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Summary / Zusammenfassung 

 

Phosphoinositides (PIs) occur in small amounts in eukaryotic membranes. The temporal and 

spatial distribution of PIs is regulated by PI-kinases. In plants, PIs are important regulators of 

cytoplasmic membrane trafficking and cytoskeleton. In addition to their functions in the 

cytoplasm, PIs are also found in the nucleus of plants, to date with unclear function. The 

phosphatidylinositol 4-phosphate 5-kinase (PI4P 5-kinase) PIP5K2 from Arabidopsis contains 

a functional nuclear localization sequence and shows dual localization in the nucleus and at 

the plasma membrane. Upon overexpression or underexpression of PIP5K2 and its sister 

enzyme PIP5K1, reduced and increased degrees of histone acetylation, respectively, were 

detected in adult Arabidopsis plants. Systematic interaction assays between PIP5K1 or 

PIP5K2 and histone-modifying enzymes revealed an interaction with the histone 

acetyltransferase general control non-repressible 5 (GCN5), known to regulate auxin-mediated 

gene activation. PIP5K1 and PIP5K2 further interact with histone H3 and the "epigenetic 

reader protein" inhibitor of growth (ING). Overexpression of PIP5K2, and to some extent 

PIP5K1, in protoplasts attenuated auxin-mediated activation of GCN5-dependent genes such 

as GH3.3, consistent with decreased histone acetylation. Overexpression of an inactive 

PIP5K2 K470A variant or the functionally divergent PIP5K6 isoform had no effect on gene 

regulation. In in vitro assays, PIs inhibited histone acetylation by recombinant GCN5 protein, 

indicating a direct effect of PIs on GCN5 function. Lipid binding studies confirmed that GCN5 

binds to PIs, specifically phosphatidylinositol 3-phosphate (PtdIns3P), via basic amino acid 

residues. GCN5 interacted with the phosphatidylinositol 3-kinase VPS34, which is also 

localized in the nucleus. While expression of VPS34 did not affect GCN5-dependent gene 

activation, as shown for PIP5K2, PtdIns3P binding was required for nuclear localization of 

GCN5. Substitution variants of GCN5 (GCN5ILL and GCN5EDD) in which the potential PtdIns3P 

binding site was modified were no longer able to bind to PIs and showed significantly more 

cytosolic localization than wild type GCN5, which was almost exclusively detectable in the 

nucleus. Overall, the data suggest that GCN5 and ING, and possibly other components of 

histone acetylation, may be recruited by PtdIns3P to active transcription sites in the nucleus, 

as has previously been proposed. PI4P 5-kinases may remove PtdIns-monophosphates from 

this interaction and thus affect transcription. PIs such as PtdIns(4,5)P2 could establish contact 

sites between chromatin with the inner nuclear membrane, which conditions the recruitment of 

additional protein components. Thus, nuclear PIs may influence auxin-dependent gene 

expression by modulating activity and recruitment of GCN5, in addition to and independent of 

the cytoplasmic influence of PIs on vectorial auxin transport. 
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Phosphoinositide (PIs) kommen in geringen Mengen in eukaryotischen Membranen vor. Die 

zeitliche und räumliche Verteilung von PIs wird durch PI-Kinasen reguliert. In Pflanzen sind 

PIs wichtige Regulatoren des zytoplasmatischen Membranverkehrs und des Zytoskeletts. 

Neben ihren Funktionen im Zytoplasma sind PIs auch im Zellkern von Pflanzen zu finden, 

allerdings mit bislang unklarer Funktion. Die Phosphatidylinositol 4-phosphat 5-Kinase PIP5K2 

aus Arabidopsis enthält ein funktionales Kernlokalisierungssignal und zeigt duale 

Lokalisierung im Zellkern und an der Plasmamembran. Bei Über- oder Unterexpression von 

PIP5K2 und des Schwesterenzyms PIP5K1 wurden in adulten Arabidopsis-Pflanzen 

reduzierte bzw. erhöhte Histon-Acetylierung detektiert. Systematische Interaktionstests 

zwischen PIP5K1 bzw. PIP5K2 und Histon-modifizierenden Enzymen zeigten eine Interaktion 

mit der Histon-Acetyltransferase general control non-repressible 5 (GCN5), die unter anderem 

die Auxin-vermittelte Genaktivierung reguliert. PIP5K1 und PIP5K2 interagieren weiterhin mit 

Histon H3 und dem „epigenetischen Leseprotein“ inhibitor of growth (ING). Überexpression 

von PIP5K2, zum Teil auch von PIP5K1, in Protoplasten schwächte die Auxin-vermittelte 

Aktivierung GCN5-abhängiger Gene wie GH3.3 ab, was mit verminderter Histon-Acetylierung 

konsistent ist. Überexpression einer inaktiven PIP5K2 K470A-Variante oder der funktional 

divergenten Isoform PIP5K6 hatten dabei keinen Einfluss auf die Genregulation. In in vitro 

Tests hemmten PIs die Histon-Acetylierung durch rekombinantes GCN5-Protein, was auf 

einen direkten Einfluss von PIs auf die GCN5-Funktion hinweist. Lipidbindestudien bestätigten, 

dass GCN5 über basische Aminosäurereste an PIs, speziell an 

Phosphatidylinositol 3-Phosphat (PtdIns3P), bindet. GCN5 interagierte mit der auch im Kern 

lokalisierten Phosphatidylinositol 3-Kinase VPS34. Die Expression von VPS34 beeinflusste 

die GCN5-abhängige Genaktivierung, wie für PIP5K2 gezeigt, nicht. Hingegen schien die 

PtdIns3P-Bindung für die nukleäre Lokalisierung von GCN5 erforderlich. 

Substitutionsvarianten von GCN5 (GCN5ILL und GCN5EDD), in denen die mögliche 

PtdIns3P-Bindestelle modifiziert wurde, konnten nicht mehr an PIs binden und zeigten deutlich 

mehr zytosolische Lokalisation als Wildtyp-GCN5, das fast ausschließlich im Zellkern zu 

detektieren war. Insgesamt weisen die Daten darauf hin, dass GCN5 und ING und 

möglicherweise auch weitere Komponenten der Histon-Acetylierung durch PtdIns3P an aktive 

Transkriptionsstellen im Zellkern rekrutiert werden könnten. PI4P 5-Kinasen entfernen 

möglicherweise PtdIns-monophosphate aus dieser Interaktion und beeinflussen so die 

Transkription. PIs wie PtdIns(4,5)P2 könnten Kontaktstellen zwischen Chromatin und der 

inneren Kernmembran herstellen, was die Rekrutierung weiterer Proteinkomponenten bedingt. 

Nukleäre PIs können also die Auxin-abhängige Genexpression beeinflussen, indem sie 

Aktivität und Rekrutierung von GCN5 modulieren, und zwar zusätzlich und unabhängig vom 

zytoplasmatischen Einfluss von PIs auf den vektoriellen Auxin-Transport.
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 Introduction 

 

As sessile organisms, plants are inherently dependent on adapting to their environment. To 

this end, plants can respond to changing environmental conditions with altered development 

and growth. These reactions are regulated by complex signaling processes. External stimuli, 

but also signal transduction from cell to cell, are usually first perceived by receptors and 

transmitted to the interior of the cell. Signal transduction can be achieved by a variety of 

signaling pathways involving successive protein phosphorylation, phytohormone signaling or 

signaling lipids such as phosphoinositides (PIs). In most cases signal transduction events 

represent an interplay of different signaling cascades. Many signals are transmitted up to the 

nucleus where they lead to changes in gene expression so that physiological processes and 

functions in the cell can be adapted to the developmental or environmental requirements. 

Nuclear-localized processes regulated by PIs are already known from animals (Yu et al., 1998; 

Zhao et al., 1998; Osborne et al., 2001; Irvine, 2003; Barlow et al., 2010), including DNA 

replication, modeling of chromatin structure and regulation of transcription factor localization. 

Since many processes of gene regulation and the structure of the nucleus are very similar in 

animals and plants, it was a key assumption of this thesis that PIs may also play a role in the 

regulation of nuclear-localized processes in plants. 

 

1.1. The plant PI system 

PIs are phospholipids in the membranes of eukaryotic cells (Heilmann, 2016a, 2016b) where 

they represent only a small fraction of membrane lipids and exert regulatory functions 

(Heilmann, 2009; Viaud et al., 2016; Gerth et al., 2017b; Colin and Jaillais, 2020; Jaillais and 

Ott, 2020). PIs are not uniformly distributed in membranes, but rather are organized in micro- 

or nanodomains where PIs can distinctively define membrane properties and initiate protein 

recruitment by mediating precise and local signaling (Ischebeck et al., 2008, 2011; Heilmann, 

2016a; Gerth et al., 2017b; Fratini et al., 2021). In Arabidopsis thaliana (Arabidopsis), several 

phosphoinositide kinases (PI-kinases) can form different PIs by sequential phosphorylation of 

the inositol head group of phosphatidylinositol (PtdIns) (Mueller-Roeber and Pical, 2002; Boss 

and Im, 2012; Heilmann and Heilmann, 2015; Heilmann, 2016a, 2016b; Gerth et al., 2017b). 

The resulting PtdIns-monophosphates phosphatidylinositol 3-phosphate (PtdIns3P), 

phosphatidylinositol 4-phosphate (PtdIns4P), phosphatidylinositol 5-phosphate (PtdIns5P) 

and the PtdIns-bisphosphates phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2) and 

phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) exert numerous regulatory effects on 

membrane-associated cytoplasmic processes in plants (Boss and Im, 2012; Heilmann and 

Heilmann, 2015; Heilmann, 2016a). 
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The formation of phosphatidylinositol 5-phosphate (PtdIns5P) remains unclear in plants 

(Heilmann and Heilmann, 2015). While PtdIns5P has been detected in plant material (Meijer 

et al., 2001), the enzymes leading to the formation of PtdIns5P have not yet been clearly 

identified. It is possible that PtdIn5P is not formed directly from PtdIns but is generated by 

dephosphorylation of the PtdIns-bisphosphates, PtdIns(3,5)P2 or PtdIns(4,5)P2. The 

biosynthesis of phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2) and 

phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3), which occur in mammalian cells, 

has not yet been demonstrated. Corresponding PI-kinases have not been identified in plants. 

(Mueller-Roeber and Pical, 2002; Heilmann, 2016a). 

 

1.2. Enzymes of PI biosynthesis 

The various PIs found in plants are synthesized by PI-kinases, some of them are represented 

by several isoforms. The numerous regulatory effects regulated by PIs and their subcellular 

distribution require a precise spatiotemporal distribution of PIs which is determined by the 

activities of PI-kinases (Heilmann and Heilmann, 2015; Gerth et al., 2017b). Synthesis of PIs 

begins with the structural lipid PtdIns. Phosphatidylinositol 3-kinase (PI 3-kinase) 

phosphorylates the D3 position of the inositol in PtdIns to form PtdIns3P. PI 3-kinase is 

represented only by a single gene in Arabidopsis. It is named after the well-characterized yeast 

PI 3-kinase homolog, which plays a role in vacuolar sorting and is therefore called vacuolar 

protein sorting 34 (VPS34, AT1G60490) (Schu et al., 1993; Welters et al., 1994; Dove et al., 

1994; Heilmann and Heilmann, 2015) (Fig. 1.1 A). PI 3-kinases can be divided into three 

distinct classes according to their substrate specificity. Arabidopsis VPS34 is a class III enzyme 

using only PtdIns as substrate, whereas class I PI 3-kinases phosphorylate PtdIns4P and 

PtdIns(4,5)P2. They play a central role in PI metabolism in mammals but have not yet been 

identified in plants (Vanhaesebroeck et al., 2001; Lee et al., 2010). Class II PI 3-kinases 

phosphorylate PtdIns and PtdIns4P (Vanhaesebroeck et al., 2001; Lee et al., 2010). PtdIns 

can alternatively be phosphorylated in the D4 position of the inositol by 

phosphatidylinositol 4-kinases (PI 4-kinases). The Arabidopsis genome encodes four isoforms 

of PI 4-kinases (Mueller-Roeber and Pical, 2002; Heilmann and Heilmann, 2015; Heilmann, 

2016a), which can be divided into the subfamilies PI4Kα and PI4Kβ, each with two members 

(Fig. 1.1 B). 

