 3. Discussion 

78 
 

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.  

 

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 mRNAs 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; Müller-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 mRNA export.  

 

 

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 THO5 in vitro and in both 

yeast and humans Yra1 and ALY associate with components of THO in vivo (Sträßer et al., 

2002; Masuda et al., 2005; Chi et al., 2013). An interaction of both ALY (Yra1) and UIF with 

UAP56 (Sub2) 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 (Sträßer 

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 (Sørensen et al., 2017). 

Since the same experimental setup was used in Sørensen 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 
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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).  

 

 

 

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 mRNA 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 

mRNA 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 mRNP 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 mRNA 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 mRNA 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 mRNPs 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; Strässer 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 NUP98b 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 mRNA 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 (Tourrière 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 

eIF3, eIF4E, eIF4G, the phosphorylation-dependent endoribonuclease G3BP1 and 40S 

ribosomal subunits (Kedersha et al., 2002; Tourrière 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).  

 

 

 

Translation initiation factor eIF4G (AT3G60240) was in both NXF1-SG and NXF4-SG AP-MS 

experiments among the two co-purified proteins with the highest MASCOT scores. Although 

eIF4G 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 eIF4G. 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 mRNAs 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 mRNA is perhaps partially inhibited. This would make an unspecific, 

mRNA 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 mRNA 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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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 mRNA 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 mRNA export receptors.  
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4. Materials 

4.1 Instruments  

 

 

 

 

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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4.3 Oligonucleotides 
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4.4 Plasmids 
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4.5 Organisms 

 

 

 

 

4.6 Databases, Online Tools, Software 
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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 II (Qiagene) with a frequency of 30 Hz for 30 sec. 

400 μL Edward buffer (200 mM Tris pH 7.5, 250 mM NaCl, 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 μL of the supernatant were mixed with 300 

μL 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 μL H2O. 

 

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

Aerial parts from 10 DAS Arabidopsis seedlings were homogenized using the Tissue Lyser II 

(Qiagene) with a frequency 30 Hz for 60 sec. 50-100 mg of homogenized material was used 

to extract RNA using the TRIzolTM reagent (Invitrogen) according to the manufacturer’s 

instructions. The purified RNA was dissolved in 30 μL H2O. To remove DNA contaminations, 

4 μg extracted RNA was incubated with 2 U of DNaseI (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 II 

(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 TRIzolTM 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 β-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 MgCl2, 5 mM β-mercaptoethanol) and centrifuged at 12000 g and 4 °C 

for 10 min. Washing was repeated 2 - 3 times. Pellet was resuspended in 400 μL Extraction 

Buffer 3 (1.7 M Sucrose, 10 mM HEPES pH 8, 0.15 % (v/v) Triton X-100, 2 mM MgCl2, 5 mM 

β-mercaptoethanol) and another 400 μL 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 μL 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 TRIzolTM reagent (Invitrogen) according to the manufacturer’s 

instructions. The purified RNAs from total cells and nuclei were dissolved in 30 μL H2O. To 

remove DNA contaminations, up to 3 μg extracted RNA was incubated with 2 U of DNaseI 

(NEB) for 80 minutes at 37 °C according to the manufacturer’s instructions. To remove 

DNAseI, RNA was filled up with water to a final volume of 200 μL and was mixed with 200 μL 

Roti® - Aqua - P/C/I (Roth). After centrifugation at 20000 g for 10 min and RT, 200 μL of the 

upper phase were transferred to a new 1.5 mL tube and were mixed with 20 μL 3 M KAc pH 

4.8 and 500 μL 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 μL H2O. 

 

5.1.4 Isolation of RNA (transcriptome profiling) 

Aerial parts from 10 DAS Arabidopsis seedlings were homogenized using the Tissue Lyser II 

(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 μL H2O. To remove DNA contaminations, 

4 μg extracted RNA was incubated with 2 U of DNaseI (NEB) for 80 minutes at 37 °C according 

to the manufacturer’s instructions. To remove DNAseI, RNA was filled up with water to a final 

volume of 200 μL and was mixed with 200 μL Roti® - Aqua - P/C/I (Roth). After centrifugation 

at 20000 g and RT, 200 μL of the upper phase were transferred to a new 1.5 mL tube and 

were mixed with 20 μL 3 M KAc pH 4.8 and 500 μL 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 μL H2O. 

 

5.1.5 Reverse transcription (cDNA synthesis) 

RNA was transcribed into cDNA using RevertAidTMH Minus M-MuLV Reverse Transcriptase 

(Thermo Fisher Scientific). In a total volume of 11 μL, 2 μg of DNaseI-treated RNA were mixed 

with 0.5 μg oligo-dT primers or 0.2 μg 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 μL 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 RevertAidTMH 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 



 
 5. Methods 

99 
 

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) 

Taq DNA Polymerase (Peqlab) was used for genotyping, semi-quantitative RT-PCR and 

colony PCR. Herculase II 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. 