The PtdIns-monophosphates can be further phosphorylated; PtdIns3P can be substrate for 

type III PtdIns-monophosphate-kinases (PIP-kinases), phosphatidylinositol 3-phosphate 5-

kinases or also called PI3P 5-kinases (FABIa – FABId, Fig. 1.1 C) (Mueller-Roeber and Pical, 

2002; Meijer and Munnik, 2003; Heilmann and Heilmann, 2015; Heilmann, 2016a), giving rise 

to PtdIns(3,5)P2. PtdIns4P can be phosphorylated to PtdIns(4,5)P2 by eleven different isoforms 

of the type I PIP-kinases, phosphatidylinositol 4-phosphate 5-kinases (PI4P 5-kinases) 
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(Fig. 1.1 D) (Mueller-Roeber and Pical, 2002; Meijer and Munnik, 2003; Heilmann and 

Heilmann, 2015; Heilmann, 2016a). In addition, PI4P 5-kinases also have the ability to use 

PtdIns3P as a substrate and convert this substrate to PtdIns(3,5)P2 (Stenzel et al., 2008; 

Ischebeck et al., 2008, 2011). 

 

 

Fig. 1.1: Arabidopsis PI-kinases. The Arabidopsis genome encodes several PI-kinases. A, Class III 

PI 3-kinase, VPS34; encoded by a single gene in Arabidopsis. B, Four PI 4-kinase isoforms; two 

subfamilies consistent of the alpha subfamily PI4Kα1 and PI4Kα2 and the beta subfamily PI4Kβ1 and 

PI4Kβ2. C, Four isoforms of PI3P 5-kinases forming PtdIns(3,5)P2. D, Eleven PI4P 5-kinase isoforms. 

The domain structure of the PI-kinases is depicted approximately to scale. The scale for 100 amino 

acids is indicated as well as the corresponding AGI locus identifiers for the corresponding genes. 

Domains with documented functions are indicated. Abbreviations stand for, AL, activation loop; C2, 

Ca2+-dependent lipid binding domain; catalytic, catalytic domain; Cct1 homology, 

chaperonine-containing t-complex protein 1-homology domain; Dim, dimerization domain; FYVE, Fab1 

YOTB Vac1 EEA1-domain; helical, helical domain; Ins, variable insert domain; Lin, variable linker 

domain; MORN, membrane occupation and recognition nexus-repeat domain; PH, Pleckstrin 

homology-domain; PPC, plant PI4K charged region-domain. The figure was adopted from (Heilmann 

and Heilmann, 2015). 
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The Arabidopsis genome encodes eleven isoforms of PI4P 5-kinases (PIP5K1 – PIP5K11). 

Depending on their domain structure, PI4P 5-kinases can be categorized into subfamily A and 

subfamily B (Mueller-Roeber and Pical, 2002). Subfamily A includes PI4P 5-kinase isoforms 

PIP5K10 and PIP5K11 which consist of a dimerization domain and a catalytic domain. The 

latter domain contains a variable insert and an activation loop (Fig. 1.1 D) (Mueller-Roeber and 

Pical, 2002; Stenzel et al., 2012; Heilmann and Heilmann, 2015). These domains are 

conserved in their sequence between animals, yeasts, and plants (Mueller-Roeber and Pical, 

2002; Stenzel et al., 2012). PI4P 5-kinase isoforms PIP5K1 to PIP5K9 belong to subfamily B 

and additionally contain a membrane occupation and recognition nexus (MORN)-repeat 

domain and a variable linker domain, positioned N-terminal of the dimerization domain and 

specific for plant PI4P 5-kinases (Fig. 1.1 D) (Mueller-Roeber and Pical, 2002; Stenzel et al., 

2012; Heilmann and Heilmann, 2015). The linker domains are highly variable domains and 

differ greatly between the different PI4P-5 kinase isoforms. They contribute to the distinct 

subcellular localization and are most likely responsible for protein-protein interaction between 

the isoforms and further proteins (Stenzel et al., 2012; Gerth et al., 2017b; Fratini et al., 2021). 

The PIP5K1/PIP5K2/PIP5K3, PIP5K4/PIP5K5/PIP5K6 and PIP5K7/PIP5K8/PIP5K9 isoforms 

each form distinct phylogenetic clades within subfamily B (Mueller-Roeber and Pical, 2002; 

Stenzel et al., 2012). The members of the type A subfamily, PIP5K10 and PIP5K11, form a 

fourth and separate phylogenetic group. 

The eleven PI4P 5-kinase isoenzymes differ markedly in their expression patterns and their 

functions. The isoforms PIP5K1 (AT1G21980), PIP5K2 (AT1G77740) (Ischebeck et al., 2013), 

PIP5K6 (AT3G07960) (Zhao et al., 2010; Heilmann, 2016a), PIP5K7 (AT1G10900), PIP5K8 

(AT1G60890) and PIP5K9 (AT3G09920) (Heilmann, 2016a; Kuroda et al., 2021) are 

ubiquitously expressed. Besides those, there are isoforms, whose expression is restricted to 

pollen or pollen tubes, like PIP5K4 (AT3G56960), PIP5K5 (AT2G41210) (Ischebeck et al., 

2008; Sousa et al., 2008; Heilmann, 2016a) and the two type A isoforms, PIP5K10 

(AT4G01190) and PIP5K11 (AT1G01460) (Ischebeck et al., 2011; Heilmann, 2016a). The 

expression of isoform PIP5K3 (AT2G26420) is restricted to epidermal and cortical root cells 

and to root hairs (Kusano et al., 2008; Stenzel et al., 2008; Heilmann, 2016a). PI4P 5-kinase 

expression patterns are not only spatially divergent but also depend on developmental stage 

(Elge et al., 2001; Kusano et al., 2008; Stenzel et al., 2008; Ischebeck et al., 2008, 2013; Tejos 

et al., 2014; Kuroda et al., 2021) or are auxin-induced like the expression of PIP5K1 and 

PIP5K2 (Mei et al., 2012; Tejos et al., 2014). Together, the particular expression patterns of 

different PI4P 5-kinases enable a multifaceted and dynamic landscape of PtdIns(4,5)P2 

biosynthesis in plants. 

Of all the enzymes mentioned, this study is mostly concerned with the elucidation of novel 

roles of PI 3-kinase and of PI4P 5-kinases in the nucleus. Therefore, the following paragraphs 
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provide an overview of what is known to date about the physiological effects of these enzymes 

and their reaction products, PtdIns3P and PtdIns(4,5)P2, respectively. 

 

1.3. Physiological functions of PtdIns3P and VPS34 

Molecular genetic studies indicate that the functionality of PI 3-kinase is important for plant 

development, both in vegetative and reproductive organs (Welters et al., 1994). Studies using 

T-DNA insertion mutants have shown that the vps34 mutant is impaired in pollen development 

and the homozygous T-DNA insertion is lethal (Lee et al., 2008). By down-regulating VPS34 

expression in Arabidopsis using antisense strategies, it was found that plants suffer from 

impaired leaf and stem development (Welters et al., 1994). The subcellular distribution of 

PtdIns3P was analyzed by genetically encoded biosensors. For this purpose, the biosensor 

2xFYVE-GFP can be used, consisting of two FYVE domains (from Fab1, YOTB, Vac1 and 

EEA1) in tandem, which specifically bind PtdIns3P. Using this biosensor, PtdIns3P was 

detected in different Arabidopsis tissues primarily at the endomembranes (Gillooly et al., 2000; 

Simon et al., 2014). Consistent with this, PtdIns3P appears to play a role in different phases 

of vesicle transport, as salt stress in combination with inhibitors against PI 3-kinases reduced 

the internalization of FM4-64 dyes (Emans et al., 2002; Leshem et al., 2007). PI 3-kinase 

appears to be generally involved in vesicle transport and membrane biogenesis in plants (Lee 

et al., 2010; Simon et al., 2014). In addition, treatment of cells with wortmannin, which inhibits 

VPS34 among others, resulted in re-localization of pin-formed 2 (PIN2)-GFP to 

wortmannin-induced compartments, and PI 3-kinase may have a role in controlling the 

subcellular distribution of the auxin efflux carrier PIN2 (Jaillais et al., 2006). 

Beside to cytoplasmic/endomembrane-localized functions, an alternative localization of VPS34 

in the nucleus of plant cells was shown (Bunney et al., 2000). The observation at that time 

indicated that plant PI 3-kinase is involved in nuclear functions. Beside PtdIns4P, PtdIns3P 

was synthesized in fractions of isolated nuclei from carrot cell culture and soybean PI 3-kinase 

was detected at active sites of transcription by using a specific antiserum raised against a 

truncated variant of the PI 3-kinase (Bunney et al., 2000). Interestingly, the specific binding 

domain for PtdIns3P, the FYVE domain, is structurally very similar to the zinc finger domains, 

RING-like domains, and plant homeodomains (PHD). Zinc finger domains bind to DNA or RNA 

templates, and PHDs mediate binding to methylated histones. Furthermore, it is interesting to 

note that many FYVE domain-containing proteins in Arabidopsis also contain so-called tandem 

repeats of the regulator of chromosome condensation 1 (RCC1)-like domain (Burd and Emr, 

1998; Misra and Hurley, 1999; van Leeuwen et al., 2004; Lee et al., 2010). RCC1 is present in 

mammalian cells and functions as a nuclear-localized Ras-related GTPase (RAN-GTP) 

exchange factor and, among other things, maintains the nuclear RAN-GTP gradient and is 

thereby also responsible for the disassembly of protein-nuclear import protein complexes 
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(Dasso, 2002). However, the FYVE/RCC1-domain-containing proteins identified in 

Arabidopsis are mostly not well-characterized or not characterized at all. Overall, the data 

available so far indicate a well-established role for VPS34 in cytoplasmic trafficking, and a 

much less well-understood alternative role in the plant nucleus. 

 

1.4. Physiological functions of PtdIns(4,5)P2 and PI4P 5-kinases 

The most studied PI is PtdIns(4,5)P2, formed by PI4P 5-kinases (Mueller-Roeber and Pical, 

2002; Meijer and Munnik, 2003; Heilmann and Heilmann, 2015; Heilmann, 2016a). In several 

studies, PtdIns(4,5)P2 has been shown to be involved in plant signal transduction, in the 

regulation of ion transport across the plasma membrane (Ma et al., 2009), in the control of 

cytoskeletal stability, protein recruitment to the plasma membrane, exocytosis and 

clathrin-mediated endocytosis (Fig. 1.2) (Ischebeck et al., 2008; Sousa et al., 2008; Zhao et 

al., 2010; Ischebeck et al., 2011; Mei et al., 2012; Ischebeck et al., 2013; Heilmann, 2016a; 

Fratini et al., 2021), and in vesicle transport between Golgi apparatus and plasma membrane 

(König et al., 2008; Camacho et al., 2009). 

 

 

Fig. 1.2: PIs contribute to several plasma membrane-associated processes. PIs are involved in 

numerous plasma membrane-associated processes that take place in the cytosolic space, including 

vesicle trafficking, endocytosis, signal transduction, protein recruitment or cytoskeleton attachment. 

Figure from (Heilmann, 2016a). 

 

By regulating these processes, PI4P-5 kinases and PtdIns(4,5)P2 influence the polar 

orientation and thus the cell morphology of eukaryotic cells (Mei et al., 2012; Stenzel et al., 
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2012; Ischebeck et al., 2013; Tejos et al., 2014). Polar tip growth of root hairs (Kusano et al., 

2008; Vincent et al., 2005; Stenzel et al., 2008) or pollen tubes is affected by PI4P-5 kinases 

and PtdIns(4,5)P2 (Kost et al., 1999; Ischebeck et al., 2008, 2011; Stenzel et al., 2012). Thus, 

different members of the PI4P 5-kinase subfamily B exert isoform-specific regulatory effects 

and therefore, when overexpressed in, e.g. tobacco pollen tubes, have different effects on 

phenotypes. Overexpression of either PIP5K4, PIP5K5 (Ischebeck et al., 2008; Sousa et al., 

2008), and PIP5K6 (Zhao et al., 2010) affects vesicle/membrane trafficking and leads to 

branched pollen tubes, whereas expression of PIP5K2 in pollen tubes affects cytoskeleton 

stabilization and leads to a swelling phenotype in the corresponding cells (Stenzel et al., 2012). 

PI4P 5-kinases of the different phylogenetic groups, such as PIP5K2 and PIP5K6, have 

divergent regulatory functions and effects, although they form the same lipid product and 

localize very similarly at the subcellular level (Stenzel et al., 2012; Fratini et al., 2021). These 

observations indicate that the precise subcellular localization of PI4P 5-kinases determines a 

specific regulatory effect of PtdIns(4,5)P2 formed. 

A very well-studied example of the influence on cell polarity is the functionality of PIP5K1 and 

PIP5K2 PI4P 5-kinases from Arabidopsis. Both PI4P 5-kinases, PIP5K1 and PIP5K2, as well 

as their product PtdIns(4,5)P2, showed polar localization in Arabidopsis root cells (Ischebeck 

et al., 2013; Tejos et al., 2014; Gerth et al., 2017a). Alterations in the amounts of PtdIns(4,5)P2 

produced at the plasma membrane by PIP5K1 and PIP5K2 in pip5k1 pip5k2 double mutants 

resulted in decreased endocytosis and, consequently, mislocalization of the normally polar 

distributed auxin transport proteins PIN1 and PIN2, leading to impaired auxin distribution in 

these plants (Ischebeck et al., 2013). The data indicate that PI4P 5-kinases have numerous 

functions in the control of cytoplasmic processes and in the control of cell polarity. Interestingly, 

the transcription of PIP5K1 and PIP5K2 is by itself induced by exogenously applied auxin 

(Tejos et al., 2014), suggesting that PI4P 5-kinases are part of the complex regulatory 

networks mediating auxin-dependent effects in plants. 

In addition to the well-described localization in the plasma membrane, fluorescently labeled 

fusions of PI-kinases were frequently observed in the nucleus of plant cells of different species 

and tissues (Lou et al., 2007; Ischebeck et al., 2011, 2013; Tejos et al., 2014). Moreover, 

PIP5K2 from Arabidopsis has been shown to interact with alpha-importins (Fig. 1.3 A) and 

contains a nuclear localization sequence (NLS) in the linker domain that is necessary and 

sufficient for active nuclear import of PIP5K2 (Gerth et al., 2017a). Replacement of the NLS in 

the PIP5K2 variant PIP5K2AAA with alanines led to inefficient nuclear import and reduced 

nuclear observation of PIP5K2AAA in onion epidermal cells (Fig. 1.3 B). Importantly, nuclear 

localization of PIP5K2 is found mainly in meristematic cells and is not observed at all times, 

suggesting that PIP5K2 shuttles between cytoplasm and nucleus (Gerth et al., 2017a). In 

addition to PIP5K2, the lipids PtdIns4P and PtdIns(4,5)P2 have also been identified in plant 
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nuclei by biochemical analysis via specific antibodies in immunostainings (Gerth et al., 2017a), 

and by fluorescent reporters such as the Pleckstrin homology (PH) domain of PLCδ1 fused to 

fluorescent proteins, which specifically binds PtdIns(4,5)P2 (Mishkind et al., 2009). 

Furthermore, lipid analyses of isolated or enriched Arabidopsis organelles indicate that PIs are 

not only found in the membranes of plant nuclei, but also that nuclear PIs have a characteristic 

pattern of associated fatty acids (König et al., 2008). 

 

 

Fig. 1.3: Arabidopsis PIP5K2 interacts with the nuclear import machinery and contains a 

functional NLS. PIP5K2 was demonstrated to be actively transported to the plant nucleus. A, PIP5K2 

interacts with alpha-importins Impα6 and Impα9 in an endoplasmic reticulum (ER)-localized 

split-ubiquitin-based yeast-two-hybrid (YTH). B, Replacement of the identified NLS in PIP5K2 sequence 

in the variant PIP5K2AAA effects exclusion of the EYFP fusion protein from the nucleus in 31 % of 

examined onion epidermal cells. The figure was adopted and modified from (Gerth et al., 2017a). 

 

The previously observed nuclear localization of PIP5K2 (Gerth et al., 2017a) suggests a so far 

unexplored regulatory effect of PIP5K2 in the plant nucleus. To test whether nuclear 

localization of PIP5K2 is relevant for Arabidopsis development, the PIP5K2 variant PIP5K2AAA 

with inefficient nuclear import and reduced nuclear localization (compare Fig. 1.3, (Gerth et al., 

2017a)) was expressed under control of the native PIP5K2 promoter in the Arabidopsis 

pip5k1 pip5k2 double mutant background and the resulting phenotypes were analyzed 

(Fig. 1.4) (Data from Dr. Katharina Gerth, AG M. Heilmann, unpublished). Plants expressing 

PIP5K2AAA-EYFP only partially complemented the phenotypes of the pip5k1 pip5k2 double 

mutant, compared to full complementation observed upon expression of wild type 

PIP5K2-EYFP (Fig. 1.4) (Data from Dr. Katharina Gerth, AG M. Heilmann, unpublished).  
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Fig. 1.4: Partial complementation of pip5k1 pip5k2 double mutant phenotypes upon 

nuclear-excluded expression of PIP5K2AAA-EYFP. Arabidopsis pip5k1 pip5k2 double mutants 

expressing either EYFP, PIP5K2-EYFP wild type or PIP5K2AAA-EYFP were grown on soil or MS medium 

and were analyzed for various phenotypic aspects. L1, L23 and L30 represent three independent 

PIP5K2AAA-EYFP expressing lines. A, Root length of seven-day-old seedlings. Plants were grown on 

vertical 1/2 MS agar plates under long-day conditions (16 h light). Images are representative for 

16 (EYFP control) to 65 (PIP5K2-EYFP wild type or PIP5K2AAA-EYFP) analyzed seedlings. Scale bar, 

1 cm. B, Meristem size of seven-day-old seedlings. Meristem size was determined by the number of 

meristematic cortex cells. The cell number of ten seedlings per line was evaluated. Statistical analysis 

was performed using a generalized linear model with assumed Poisson distribution and tested for 

differences with a two-way ANOVA. Different letters represent statistically significant differences 

(P < 0.05; Tukey´s post-hoc test). C, Leaf morphology of six-week-old plants. Scale bar, 2 cm. D, Shoot 

phyllotaxis of six-week-old plants. Scale bar, 2 cm. E, Flower morphology of six-week-old plants. Scale 

bar, 2 mm.  

 

While the overall habitus, like root growth (Fig. 1.4 A) and meristem size (Fig. 1.4 B), was 

partially rescued, remaining phenotypic aspects included deformed leaves and flowers and 

defects in phyllotaxis (Fig. 1.4 C, D and E) (Data from Dr. Katharina Gerth, AG M. Heilmann, 

unpublished). Previously, such effects were not described for the pip5k1 pip5k2 double mutant, 

because these plants do usually not progress to the relevant developmental stages when 
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flowers or leaves are formed (Ischebeck et al., 2013; Tejos et al., 2014). Interestingly, the 

apparent phenotypes caused by expressing PIP5K2AAA-EYFP in the double mutant 

background resemble, among others, defects in auxin-dependent gene expression (Hamann 

et al., 2002; Ha et al., 2010). While it cannot be fully excluded that polar auxin distribution is 

still altered in these plants, this experimental design suggests that these defects may 

alternatively be related to the exclusion of PIP5K2 from nuclear localization.  

Overall, experimental evidence from different plants and using different experimental 

approaches indicates the presence of PI4P 5-kinases, of PtdIns4P and of PtdIns(4,5)P2 in 

plant nuclei. However, the physiological function of nuclear PIs and their molecular mode of 

action are currently not well understood. 

 

1.5. Evidence for physiological functions of nuclear PIs 

As mentioned above, the PI 3-kinase VPS34, which phosphorylates PtdIns to PtdIns3P, has 

already been detected in the nucleus of plant cells. Catalytically active PI 3-kinase was 

detected in detergent-resistant isolated plant nuclei. Detection of soy PI 3-kinase in the nucleus 

by a monoclonal antibody indicated localization at active transcription sites, both in the 

nucleolus and the nucleoplasm in addition to its localization in endomembranes. A role for 

PI 3-kinase and therefore also for PtdIns3P in transcriptional control has been proposed 

(Bunney et al., 2000). Overexpression of the human PI4P 5-kinase PIP5K1α (HsPIP5K1α) in 

tobacco cell culture resulted in increased PtdIns(4,5)P2 levels in the nucleus and reduced 

histone H3 lysine 9 acetylation (H3K9ac) compared with untransformed tobacco cells (Dieck 

et al., 2012). However, it remained unclear whether this effect was physiologically relevant and 

affected plant gene expression or whether it was possibly an incidental consequence of the 

expression of the human enzyme in a plant cell culture because the domain structures of plant 

type B PI4P 5-kinases differ significantly from those of human PIP5K1 isoforms. 

Similarly, PI4P 5-kinases such as PIP5K2 from Arabidopsis (Lou et al., 2007; Ischebeck et al., 

2011, 2013; Tejos et al., 2014), and PIs have been previously observed in plant nuclei (Bunney 

et al., 2000; Dieck et al., 2012; Gerth et al., 2017a). However, until now, the possible functions 

of PI-kinases and PIs in the plant nucleus have remained unclear. Studies with mammalian 

cells and other models provide evidence for a variety of possible nuclear functions of PIs and 

PI-kinases in different eukaryotic models. Various human PI4P 5-kinases, in addition to 

localizing to the plasma membrane, could also be observed in the nucleus. The isoforms 

HsPIP5K1α, HsPIP5K2α and HsPIP5K2β could be observed in nuclear speckles in human 

lung fibroblasts (Boronenkov et al., 1998). Barlow and coworkers observed that HsPIP5K1α 

and PtdIns(4,5)P2 colocalize with components of the mRNA processing machinery in 

sub-compartments in the nucleus of lung fibroblasts (Barlow et al., 2010). Nuclear localization 

of HsPIP5K2β was also observed in HeLa cells (Ciruela et al., 2000). It was shown that 



Introduction 

 

11 
 

PtdIns(4,5)P2 binds to the upstream binding factor (UBF) of RNA polymerase I (Pol I) and the 

pre-ribosomal RNA processing factor fibrillarin (Fib) and thus induces a conformational 

change, affecting binding to ribosomal RNA (rRNA) genes or rRNA (Yildirim et al., 2013). In 

mammalian cells, PtdIns(4,5)P2 has been shown to regulate the functionality of the Star-PAP 

poly(A) polymerase, thereby affecting mRNA-3′ processing and mRNA expression (Mellman 

et al., 2008). Recently, subnuclear structures composed of PtdIns(4,5)P2 and nuclear myosin 1 

have been shown to contribute to the organization of Pol II transcriptional complexes (Sobol 

et al., 2018). These specialized structures were named nuclear lipid islands (NLIs) by the 

authors and appear to play a role in the efficient transcription of RNA Pol II (Sobol et al., 2018). 

The data from mammalian and other non-plant models indicate numerous potential roles for 

PIs in the nucleus. However, the reports from these systems cannot immediately be applied to 

plants, because a number of structures have no immediate counterparts in plants. 

Nonetheless, studies from the plant field also provide evidence for functional roles of 

PI4P 5-kinases and PIs in plant nuclei. One study showed that the Arabidopsis homolog of 

trithorax, ATX1, a histone methyltransferase (Alvarez-Venegas et al., 2003), selectively binds 

to PtdIns5P through its PHD finger, leading to translocation of ATX1 from the nucleus to the 

cytoplasm and reduction of ATX1 transcriptional activity (Alvarez-Venegas et al., 2006; 

Ndamukong et al., 2010). More recently, it was shown that a PIP5K1/PIP5K2 homolog from 

rice (OsPIP5K1) interacts with the growth-regulating homeodomain transcription factors DWT1 

and DWL2, which are homologs of the intermediate class of wuschel related homeobox (WOX) 

transcription factors from Arabidopsis (Fang et al., 2020). This unexpected interaction was 

observed in the nucleus and the results suggest that the interaction of OsPIP5K1 and WOX is 

essential for the regulation of coordinated growth in rice (Fang et al., 2020). So far, the 

molecular mechanism by which OsPIP5K1 and PtdIns(4,5)P2 might influence DWT1 and 

DWL2 function are unclear. WOX11 from rice, a family member of DWT1 and DWL2, was 

proposed to recruit a histone acetylation module to root-specific target genes involved in 

diverse processes, including auxin transport, auxin responses, transcription, cell cycle 

regulation and plant meristem development (Zhou et al., 2017). 

The data available suggest a role of nuclear PIs in the control of transcription, possibly related 

to the recruitment of transcription factors and/or an effect on histone modification, and possibly 

a link to auxin biology. As key findings of this thesis revolve around the association of 

PI-kinases and PIs with the machinery of histone modification, the following paragraph will 

provide a brief introduction to this important topic. 

 

1.6. Histone modification and the control of gene activation 

In eukaryotes, DNA is wrapped around a histone protein core and thus packaged, protected 

and regulated. DNA condensed in nucleosomes is called chromatin and histones represent 
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the protein component of chromatin. Core histones can be modified by posttranslational 

modifications at presented lysine (or arginine) residues at the N-terminus, called the histone 

tail (Millar and Grunstein, 2006; Kouzarides, 2007; Berger, 2007; Earley et al., 2007; Zhang et 

al., 2007). The histone tail stands out from the nucleosome, which is consisting of dimers of 

histones H2A, H2B, H3 and H4 each, that together form an octamer (Luger et al., 1997; Millar 

and Grunstein, 2006; Kouzarides, 2007; Zhang et al., 2007). Various post-translational 

modifications of different histones generate a complex combinatorial code that controls 

different nuclear functions, e.g. gene expression. The large number of posttranslational 

modifications at histones is introduced and removed by a variety of enzymes. Histone 

modifications inserted by various enzymes include phosphorylation at serine or threonine 

residues, ubiquitylation and SUMOylation of lysines, and of course methylation at lysine or 

arginine and acetylation and deacetylation of lysines. Introduced methyl- or acetyl groups at 

the N-termini of core histones can recruit further histone modifiers and/or have effects on 

chromatin structure and thus on gene expression (Kouzarides, 2007; Zhang et al., 2007; 

Falkenberg and Johnstone, 2014). The enzymes and proteins that mediate the introduction, 

removal, and reading of the histone code are therefore called writer, eraser, and reader 

enzymes. (Fig. 1.5) (Falkenberg and Johnstone, 2014).  