 

 

 

5.1.7 Real time quantitative PCR (qRT-PCR) 

The qPCR reactions were performed in a total volume of 10 μL using KAPATM SYBR® FAST 

QPCR MasterMix Universal (PEQLAB), G003-SF stripes (Kisker Biotech GmbH and Co KG) 

and the Mastercycler epgradient S realplex2 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, 

Göttingen).  

 

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 μL. 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 μL P1 buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 100 μg/mL RNase A). For cell lysis, 

300 μL 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 μL 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 μL 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 Illumina TruSeq Stranded 

mRNA Sample Preparation Guide, the Illumina HiSeq 1000 System User Guide (Illumina, 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 I, 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 ≥200 bp cutoff was applied to the nuclear 

samples (Select-a-Size DNA Clean & Concentrator, Zymo Research). The libraries were 

quantified 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 Illumina 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 

Illumina HiSeq 1000 System User Guide. Image analysis and base calling resulted in .bcl files, 

which were converted into .fastq files with the bcl2fastq 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 

NaCl, 0.05 % (v/v) IGEPALCA-630, 1 mM DTT, 2 mM MgCl2, 5 mM EGTA, 10 % (w/v) glycerol, 

cOmpleteTMEDTA 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. MgCl2 (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 μm syringe filter. The protein 

concentration of the cell extract was determined by Bradford protein assay. 10 μL protein mix 

was filled up with H2O to a total volume of 200 μL 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 μL 

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 μL elution buffer (0.1 M glycine-HCl, pH 2.7) for 5 minutes at RT and 700 

rpm. 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 μL ice cold acetone. After washing, 

the protein pellet was resuspended in 25 μL 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 PageRulerTM 

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 NH4HCO3), 1x 60 min (Mix 50 mM NH4HCO3 and acetonitrile in the ratio 3:1), 1x 30 min 

(Mix 50 mM NH4HCO3 and acetonitrile in the ratio 1:1) and 1x 10 min (200 μL acetonitrile). 

Gel fragments were subsequently lyophilised for 60 min. To reduce cysteines, 200 μL of 1 

mg/ml DTT dissolved in 50 mM NH4HCO3 were added to the samples and incubated for 35 

min at 56 °C. For carbamidomethylation of the cysteines, supernatant was removed and 

200 μL of 5 mg/ml iodoacetamide dissolved in 50 mM NH4HCO3 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 μL of trypsin mix (0.04 μg/μL trypsin in 50 mM NH4HCO3), covered with 40 μL 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 μL 100 mM NH4HCO3 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 

NH4HCO3 at 39 °C and once with a mix of 100 mM NH4HCO3 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 I, 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 μg/ml gentamycin, 50 μg/ml (E. coli) or 25 μg/ml (A. tumefaciens) 

kanamycin, 50 μg/ml rifampicin and 12 μg/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 RbCl, 10 mM CaCl2, 50mM MnCl2, 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 

RbCl, 75 mM CaCl2 and 15% (w/v) glycerol). Chemically competent cells were stored in 50 μL 

aliquots at -80 °C. 

 

5.3.3 Transformation of chemically competent E. coli cells  

50 μL chemically competent E. coli cells (5.3.2) thawed on ice were mixed with 200 ng plasmid 

DNA or 10 μL 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 μL 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 μmol m-2 s-1 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% HCl (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 

μmol m-2 s-1. 

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 μg/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 μL 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 CaCl2, 20 mM KCl, 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 Na2HPO4, 

3 mM NaH2PO4, 2.7mM KCl, 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 HybTMplus (Sigma) hybridization buffer. Seedlings 

were incubated in fresh Perfect HybTMplus 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 NaCl, 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 µg/mL or 20 µg/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 μl of the A. 

tumefaciens/MSMO solution and 6 μL 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 μL/mL kanamycin or 

20 µg/mL hygromycin B (for plasmid selection), 500 μL/mL vancomycin and 500 μL/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 μL/mL kanamycin or 20 µg/mL hygromycin B, 

500 μL/mL vancomycin and 500 μL/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 

μL/mL kanamycin or 20 µg/mL hygromycin B, 500 μL/mL vancomycin and 500 μL/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 MgCl2, 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/PI 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 PI were detected with PMTs at 410-

495 nm or 570-620 nm, respectively.  

 

5.5.2 Förster 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 H2O 

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 μg/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 μM 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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