 

 

Fig. 1.5: Different enzymes are involved in epigenetic control. Epigenetic writers, readers and 

erasers together regulate epigenetic control dynamically. Writers introduce histone modifications, which 

can be recognized by readers that can mediate further modifications either by writers or erasers. By this 

interplay, gene activation status is controlled and gene expression can be influenced. The figure was 

modified from (Falkenberg and Johnstone, 2014). 

 

Epigenetic “writers” are enzymes that insert covalent histone modifications, such as 

methylations or acetylations, with the nuclear consequences as already mentioned above 
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(Kouzarides, 2007; Servet et al., 2010; Falkenberg and Johnstone, 2014; Marmorstein and 

Zhou, 2014). Typical targets are lysine residues at the N-termini mainly of histones H3 and H4 

(Berger, 2007; Earley et al., 2007; Zhang et al., 2007; Servet et al., 2010). Epigenetic “readers” 

can bind to these histone modifications and promote further modifications by recruitment of 

further histone-modifying enzymes, either introducing new modifications or removing existing 

modifications (Strahl and Allis, 2000; Pena et al., 2006; Soliman and Riabowol, 2007; Taverna 

et al., 2007; Pena et al., 2008; Josling et al., 2012; Patel and Wang, 2013; Falkenberg and 

Johnstone, 2014; Marmorstein and Zhou, 2014; Liu and Min, 2016). Epigenetic “erasers”, like 

histone deacetylases or histone demethylases, can remove epigenetic modifications (Berger, 

2007; Kouzarides, 2007; Falkenberg and Johnstone, 2014). The interplay of these operating 

enzymes dynamically controls the gene activation status of specific not constitutively active 

gene targets (Berger, 2007; Falkenberg and Johnstone, 2014). 

Histone sequences and histone codes are highly but not completely conserved between 

different species (Fuchs et al., 2006; Zhang et al., 2007). In general, at some specific histone 

residues methylation leads to a more condensed heterochromatin structure and has a 

repressive effect (Millar and Grunstein, 2006; Berger, 2007; Zhang et al., 2007), whereas other 

methylated residues lead to an opening of the chromatin structure and thus promote the 

formation of euchromatin areas (Millar and Grunstein, 2006; Berger, 2007; Servet et al., 2010). 

By covalent addition of an acetyl group to lysine residues of the histone tails, various nuclear 

processes can be influenced. Histone acetylation can lead to altered chromatin structure, 

regulation of cell cycle, DNA repair mechanisms, DNA replication, and most importantly, 

transcription and gene silencing (Millar and Grunstein, 2006; Berger, 2007; Kouzarides, 2007; 

Zhang et al., 2007). The addition of acetyl groups, especially in histones H3 and H4, is 

catalyzed by histone acetyltransferases (HATs), the removal of acetylation is catalyzed by 

histone deacetylases (HDACs). In transcriptional regulation, acetylation usually leads to 

opening of the condensed chromatin structure and thus to gene transcription activation (Millar 

and Grunstein, 2006; Berger, 2007; Kouzarides, 2007; Zhang et al., 2007; Servet et al., 2010).  

Methylation at lysine residues (K) of histones H3 and H4 are well-studied in plants (Cheng et 

al., 2020). Lysine residues K4, K9, K23 (Trejo-Arellano et al., 2017), K27, K36, and K79 of 

histone H3 and residue K20 of histone H4 can be mono-, di-, and/or trimethylated by histone 

lysine methyltransferases (Cheng et al., 2020). In most cases, these are histone lysine 

methyltransferases of the Su(var)3-9, Enhancer of zeste, Trithorax (SET) domain group 

(SDG), which carry a SET domain firstly described in Drosophila (Yeates, 2002; Dillon et al., 

2005; Qian and Zhou, 2006). Relatively well-studied plant histone methylators that remove 

these methylations again include demethylase 1 homologs and Jumonji proteins (Liu et al., 

2010; Xiao et al., 2016). Proteins with chromo, Tudor, MBT, WD40, PHD, and PWWP domains 

are considered "reader" proteins of histone methylation (Yun et al., 2011; Liu and Min, 2016). 
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"Reading" histone methylation usually results in transcriptional adaptation and thus changes 

in gene expression patterns. Di- or trimethylation of N-terminal histone H3 lysine 4 

(H3K4me2/H3K4me3) is a typical target for epigenetic readers that recruit activating effector 

proteins (Pena et al., 2006; Berger, 2007; Pena et al., 2008; Yun et al., 2011; Liu and Min, 

2016). Typical acetylation or deacetylation targets of histones in Arabidopsis are N-terminal 

lysine residues K9, K14, K18, K23 and K27 of histone H3 or lysine residues K5, K8, K12, K16 

and K20 of histone H4 (Earley et al., 2007; Kouzarides, 2007; Zhang et al., 2007; Servet et al., 

2010). 

Histone acetylation generally activates transcription because the introduction of the negatively 

charged acetyl group loosens the chromatin structure (Shahbazian and Grunstein, 2007). Two 

groups of HATs are distinguished, those localized in the nucleus (A-type) and those localized 

in the cytoplasm (B-type) (Brownell and Allis, 1996; Roth et al., 2001; Boycheva et al., 2014). 

The HATs belonging to the nuclear-localized group are classified in the different HAT families, 

namely the GCN5-related N-terminal acetyltransferases (GNAT), the MOZ, Ybf2/Sas3, Sas2 

and Tip60-related, briefly also called MYST, the p300/CREB-binding protein (CBP) and the 

TATA-binding protein-associated factor (TAF1) (Servet et al., 2010; Boycheva et al., 2014; 

Rymen et al., 2019). In Arabidopsis, three enzymes belong to the GNAT family, including 

general control non-repressible 5 (GCN5, or called HAG1), elongator complex protein 3 (ELP3) 

and HAG2. The MYST family includes two members, HAG4/HAM1 and HAG5/HAM2. The 

p300/CBP family includes five enzymes, HAC1, HAC2, HAC4, HAC5 and HAC12 and the 

TAF1 family has two members HAF1 and HAF2/TAF1 (Servet et al., 2010; Boycheva et al., 

2014; Jiang et al., 2020). Proteins with bromodomains are considered "reader" proteins of 

histone acetylation marks (Dhalluin et al., 1999; Berger, 2007; Servet et al., 2010; Marmorstein 

and Zhou, 2014). The binding of proteins with bromodomain to acetylated histones can trigger 

a variety of responses, e.g. acetylation of further histone residues or histones, remodeling of 

chromatin, and recruitment of other proteins/factors such as transcriptional 

activators/transcription factors. Thus, reading of this histone acetylation plays a crucial role in 

the regulation of transcription (Josling et al., 2012). 

 

1.7. The histone acetyltransferase GCN5 

GCN5 is one of the best-studied HATs in eukaryotes and is of critical importance in 

transcription regulation during stress responses but also during development (Gan et al., 

2021). HATs are mostly part of large multiprotein complexes, as GCN5 is part of the Spt-Ada-

GCN5-acetyltransferase (SAGA)-transcriptional co-activator complex (Grant et al., 1997; Lee 

and Workman, 2007; Servet et al., 2010; Strahl and Briggs, 2021; Gan et al., 2021). GCN5 

activity is enhanced by other factors of the SAGA complex and, in general, protein complexes 

can also influence the substrate specificity of HATs. The multiprotein complexes are recruited 
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by protein-protein interactions to target sequences in the genome (Gan et al., 2021). Thus, 

both HATs, such as GCN5, and HDACs can either activate or repress gene expression through 

their activity at histones of specific promoters (Millar and Grunstein, 2006; Berger, 2007; Li et 

al., 2007). 

The histone-modifying enzyme complex SAGA executes a highly conserved function in yeast, 

mammals, and plants (Srivastava et al., 2015; Moraga and Aquea, 2015). Studies in 

Tetrahymena and yeast led to the discovery of the SAGA complex (Brownell et al., 1996; Grant 

et al., 1997). In yeast, the SAGA complex is involved in many processes all targeting gene 

expression control whereby it can act in a multifunctional role due to its modular composition 

(Wu et al., 2004; Moraga and Aquea, 2015). As listed by Moraga and Aquea (Moraga and 

Aquea, 2015), yeast SAGA complex is involved in histone acetylation (Grant et al., 1997), 

histone deubiquitination (Henry et al., 2003; Daniel et al., 2004), mRNA export (Rodríguez-

Navarro et al., 2004), transcription elongation (Govind et al., 2007), chromatin recognition 

(Pray-Grant et al., 2005), and regulation of the basal transcription machinery (Sterner et al., 

1999). 

Proteins belonging to the multiprotein complex are divided into modules with different functions 

and enzymatic activities (Koutelou et al., 2010; Moraga and Aquea, 2015; Vlachonasios et al., 

2021). The four Arabidopsis SAGA modules are the core module consisting of TAF5, TAF6, 

TAF9, TAF10, TAF12, SPT3-like, SPT7, SPT20 and ADA1. The Arabidopsis SPT3-homolog 

within the core module interacts at active transcription sites with the TATA-binding protein 

(TBP) (Papai et al., 2020). The core module is connected to the TRA1 module by interaction 

of transcription-associated protein 1 (TRA1) with TAF12/Spt20. Interestingly, TRA1 is a 

member of the PI 3-kinase-like kinases (PIKK family) with three identified domains: HEAT, FAT 

and PI-kinase domain but seems to be catalytically inactive (Grant et al., 1998; Sharov et al., 

2017). Both, the deubiquitination (DUB)-module consisting of UBP22, SGF11 and ENY2 

(SGF73 is not present in Arabidopsis) and the histone acetyltransferase module (HAT module) 

comprising the proteins ADA2, ADA3, GCN5 and SGF29 are flexibly associated with the core 

module (Fig. 1.6) (Pfab et al., 2018; Nassrallah et al., 2018; Grasser et al., 2021; Vlachonasios 

et al., 2021; Wu et al., 2021). The histone acetylation activity of the HAT module of the SAGA 

complex is catalyzed by GCN5 (Grant et al., 1997; Stockinger et al., 2001; Servet et al., 2010; 

Srivastava et al., 2015; Moraga and Aquea, 2015; Grasser et al., 2021; Gan et al., 2021). 

GCN5 acetylates histone H3 at positions K9, K14, K18 and K27 (Benhamed et al., 2006; Zhang 

et al., 2007; Servet et al., 2010; Shen et al., 2015). ADA2A and ADA2B, components of HAT 

modules in Arabidopsis, are the only proteins beside histones that have been described to be 

acetylated by GCN5 (Mao et al., 2006). 

SAGA, and in particular the functionality of ADA2B/GCN5, has been shown to play an 

important role in the different developmental stages of Arabidopsis. Also, in relation to abiotic 
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stress conditions (Srivastava et al., 2015; Moraga and Aquea, 2015), such as in the response 

to drought (Hark et al., 2009; Vlachonasios et al., 2011; Sakuraba et al., 2015; Li et al., 2019), 

salinity (Hark et al., 2009; Kaldis et al., 2011), heat (Hu et al., 2015) and cold stress (Stockinger 

et al., 2001; Vlachonasios et al., 2003) or nutrient deficiency (Xing et al., 2015). The 

subsequent adapted gene regulation is GCN5- or SAGA-dependent. In addition, GCN5 is 

involved in the transcriptional responses of several phytohormone pathways, such as ethylene, 

auxin and salicylic acid, and thus plays various roles during the plant life cycle (Weiste and 

Dröge-Laser, 2014; Grasser et al., 2021; Gan et al., 2021). Many of these signaling pathways 

that require GCN5 activity intertwine coordination of physiological processes and 

developmental stages (Grasser et al., 2021; Gan et al., 2021). 

 

 

Fig. 1.6: The composition of the plant SAGA complex. The four SAGA modules, core module, TRA1 

module, HAT module, and the DUB module are shown here. The arrangement and representation of 

the subunits is derived from the recently solved structure from yeast (Wang et al., 2020; Papai et al., 

2020) and was adapted from data from Arabidopsis, which see the structure described here confirmed 

by co-purifications of the different proteins and modules (Pfab et al., 2018; Nassrallah et al., 2018). 

Figure from (Grasser et al., 2021). 

 

In addition to the acetyltransferase domain (amino acid (aa) 222 – 371), GCN5 contains a 

bromodomain (aa 472 – 543) at its C-terminus (Fig. 1.7), which recruits GCN5 to already 

acetylated lysine residues. GCN5 is thus both writer and reader of the histone code. (Dhalluin 

et al., 1999; Berger, 2007; Servet et al., 2010). In chromatin immunoprecipitation experiments, 

GCN5 could be detected bound to 40 % of the identified promoter regions, but the 

bromodomain of GCN5 was required for only 11 % of the GCN5 targets (Benhamed et al., 

2008).  
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Fig. 1.7: Domain structure of GCN5. GCN5 contains two defined protein domains. The histone 

acetyltransferase (HAT) domain (aa 222 – 371) and the bromodomain (BD) (aa 472 – 543). 

 

GCN5 has previously been shown to interact with ADA2A (AT3G07740) and ADA2B 

(AT4G16420) (Stockinger et al., 2001; Mao et al., 2006; Servet et al., 2008). The interaction 

between ADA2A or ADA2B and GCN5 leads to an enhancement of the HAT activity of GCN5 

(Mao et al., 2006). Different roles for ADA2A and ADA2B are discussed because expression 

of ADA2A under a constitutive promotor cannot complement an ada2b mutant (Hark et al., 

2009). ADA2A and ADA2B are likely components of different HAT modules with specific target 

sites and could independently recruit GCN5 to the appropriate context (Hark et al., 2009; 

Anzola et al., 2010; Servet et al., 2010).  

 

1.8. Physiological roles of GCN5 in phytohormone signaling and the control of 

growth 

Previous studies have linked GCN5 HAT activity to phytohormone signaling pathways, such 

as ethylene signaling (Poulios and Vlachonasios, 2016; Gan et al., 2021), salicylic acid 

signaling (Kim et al., 2020; Gan et al., 2021) and auxin signaling (Vlachonasios et al., 2003; 

Kornet and Scheres, 2009; Weiste and Dröge-Laser, 2014; Gan et al., 2021). 

The phenotype of Arabidopsis gcn5-1 mutants was described as comparable to plants with 

reduced auxin response, displaying short hypocotyls, upcurled leaves, reduced apical 

dominance and dwarf phenotype (Vlachonasios et al., 2003). ada2 mutants also showed 

evidence of impaired auxin response. The Arabidopsis ada2b-1 mutant was compared with 

auxin-overproducing mutants and showed elongated hypocotyls, small and epinastic 

cotyledons, a lower leaf expansion rate, an increased number of lateral roots and overall 

dwarfism (Vlachonasios et al., 2003; Anzola et al., 2010). The observed dwarfism phenotype 

of gcn5 and ada2b mutants is likely based on the fact that both GCN5 and ADA2B exert an 

influence on meristem maintenance (Kornet and Scheres, 2009). Overexpression of 

PLETHORA transcription factor 2 (PLT2) in gcn5 mutants can restore stem cell niche defects 

of gcn5 mutants, suggesting that GCN5 regulates the stem cell niche at the root tip and root 

growth by mediating the expression of PLT1 and PLT2 transcription (Vlachonasios et al., 2003; 

Kornet and Scheres, 2009; Servet et al., 2010). Thus, GCN5 together with ADA2B can 

increase the transcript abundance of PLT1 and PLT2 in the roots, regulating cell division in the 

meristem and cell expansion of stem cells, whereby ADA2B is not involved in stem cell 

maintenance. Expression regulation of PLETHORA transcription factors by GCN5 and ADA2B 

to maintain the root stem cell niche is a process that is also directly linked to auxin distribution 

(Kornet and Scheres, 2009). Also suggestive of a role of GCN5 in meristem maintenance is 

GCN5

HAT BD
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the discovery that in rice ADA2B interacts with a plant homeodomain transcription factor of the 

WUSCHEL (WUS) family, a WOX11-like transcription factor, and possibly ADA2B 

subsequently recruits GCN5 to the context of WOX regulated genes (Zhou et al., 2017). In 

addition to evidence for root meristem regulations, there is also evidence that GCN5 is required 

for the maintenance of the shoot apical meristem as a negative regulator of WUS (Bertrand et 

al., 2003; Cohen et al., 2009; Poulios and Vlachonasios, 2016). 

Transcription of PLETHORA genes depends on auxin response transcription factors (ARFs) 

(Aida et al., 2004) and PLETHORA expression therefore forms a gradient within the root tip 

that is comparable to that of auxin (Galinha et al., 2007; Grieneisen et al., 2007). In response 

or in combination with a phytohormone stimulus, such as auxin, transcription factors of the 

basic leucine zipper (bZIP) family, e.g. bZIP11, interact with ADA2B to recruit the histone 

acetylation machinery to specific auxin-responsive genes (Weiste and Dröge-Laser, 2014). 

Weiste and Dröge-Laser proposed a model which explains recruitment of GCN5 to 

auxin-inducible gene loci by the example of GH3.3 (Fig. 1.8).  

 

 

Fig. 1.8: Increasing auxin levels induce GCN5-regulated transcription. Weiste and Dröge-Laser 

proposed a model that explains how increasing auxin levels lead to GCN5-mediated histone acetylation, 

which promotes gene expression of auxin-responsive genes. AC, acetylation, ADA2B, transcriptional 

adaptor ADA2B; ARF, auxin response transcription factor; Aux/IAA, Aux/IAA repressor protein; AuxRE, 

auxin-responsive element; bZIP, bZIP transcription factor; GRE, G-box-related element; HAT, histone 

acetyltransferase GCN5; HDAC, histone deacetylase; Pol II, RNA polymerase; TPL, TOPLESS protein; 

X, unknown protein. The figure was adopted from (Weiste and Dröge-Laser, 2014). 

 

At low auxin levels, Aux/IAA repressor proteins inhibit the expression of auxin-induced genes. 

In addition, the transcriptional corepressor TOPLESS (TPL) recruits histone deacetylases 
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which provide tightly packed inactive chromatin by deacetylating histones. As auxin levels 

increase, Aux/IAA repressors are polyubiquitinated by the SCF/TIR1 complex and degraded 

by the 26S proteasome. Auxin-responsive element (AuxRE)-binding transcription factors and 

ARFs mediate gene expression of auxin-dependent genes. In previous studies, in addition to 

auxin-responsive elements (AuxREs), G-box-related elements (GREs) have been found in 

promoters of auxin-inducible genes, such as GH3.3 (Ulmasov et al., 1995; Heinekamp et al., 

2004). To these GREs, bZIP transcription factors can bind. Weiste and Dröge Laser have 

shown that certain bZIPs that bind to such GRE elements within auxin-inducible promoters, 

interact with ADA2, thereby recruiting the ADA2/GCN5-HAT module (possibly SAGA complex). 

GCN5/HAT module activity increases histone acetylation in the promoter region, thereby 

enhancing auxin-induced transcription through chromatin restructuring (Weiste and Dröge-

Laser, 2014). 

Histone acetylation, as a molecular tool to control dynamic gene expression in response to 

various stresses or phytohormone signals, depends on several factors and is adapted to the 

particular developmental or stress-dependent response through the interplay of different 

signaling pathways and components. It seems likely that not all molecular factors of these 

detailed regulatory mechanisms are known yet. 

One indication that there are PIs among the unknown players in histone modification was that 

increased PtdIns(4,5)P2 levels through overexpression of a human HsPIP5K1α in tobacco cells 

had an effect on histone acetylation (Dieck et al., 2012). While this reported experiment is 

clearly artificial and no effects on gene expression were tested, it still suggests that PIs may 

have a function in epigenetic regulation of gene expression. So far, it has not been investigated 

in plants whether PIs and/or plant PI-kinases might contribute to histone modification and thus 

to transcriptional control. Also, no molecular targets for PI-dependent effects on histone 

modification have yet been identified in plants, and it is fully unclear what the physiological 

consequences of such modifications might be. 

  



Introduction 

 

20 
 

1.9. Aims of this thesis 

The overall aim of this thesis was to determine whether and how nuclear PIs might contribute 

to the control of histone modification and gene expression in plants. The initial experimental 

setup was chosen to help define the subsequent direction of experimental analyses. Based on 

the hypothesis that PIP5K1 and/or PIP5K2 were part of a nuclear protein complex involved in 

histone modification, it was attempted to provide evidence for or against this hypothesis and 

to determine molecular details: 

 

• The first goal was to test whether the increased or decreased expression of the intrinsic 

nuclear Arabidopsis PI4P 5-kinases PIP5K1 and PIP5K2 would result in a change in 

the histone acetylation status of Arabidopsis plants. 

• To elucidate the molecular mechanism by which histone modification was influenced, 

a second goal was to determine relevant protein-protein and protein-lipid interactions 

of PIP5K1/PIP5K2 and enzymes mediating histone modification. 

• A third important goal was to determine whether misexpression of PIP5K1 and/or 

PIP5K2 would influence auxin-regulated gene expression and to clarify the underlying 

molecular mechanism. 

• A fourth goal was to test for potential direct effects of PIs on enzymes of histone 

modification by using in vitro activity tests with recombinant proteins. 

• A last goal was to also investigate the contribution of VPS34 and PtdIns3P in the control 

of histone modification and gene expression. 
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 Results 

At the beginning of this work it was known that PIs (Bunney et al., 2000; Gerth et al., 2017a) 

and PI4P 5-kinases (Lou et al., 2007; Ischebeck et al., 2011, 2013; Tejos et al., 2014) are 

detectable in the plant nucleus in addition to the better-studied cytoplasmic and plasma 

membrane localization. For PIP5K2 from Arabidopsis, an NLS was identified and 

characterized, also indicating a targeted and active nuclear import of this enzyme (Gerth et al., 

2017a). However, to date, there have been no studies on the molecular functions of PIs and 

the corresponding PI-forming enzymes in plant nuclei. While artificial overexpression of 

HsPIP5K1α in tobacco cells previously resulted in a reduced pattern in histone H3 lysine 9 

acetylation (H3K9ac) (Dieck et al., 2012), it remained unclear whether this effect was 

physiologically relevant and impacted on plant gene expression or whether it was an accidental 

consequence of expressing the human enzyme in a plant cell culture. Similarly, the Arabidopsis 

PI 3-kinase VPS34 had previously been detected in the nucleus of plant cells, in addition to its 

localization in endomembranes (Bunney et al., 2000). VPS34 localizes to sites of active 

transcription, and a role for PI 3-kinase and PtdIns3P in transcriptional control has been 

proposed that has remained undefined for two decades. While these reports suggest that PIs 

may influence relevant physiological processes in the nucleus of plant cells, so far there was 

little focused information on the molecular roles of nuclear PIs. 

Therefore, this thesis further explored possible effects of Arabidopsis PI-kinases and PIs on 

nuclear functions, with a focus on histone modification and the epigenetic regulation of gene 

expression. 

 

2.1. Histone H3 acetylation is influenced in Arabidopsis by expression level of 

the intrinsic PI4P 5-kinases PIP5K1 and PIP5K2 

To test whether misexpression of the Arabidopsis intrinsic PI4P 5-kinases PIP5K1 or PIP5K2 

resulted in changed histone acetylation patterns, the acetylation levels at histone H3 were 

examined in Arabidopsis pip5k1 pip5k2 double mutants (Ischebeck et al., 2013; Tejos et al., 

2014) and in PIP5K2-EYFP overexpression (OE) plants (Gerth et al., 2017a) (Fig. 2.1, 

genotyping in appendix Fig. 6.1). 
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Fig. 2.1: Histone H3 acetylation levels of pip5k1 pip5k2 double mutant and PIP5K2-EYFP OE 

lines. Histone H3 acetylation was assessed by immunodetection. Protein extracts were resolved by 

SDS-PAGE, blotted on a nitrocellulose membrane and analyzed with antibodies against histone H3 as 

control and acetylated histone H3 antibodies, αH3K9ac and αH3K14ac. Chemiluminescent signals were 

recorded using an ECL detection system. The expected size of histone H3 was 15.3 kDa. 

A, Immunodetection of histone H3 acetylation levels, H3K9ac and H3K14ac, of pip5k1 pip5k2 double 

mutant in comparison to Col-0. B, Quantification of H3K9ac and H3K14ac normalized against 

histone H3. The intensity of the detected protein bands in A was measured with ImageJ/Fiji (Schindelin 

et al., 2012). Data are representative for n = 4 with two biological replicates for H3K9ac and n = 2 with 

two biological replicates for H3K14ac. Bars represent means, error bars represent standard deviations. 

C, Immunodetection of histone H3 acetylation levels, H3K9ac and H3K14ac, of PIP5K2-EYFP OE lines 

L2 and L5. D, Quantification of H3K9ac and H3K14ac normalized against histone H3. The intensity of 
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the detected protein bands in C was measured with ImageJ/Fiji (Schindelin et al., 2012). Analysis was 

performed n = 1 with two biological replicates of each line. Bars represent means, error bars represent 

standard deviations. 

 

Nuclei were isolated from Col-0 and pip5k1 pip5k2 Arabidopsis leaf rosettes and the levels of 

histone H3 acetylated at lysine residue 9 (H3K9) and at lysine residue 14 (H3K14) were 

investigated by immunodetection in comparison to total histone H3. The specific acetylation 

was tested with antisera against histone H3, against acetylated lysine residue 9 of histone H3 

(H3K9ac) or against acetylated lysine residue 14 of histone H3 (H3K14ac) epitopes, 

respectively (Fig. 2.1 A). The specificity of the antisera was tested with histone H3 protein and 

various acetylated or methylated histone H3 peptides in separate assays (appendix Fig. 6.2). 

The degree of H3K9ac and H3K14ac was increased in the pip5k1 pip5k2 double mutant in 

comparison to the Col-0 wild type control (Fig. 2.1 A and B), as indicated by the ratio of the 

respective detected acetylated histones vs. the total detected histone (Fig. 2.1 B). By contrast, 

an opposite effect on histone acetylation was observed for histones isolated from the 

PIP5K2-EYFP OE lines (L2 and L5). Overexpression of intrinsic PIP5K2-EYFP resulted in a 

decrease in acetylation of H3K9 and H3K14 in the lines studied, whereas histone H3 levels 

were comparable in all plant samples examined (Fig. 2.1 C). This observation was confirmed 

by determining the histone H3 to H3K9ac and histone H3 to H3K14ac ratios, respectively 

(Fig. 2.1 D). H3K9ac and H3K14ac levels were found to be decreased in PIP5K2-EYFP OE 

lines L2 and L5 compared with the Col-0 wild type. These observations confirm the previously 

described effects of overexpressed HsPIP5K1α in tobacco cells (Dieck et al., 2012) and 

illustrate that in Arabidopsis, histone H3 acetylation can be positively or negatively modulated 

by changed production of PtdIns(4,5)P2 by changed intrinsic expression levels of 

PI4P 5-kinases. 

A relationship of PIP5K2 to histone H3 has been shown previously where histone H3 was 

found to be an interaction partner for PIP5K2 in an undirected yeast-two-hybrid (YTH) screen 

with a pollen tube cDNA library as prey (unpublished data, AG M. Heilmann). In the present 

study, it was additionally confirmed in dot-blot experiments that recombinantly expressed 

MBP-PIP5K1 and MBP-PIP5K2 can bind to recombinant histone H3 protein and histone H3 

from calf thymus (see appendix Fig. 6.3). 

 

2.2. PIP5K1 and PIP5K2 interact with the histone acetyltransferase GCN5 

In view of the findings that altered expression of PI4P 5-kinases affected the acetylation of 

histone H3 and that PIP5K1 and PIP5K2 also bound to histone H3 themselves, PIP5K1 and 

PIP5K2 were tested in vivo for protein-protein interaction with various well-characterized and 

ubiquitously expressed histone-modifying enzymes (Fig. 2.2) (Servet et al., 2010; Espinosa-

Cores et al., 2020; Jiang et al., 2020). 
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Fig. 2.2: PIP5K1 and PIP5K2 interact with the histone acetyltransferase GCN5. The interaction of 

PIP5K1 and PIP5K2 with various histone-modifying enzymes was tested by split-ubiquitin-based YTH 

analysis in S. cerevisiae strain NMY51 and by in vitro immuno pull-down analysis. A, B, Split-ubiquitin-

based YTH analysis of OST4 fusions as bait. pAI-Alg5 and pDL2-Alg5 vectors were used as positive or 

negative controls. Uniform growth on -LW media (without leucine and tryptophane) indicates equal cell 

densities and the presence of the respective vectors. Interaction is indicated by growth under selective 

conditions on -LWH media (without leucine, tryptophane and histidine). A, Split-ubiquitin-based YTH of 

PIP5K1 and PIP5K2 (bait) with GCN5, HAM2, HDAC6, HDAC19 and SWC4 (prey). Yeast colonies were 

grown at 30°C for four days. A representative result of three replicates with five independent colonies of 

each combination is shown. B, Split-ubiquitin-based YTH of PIP5K1, PIP5K2, PIP5K6 and PIP5K9 (bait) 

with GCN5 and ADA2B (prey). Yeast colonies were grown at 30°C for three days (seven days for tests 
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with PIP5K9). n = 3 (PIP5K6, PIP5K9) or n = 8 (PIP5K1, PIP5K2) with five independent colonies of each 

combination. C, In vitro immuno pull-down of PIP5K1, PIP5K2 and PIP5K6 with GCN5. Recombinantly 

expressed GST, GST-GCN5 were immobilized on glutathione agarose and incubated with recombinant 

MBP-tagged PIP5K1, PIP5K2 and PIP5K6 (expression lysate). Bound protein was co-eluted with 50 mM 

reduced L-glutathione and interacting MBP-tagged proteins were analyzed by immunodetection using 

an αMBP antibody. Input GST-tagged protein was detected by an αGST antibody. Chemiluminescence 

signals were recorded with an ECL detection system. Pull-downs were performed in quadruple versions 

with PIP5K1, in triplicates with PIP5K2 and twice with PIP5K6. GCN5, general control non-repressible 5, 

a histone acetyltransferase of the GNAT family 1; GST, glutathione S-transferase; HAM2, histone 

acetyltransferase of the MYST family 2; HDAC6, histone deacetylase 6; HDAC19, histone 

deacetylase 19; MBP, maltose-binding protein; OST4, oligosaccharyltransferase 4; SWC4, 

SWR1-complex protein 4. 

 

The following candidate enzymes were selected for the analysis: the HAT GCN5 (AT3G54610, 

general control non-repressible 5), HAM2 (AT5G09740, a histone acetyltransferase of the 

MYST family 2), HDAC6 (AT5G63110, a histone deacetylase of the RPD3/HDA1 family), 

HDAC19 (AT4G38130, or AtHD1, a histone deacetylase of the RPD3/HDA1 family) and SWC4 

(AT2G47210, a DNA-binding protein recruiting the histone-modifying SWR1-complex) (Servet 

et al., 2010; Espinosa-Cores et al., 2020; Jiang et al., 2020). PIP5K1 and PIP5K2 (bait) were 

tested for interaction with the candidate proteins in split-ubiquitin-based YTH studies where 

the bait proteins were attached to the endoplasmic reticulum (ER) by fusion to an 

oligosaccharyltransferase 4 (OST4) anchor (Fig. 2.2 A). Positive protein-protein interaction 

was found for GCN5 with both PIP5K1 and PIP5K2 (Fig. 2.2 A). The YTH experiments shown 

in Fig. 2.2 B indicate interaction of GCN5 additionally with the ubiquitously expressed but 

functionally divergent PI4P 5-kinase PIP5K6 (Zhao et al., 2010; Stenzel et al., 2012; Hempel 

et al., 2017; Menzel et al., 2019; Fratini et al., 2021), but not with the nuclear-localized 

PI4P 5-kinase isoform PIP5K9 (Lou et al., 2007). As GCN5 is part of the HAT module of the 

SAGA complex and does interact with the transcriptional adaptor 2B, ADA2B (AT4G16420) 

(Stockinger et al., 2001; Mao et al., 2006; Servet et al., 2008), interactions of PIP5K1, PIP5K2, 

PIP5K6, and PIP5K9 with ADA2B were also tested (Fig. 2.2 B). The GCN5-ADA2B interaction 

served as a positive control (appendix Fig. 6.4); however, the four PI4P-5 kinases tested 

showed no interaction with ADA2B (Fig. 2.2 B). 

These positive protein-protein interactions of PIP5K1, PIP5K2 and PIP5K6 with GCN5 were 

verified in in vitro immuno pull-down experiments (Fig. 2.2 C). Recombinant GST-tagged 

GCN5 was immobilized to a glutathione agarose matrix and incubated together with the 

different expression lysates including the respective MBP-tagged PI4P 5-kinases. 

MBP-PIP5K1, MBP-PIP5K2 and MBP-PIP5K6 were co-eluted with GST-GCN5 protein, 

indicating protein-protein interaction (Fig. 2.2 C) and verifying the results from the YTH 

analysis. Together, the data indicate interaction of PIP5K1 and PIP5K2 with the HAT GCN5. 
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2.2.1. Arabidopsis PIP5K1 and PIP5K2 and GCN5 interact with ING1 and ING2 

To further confirm the association of PI4P 5-kinases PIP5K1 and PIP5K2 with the nuclear HAT 

complex, PIP5K1 and PIP5K2 were tested for interaction with known HAT complex recruiting 

proteins. Inhibitor of growth (ING) is an epigenetic reader recognizing trimethylated histones 

and recruiting HATs to mediate further acetylation of the histone substrates (Vieyra et al., 2002; 

Pena et al., 2006; Soliman and Riabowol, 2007). From the mammalian field of research it is 

known that mammalian ING proteins bind to PIs (Gozani et al., 2003) and require this 

interaction for their function (Bunce et al., 2006a, 2006b; Soliman and Riabowol, 2007). The 

two ING isoforms of Arabidopsis, ING1 (AT3G24010) and ING2 (AT1G54390), are also 

localized in the nucleus and, like mammalian INGs, bind to di- or trimethylated histone H3 

lysine 4 (H3K4me2/H3K4me3) via their plant PHD fingers (Lee et al., 2009). Furthermore, the 

PHD finger of ING2 binds to PIs in vitro (Alvarez-Venegas et al., 2006). In split-ubiquitin-based 

YTH experiments both ING1 and ING2 were tested for protein-protein interaction as baits with 

GCN5 and PIP5K1 and PIP5K2 as prey, respectively (Fig. 2.3 A). 

 

 

Fig. 2.3: GCN5, PIP5K1 and PIP5K2 interact with the epigenetic readers ING1 and ING2 from 

Arabidopsis. The interaction of GCN5, PIP5K1 and PIP5K2 with ING1 and ING2 was tested by 

split-ubiquitin-based YTH analysis and by in vitro immuno pull-down analysis. A, Split-ubiquitin-based 

YTH of GCN5, PIP5K1 and PIP5K2 (bait) with ING1 and ING2 (prey). Yeast colonies were grown at 

30°C for six days. A representative result of three replicates with five independent colonies of each 

combination is shown. OST4 fusions localized interactions to ER membranes. pAI-Alg5 and pDL2-Alg5 
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vectors were used as positive or negative control, respectively. Uniform growth on -LW media (without 

leucine and tryptophane) indicates equal cell densities and the presence of the respective vectors. 

Interaction is indicated by growth under selective conditions on -LWH media (without leucine, 

tryptophane and histidine). *, -LWH medium supplemented with 5 mM 3-amino-1,2,4-triazole (3-AT). 

B, In vitro immuno pull-down of GCN5, PIP5K1 and PIP5K2 with ING1 or ING2. Recombinantly 

expressed GST, GST-ING1 and GST-ING2 were immobilized on glutathione agarose. GST-ING1 and 

GST-ING2 were incubated with recombinant MBP-tagged GCN5 and GST-ING1 was co-incubated with 

either MBP-tagged PIP5K1 or PIP5K2 (expression lysates). Bound protein was co-eluted with 50 mM 

reduced L-glutathione and interacting MBP-tagged proteins were analyzed by immunodetection using 

an αMBP antibody. Input GST-tagged protein was detected by an αGST antibody. Chemiluminescence 

signals were recorded with an ECL detection system. Pull-downs were performed twice with the 

combination GST-ING1/MBP-GCN5; in triplicates with the combination GST-ING2/MBP-GCN5. Pull 

downs with GST-ING1 and MBP-PIP5K1 were performed in quadruple versions and with GST-ING1 

and MBP-PIP5K2 in triplicates. 

 

The YTH analysis indicates that both ING1 and ING2 do interact with GCN5 as well as with 

PIP5K1 and PIP5K2 (Fig. 2.3 A). These interactions were confirmed in in vitro immuno 

pull-down experiments (Fig. 2.3 B). GST-ING1 and GST-ING2 were immobilized to a 

glutathione agarose matrix and incubated with different lysates containing MBP-GCN5 or the 

respective MBP-tagged PI4P 5-kinases. MBP-GCN5, MBP-PIP5K1 and MBP-PIP5K2 were 

co-eluted with GST-ING1 or GST-ING2 protein, indicating protein-protein interaction 

(Fig. 2.3 B) and verifying the results from the YTH analysis. These results support the 

association of PI4P 5-kinases with the nuclear HAT complex. The epigenetic readers ING1 

and ING2 and the HAT GCN5 do not only bind mutually but also to PI4P 5-kinases. 

PI4P 5-kinases or PIs as signaling lipids could be involved in epigenetic regulation and 

chromatin remodeling. The data indicate mutual interactions between PIP5K1 and PIP5K2 with 

GCN5 and with ING proteins as well as between ING proteins and GCN5. It is possible that all 

these components are cooperating in histone modification in the nucleus. 

 

2.3. Overexpression of PIP5K1 or PIP5K2 attenuates GCN5-dependent 

activation of the GH3.3 gene 

GCN5 is known to be involved in the regulation of a variety of different genes, mainly in stress 

responses to abiotic stresses (Moraga and Aquea, 2015) or phytohormone signaling 

(Vlachonasios et al., 2003; Kornet and Scheres, 2009; Weiste and Dröge-Laser, 2014). The 

gene GH3.3 (AT2G23170), an auxin-conjugase of the auxin-responsive GH3 family proteins, 

is regulated by both auxin and GCN5-mediated histone acetylation at GH3.3 gene locus 

(Hagen and Guilfoyle, 2002; Staswick et al., 2005; Park et al., 2007; Weiste and Dröge-Laser, 

2014; Chiu et al., 2018). It was previously described that in the presence of auxin, GH3.3 

transcription is induced whereas the GCN5 inhibitor butyrolactone 3 leads to a reduced 

transcriptional response in the presence of auxin (Weiste and Dröge-Laser, 2014). To test 

whether the GCN5-interactors PIP5K1 and PIP5K2 and their effects on histone acetylation 
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were relevant for regulating gene expression in vivo, we first analyzed the auxin-mediated 

activation of the GCN5-dependent gene GH3.3 in the presence or absence of overexpressed 

PIP5K1 or PIP5K2, respectively. To test this, the experimental setup of Weiste and Dröge-

Laser (Weiste and Dröge-Laser, 2014) was extended by adding the transient overexpression 

of the respective PI4P 5-kinases. Protoplasts as solitary cells are a suitable experimental 

system to study the influence of PI4P 5-kinases on the expression of genes regulated by auxin. 

Cells could be easily manipulated in their PI-kinase expression levels and respond individually 

and uniformly to exogenous auxin treatment, circumventing possible effects of altered auxin 

distribution between plant tissues, such as those reported for the Arabidopsis pip5k1 pip5k2 

double mutant (Ischebeck et al., 2013; Tejos et al., 2014).  

First, time series experiments were performed with untransformed protoplasts to determine at 

what time GH3.3 is most strongly expressed in the experimental setup used. For this purpose, 

protoplasts were incubated for 0.5, 1, 2, 4.25, 16, 18 or 22 h either with 0.25 µM 

1-naphthaleneacetic acid (NAA) or NaOH (mock) both diluted in WI buffer (see 4.26.1) and the 

transcription activation of GH3.3 was analyzed by quantitative real-time RT PCR (qPCR) 

(appendix Fig. 6.5). The results showed that GH3.3 transcription increased for up to 18 h after 

treatment with NAA (appendix Fig. 6.5). The following experiments were performed with a 

NAA/mock incubation time of 14 h. 

Protoplasts transiently expressing an EYFP control, PIP5K1-EYFP, PIP5K2-EYFP, the 

catalytically inactive PIP5K2 variant PIP5K2 K470A-EYFP (Stenzel et al., 2012), or 

PIP5K6-EYFP (Hempel et al., 2017) were treated with NAA or mock, and then transcriptional 

activation of GH3.3 was analyzed by qPCR (Fig. 2.4). The relative transcript levels of GH3.3 

were normalized to the transcript abundance of the housekeeping gene UBC10. 

Overexpression of PIP5K1-EYFP or PIP5K2-EYFP reduced auxin-induced GH3.3 

transcription compared with overexpression of the corresponding EYFP control 

(Fig. 2.4 A and B), although the transcript-reducing effect by overexpression of PIP5K2-EYFP 

was more pronounced and also significant (Fig. 2.4 B). By contrast, the expression of the 

catalytically inactive PIP5K2 K470A-EYFP variant had no effect on the auxin-activation of 

GH3.3 transcription (Fig. 2.4 B). Moreover, overexpression of PIP5K6-EYFP, a functionally 

divergent isoenzyme, showed no effect on GH3.3 transcription after auxin-induction 

(Fig. 2.4 C). 

The basal GH3.3 transcript levels of PI4P 5-kinase overexpressing mock-treated samples 

were also determined and were significantly increased by overexpression of PIP5K2-EYFP 

and slightly but significantly decreased by overexpression of PIP5K6-EYFP 

(appendix Fig. 6.6 A, B and C).  
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Fig. 2.4: Overexpression of PI4P 5-kinases reduces auxin-activation of GH3.3. Relative transcript 

levels of GH3.3 in mesophyll protoplasts upon overexpressing either EYFP or the different 

PI4P 5-kinases and with mock (-) and with 0.25 µM NAA (+) treatment overnight. Data represent 9 – 16 

biological replicates (transformations) from three to four independent protoplast preparations. 

A, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. 

B, Protoplasts transformed with either pEntryA-pCaMV35S::EYFP, pEntryA-pCaMV35S::PIP5K2-EYFP 

or pEntryA-pCaMV35S::PIP5K2 K470A-EYFP. C, Protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. Transcript levels were normalized 

to both the reference gene UBC10 and the transcript levels of the respective mock-treated sample (-). 

Relative transcript levels are shown as boxplots; dots show outliers. Significant differences were 

analyzed by one-way ANOVA with a subsequent Tukey´s post-hoc test (P < 0.05) and indicated by 

letters a – c. D, Immunodetection of EYFP, PIP5K1-EYFP, PIP5K2-EYFP, PIP5K2 K470A-EYFP, and 

PIP5K6-EYFP overexpression in protoplasts treated as described above was performed using an 

αEYFP antiserum. Chemiluminescence signals were recorded with an ECL detection system. 

Immunodetections were performed in triplicates with overexpression of EYFP, PIP5K1-EYFP, 

PIP5K2-EYFP or PIP5K2 K470A-EYFP and twice with overexpression of PIP5K6-EYFP. PageRulerTM 

Prestained Protein Ladder was used as a molecular size marker. Expected molecular sizes of full-length 

proteins, EYFP, 27.0 kDa; PIP5K1-EYFP, 112.9 kDa; PIP5K2-EYFP/PIP5K2 K470A-EYFP, 113.3 kDa; 

PIP5K6-EYFP, 108.4 kDa. 
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Endogenous GCN5 transcript levels were also tested as controls, but these did not change 

upon expression of the various PI4P 5-kinases and/or upon auxin application 

(appendix Fig. 6.7 A, B and C). The overexpression of EYFP, PIP5K1-EYFP, PIP5K2-EYFP, 

PIP5K2 K470A-EYFP and PIP5K6-EYFP was verified by qPCR (appendix Fig. 6.8 A – F). In 

addition, expression of the fusion proteins was confirmed by immunodetection with a specific 

antiserum against EYFP (Fig. 2.4 D). This experiment showed that PIP5K1-EYFP was always 

expressed to a lower level than the other EYFP fusion proteins, which may have been 

associated with the lower effect of PIP5K1-EYFP overexpression on auxin-activated GH3.3 

transcription. 

The data suggest that the overexpression of PIP5K2-EYFP results in altered auxin-activation 

of GH3.3 transcription. This observation is consistent with the observed effects of PIP5K2 

overexpression on histone H3 acetylation in Arabidopsis plants (section 2.1, Fig. 2.1). No clear 

effect was obtained with PIP5K1-EYFP, possibly due to its lower expression (Fig. 2.4 D) or its 

lower intrinsic catalytic activity (Ischebeck et al., 2013), nor with PIP5K6-EYFP, possible also 

due to its lower catalytic activity (Stenzel et al., 2012) or its functional divergence form 

PIP5K1/PIP5K2 (Zhao et al., 2010; Stenzel et al., 2012; Hempel et al., 2017; Menzel et al., 

2019; Fratini et al., 2021). 

In addition to GH3.3 gene activation, the auxin-mediated transcriptional activation of the genes 

indole-3-acetic acid inducible 2 (IAA2, AT3G23030), indole-3-acetic acid inducible 5 (IAA5, 

AT1G15580) and indole-3-acetic acid inducible 19 (IAA19, AT3G15540) was also tested. 

Auxin treatment was adjusted to the auxin-induction maxima of IAA2, IAA5, and IAA19 and 

performed for 2.5 h with 2 µM NAA (see section 4.26.1). Data on auxin inducibility and time 

points were chosen according to data from the Arabidopsis eFP Browser database (Winter et 

al., 2007). 

Overexpression of PIP5K2-EYFP had again a significant effect and attenuated auxin-mediated 

transcription of IAA2 and IAA5 as of GH3.3 (Fig. 2.5 B and E). No effect was detected for 

auxin-induction of IAA19 (appendix Fig. 6.9 E). Overexpression of PIP5K1-EYFP did not affect 

auxin-mediated transcription of IAA2 and IAA5 (Fig. 2.5 A and D), but showed that transcription 

of IAA19 was reduced (appendix Fig. 6.9 D). Overexpression of PIP5K1 therefore showed a 

possibly differential effect on auxin-induced gene activation of IAAs. Overexpression of 

PIP5K6-EYFP had no effect on auxin-induced gene transcription of the IAAs studied 

(Fig. 2.5 C and F and appendix Fig. 6.9 F). Future experiments will have to expand in 

elucidating such differences, which could not be resolved in this first description of the effect. 

Basal transcript levels of IAA2, IAA5 and IAA19 of mock-treated samples were also determined 

and were not divergent upon overexpression of EYFP, PIP5K1-EYFP, PIP5K2-EYFP or 

PIP5K6-EYFP (appendix Fig. 6.6 D, E, F, G, H and I and appendix Fig. 6.9 A, B and C). 
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Fig. 2.5: Overexpression of PI4P 5-kinases reduces auxin-activation of IAA2 and IAA5. Relative 

transcript levels of IAA2 (A-C) and IAA5 (D-F) in mesophyll protoplasts upon overexpressing either 

EYFP or the different PI4P 5-kinases and with mock (-) and with 2 µM NAA (+) treatment for 2.5 h. Data 

represent 8 – 12 biological replicates (transformations) from three independent protoplast preparations. 

A, IAA2 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K1-EYFP. B, IAA2 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. C, IAA2 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. 

a

a
a

b

50

0

10

20

EYFP

- +

PIP5K1-

EYFP

- +

IAA5

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l

30

40

n. s.

EYFP

- +

PIP5K6-

EYFP

- +

IAA5
30

0

20

10

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l
a

b

a
a

PIP5K2-

EYFP

EYFP

- + - +

IAA5
25

15

10

0

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l

20

5

G

70
55

130

40
35
25

100

EYFP

PIP5K1-EYFP, PIP5K2-EYFP

++- -

P
IP

5
K

1
-E

Y
F

P

P
IP

5
K

2
-E

Y
F

P

kDa +-

E
Y

F
P

PIP5K6-EYFP

+-

P
IP

5
K

6
-E

Y
F

P

αEYFP

D FE

a

c

a

b

PIP5K2-

EYFP

EYFP

- + - +

IAA2
250

150

100

0

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l

200

50

a

b

a

b

EYFP

- +

PIP5K1-

EYFP

- +

IAA2
70

0

10

20

30

50

60

40

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l

a

b

a

b

EYFP

- +

PIP5K6-

EYFP

- +

IAA2

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

l 50

0

30

10

20

40

A B C



Results 

 

32 
 

D, IAA5 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K1-EYFP. E, IAA5 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. F, IAA5 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. 

Transcript levels were normalized to both the reference gene UBC10 and the transcript levels of the 

respective mock-treated sample (-). Relative transcript levels are shown as boxplots; dots show outliers. 

Significant differences were analyzed by one-way ANOVA with a subsequent Tukey´s post-hoc test 

(P < 0.05) and indicated by letters a – c. n.s., not significant. G, Immunodetection of EYFP, 

PIP5K1-EYFP, PIP5K2-EYFP, PIP5K2 K470A-EYFP, and PIP5K6-EYFP overexpression in protoplasts 

treated as described above were performed using an αEYFP antiserum. Chemiluminescence signals 

were recorded with an ECL detection system. Immunodetections were performed in triplicates with 

overexpression of EYFP, PIP5K1-EYFP or PIP5K2-EYFP and twice with overexpression of PIP5K6-

EYFP. PageRulerTM Prestained Protein Ladder was used as a molecular size marker. Expected 

molecular sizes of full-length proteins, EYFP, 27.0 kDa; PIP5K1-EYFP, 112.9 kDa; PIP5K2-EYFP, 

113.3 kDa; PIP5K6-EYFP, 108.4 kDa. 

 

The endogenous GCN5 transcript levels were also analyzed and can serve as a control for the 

overall experimental setup, as GCN5 transcript abundance did not vary upon auxin-activation 

or upon transient overexpression of EYFP-tagged PI4P 5-kinases (appendix Fig. 6.7 D, E 

and F). The overexpression of EYFP, PIP5K1-EYFP, PIP5K2-EYFP and PIP5K6-EYFP was 

also verified by qPCR (appendix Fig. 6.8 G – L) and the expression of the fusion proteins was 

confirmed by immunodetection with a specific antiserum against EYFP (Fig. 2.5 G). 

The data on the effects of overexpressed PI4P 5-kinase variants on auxin-activation of 

selected genes indicate that PIs contribute to transcriptional control of GH3.3 expression and 

probably other auxin-inducible genes, possibly by influencing histone acetylation. 

 

2.4. PtdIns(4,5)P2 and other PIs inhibit histone acetyltransferase activity of 

recombinant GCN5 protein in vitro 

The results so far suggested that in particular altered PIP5K2 expression may influence 

histone H3 acetylation and the activation of GCN5-regulated genes upon auxin application. 

These effects seemed to be dependent on PIP5K2 catalytic activity (Fig. 2.4) and, thus, on the 

reaction product PtdIns(4,5)P2. Therefore, a direct effect of PtdIns(4,5)P2 or an effect of other 

PIs, that can function as substrates or reaction products of PI4P 5-kinases, on GCN5 histone 

acetylation activity was tested. 

To test whether PIs had an effect on GCN5, in vitro histone acetylation assays were performed 

with recombinant GCN5 protein in the presence or absence of different PIs. Before this 

experiments were started, an in vitro GCN5 activity assay was established on basis of an assay 

by Gadhia and coworkers ((Gadhia et al., 2017), section 4.24) and was first characterized. The 

assay employs recombinantly expressed and affinity enriched MBP-GCN5 protein, which is 

tested for catalytic activity with acetyl coenzyme A (acetyl-CoA) as acetyl donor against 

recombinant histone H3 as a substrate (Fig. 2.6 A). 
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Fig. 2.6: In vitro GCN5 acetylation activity. Histone acetylation with enriched recombinant 

MBP-GCN5 protein was studied in vitro in the absence and presence of acetyl-CoA and ADA2B. The 

formation of H3K9ac and H3K14ac was detected with specific antibodies. Chemiluminescent signals 

were recorded using an ECL detection system. A, In vitro histone H3 acetylation activity of GCN5 in 

presence or absence of acetyl-CoA and with and without ADA2B. Reactions were stopped after 60 min. 

The data are representative for four individual experiments. PageRulerTM Prestained Protein Ladder was 

used as a molecular size marker. Expected molecular sizes of full-length proteins, histone H3, 15.3 kDa; 

MBP-GCN5, 105.6 kDa; MBP-ADA2B, 98.2 kDa. B, Quantification of H3K9ac and H3K14ac in presence 

and absence of ADA2B. The intensity of the detected H3K9ac and H3K14ac in A was analyzed with 

ImageJ/Fiji (Schindelin et al., 2012). The degree of acetylation is expressed in arbitrary units (AU). Data 

represent means, error bars show standard deviation for four independent experiments. Asterisks 

indicate significant differences in GCN5 activity according to a Student´s T-test (** P ≤ 0.01). 

 

GCN5 acetylates histone H3 at positions H3K9 and H3K14 (Benhamed et al., 2006; Zhang et 

al., 2007; Servet et al., 2010; Shen et al., 2015). The in vitro formation of H3K9ac and H3K14ac 

was individually detected using specific antibodies, confirming the intrinsic histone acetylation 

activity of the recombinant MBP-GCN5 protein used (Fig. 2.6 A). Experiments with and without 

acetyl-CoA co-substrate showed that the specific histone H3 acetylation antibodies detect only 

acetylated histones when acetyl-CoA was present in the assay (Fig. 2.6 A). In addition, the 

activating effect of recombinant ADA2B on GCN5 (Mao et al., 2006; Servet et al., 2010; Weiste 

and Dröge-Laser, 2014) was tested (Fig. 3.6 A and B). The addition of recombinant ADA2B 

protein significantly enhanced GCN5 acetylation at H3K9 but not at H3K14, as shown in 

Fig. 2.6 A and B. Since GCN5 was active in the assay and the enzyme activity could be 

influenced by the addition of ADA2B, the HAT assay was considered functional and suitable 

to assess quantitative changes in histone acetylation. 

MBP-GCN5-mediated histone acetylation was next tested in the presence and the absence of 

added PIs. PIs carry a strong anionic charge in the lipid head group and histones have strongly 

positively charged N-termini, resulting in electrostatic interactions. In order to minimize 
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saturation effects of the positive lysine residues by added PIs and thereby exclude the 

possibility that histone acetylation was limited only by the binding of PIs to lysines, the 

stoichiometric ratio of lipid to basic histone residues was estimated. There are 18 basic (i.e. 

putatively positively charged lysines and arginines) amino acids in the first 56 amino acids of 

the histone tail of histone H3. The amount of phospholipid used in the HAT reactions was 

0.127 nmol per 0.055 nmol of histone H3 used (each with 18 basic residues), resulting in a 

lipid vs. basic residue stoichiometry of 0.127 to 1. Based on this estimate, the net charge effect 

between PIs and histones should thus be minimal. For effects on GCN5 activity, 

phosphatidylcholine (PtdCho), phosphatidic acid (PtdOH), and the PIs PtdIns3P, PtdIns4P, 

PtdIns(3,5)P2, and PtdIns(4,5)P2 were tested (Fig. 2.7 A) and immunodetection signals of 

H3K9ac (Fig. 2.7 B) and H3K14ac (Fig. 2.7 C) were quantified with ImageJ/Fiji (Schindelin et 

al., 2012). 

PtdCho as a neutral lipid control did not reduce MBP-GCN5 acetylation activity and PtdOH 

caused a slight effect compared to a sample without lipid or the sample with PtdCho, but this 

effect was not significant (Fig. 2.7 A – C). By contrast, reduced MBP-GCN5 acetylation activity, 

in the form of reduced signal intensities for H3K9ac and H3K14ac immunodetection, was 

evident in the presence of the PIs (Fig. 2.7 A – C). It was noticeable that the acetylation activity 

toward H3K9 was not as strongly affected as that toward H3K14. The decrease in the formation 

of H3K14ac was significantly reduced in the presence of different PIs. The strongest and most 

significant inhibitory influence was exerted by PtdIns3P, PtdIns(3,5)P2 and PtdIns(4,5)P2 on 

GCN5 acetylation activity (Fig. 2.7 A – C). 

Since PtdIns3P and PtdIns(4,5)P2 showed a clear influence on the acetylation activity of 

GCN5, these lipids were selected to further analyze their influence on the catalytic activity of 

GCN5 in a temporal context as an alternative to a kinetic measurement. For this purpose, 

histone H3 acetylation was monitored over a period of 20 to 120 min, and samples were 

analyzed at 20 min-intervals (Fig. 2.8). In the presence of PtdIns3P and PtdIns(4,5)P2, 

histone H3 at positions H3K9 and H3K14 was less acetylated than in the samples without PIs 

(Fig. 2.8). Overall, the histone H3 acetylation status of the PI treated samples never reached 

that of the samples without PIs (Fig. 2.8 A, B and C for PtdIns3P and Fig. 2.8 D, E and F for 

PtdIns(4,5)P2). The incubation time of the previous HAT assays with or without PIs (Fig. 2.6 

and Fig. 2.7) was confirmed to be optimal at 60 min. These experimental data indicate a direct 

effect of PIs on the GCN5-mediated acetylation of histone H3, which is expressed in decreased 

catalytic activity of the HAT enzyme. However, the mode of action by which PIs might affect 

the catalytic activity of GCN5, remains currently unclear. 
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Fig. 2.7: In vitro GCN5 acetylation activity is compromised in presence of PIs. Histone H3 

acetylation by enriched recombinant MBP-GCN5 protein was studied in vitro in the absence and 

presence of various phospholipids. The formation of H3K9ac and H3K14ac was detected with specific 

antibodies. PageRulerTM Prestained Protein Ladder was used as a molecular size marker. 

Chemiluminescent signals were recorded using an ECL detection system. The arrow indicates 

MBP-GCN5. A, Immunodetection with specific antibodies against histone H3, H3K9ac, H3K14ac and 

MBP. The in vitro histone acetylation is shown after 60 min incubation with 0.127 nmol phospholipids, 

as indicated. Control, reaction performed without the addition of phospholipids and without acetyl-CoA; 

no lipid, reaction without any phospholipids. Expected molecular sizes of full-length proteins, histone H3, 

H3K9ac and H3K14ac, 15.3 kDa; MBP-GCN5, 105.6 kDa. B, C, Quantification of H3K9ac and H3K14ac 

ECL signals in presence and absence of phospholipids with ImageJ/Fiji (Schindelin et al., 2012). 

Absolute acetylation was quantified and expressed in arbitrary units (AU). Data represent means, error 

bars show standard deviation for at least four independent experiments. Asterisks indicate significant 

differences in GCN5 activity between samples with PtdCho and other added phospholipids according to 

a Student´s T-test (* P ≤ 0.05). B, Quantification of H3K9ac. No significant differences were found. 

C, Quantification of H3K14ac. 
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Fig. 2.8: GCN5 acetylation activity in vitro in presence of PIs over time. Time course experiment of 

histone H3 acetylation by GCN5 in the presence of 0.127 nmol PtdIns3P (A-C) or PtdIns(4,5)P2. (D-F). 

The acetylation reactions were stopped after 20, 40, 60, 80, 100 and 120 min, respectively. The 

formation of H3K9ac and H3K14ac was detected with specific antibodies. Expected molecular sizes of 

A

B

0

5

10

15

20

0 20 40 60 80 100120140

H3K9ac

0 40 80 120
Time [min]

20

0

15

10

5

A
c
e

ty
la

ti
o

n
 [

A
U

] C

0

5

10

15

20

25

30

0 20 40 60 80 100120140

H3K14ac

0 40 80 120
Time [min]

30

0

20

10

A
c
e

ty
la

ti
o

n
 [

A
U

]

αH3K14ac

130

100

kDa

15

15

15

αH3

αH3K9ac

αMBP

c
o

n
tr

o
l

2
0
 m

in

2
0
 m

in

4
0
 m

in

4
0
 m

in

6
0
 m

in

6
0
 m

in

8
0
 m

in

8
0
 m

in

1
0
0
 m

in

1
0
0
 m

in

1
2
0
 m

in

1
2
0
 m

in

mock + PtdIns(4,5)P2

D

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 20 40 60 80 100120140

H3K9ac

0 40 80 120
Time [min]

4

0

3

2

1

A
c
e

ty
la

ti
o

n
 [

A
U

]E

0

2

4

6

8

10

12

14

16

0 20 40 60 80 100120140

H3K14ac

0 40 80 120
Time [min]

16

0

12

4

A
c
e
ty

la
ti
o

n
 [

A
U

]

8

F

+ PtdIns3P

- PtdIns3P

+ PtdIns(4,5)P2

- PtdIns(4,5)P2

kDa

130

100

15

15

15

αH3

αH3K14ac

αH3K9ac

αMBP

c
o
n
tr

o
l

2
0
 m

in

2
0
 m

in

4
0
 m

in

4
0
 m

in

6
0
 m

in

6
0
 m

in

8
0
 m

in

8
0
 m

in

1
0
0
 m

in

1
0
0
 m

in

1
2
0
 m

in

1
2
0
 m

in

mock + PtdIns3P



Results 

 

37 
 

full-length proteins, histone H3, H3K9ac, H3K14ac, 15.3 kDa; MBP-GCN5, 105.6 kDa. PageRulerTM 

Prestained Protein Ladder was used as a molecular size marker. Chemiluminescent signals were 

recorded using an ECL detection system. The arrow indicates MBP-GCN5. A, In vitro acetylation of 

histone H3 at H3K9 and H3K14 in absence (mock) or presence of PtdIns3P. Control sample lacking 

acetyl-CoA was stopped after 60 min. The tests were performed in three independent experiments with 

similar results. B, C, Quantification of H3K9ac and H3K14ac ECL signals in presence and absence of 

PtdIns3P with ImageJ/Fiji (Schindelin et al., 2012). Absolute acetylation was quantified and expressed 

in arbitrary units (AU). Data represent means, error bars show standard deviation for three independent 

experiments. B, Quantification of H3K9ac in presence of PtdIns3P. C, Quantification of H3K14ac in 

presence of PtdIns3P. D, In vitro acetylation of histone H3 at H3K9 and H3K14 in absence (mock) or 

presence of PtdIns(4,5)P2. Control sample lacking acetyl-CoA was stopped after 60 min. The tests were 

performed in two independent experiments with similar results. E, F, Quantification of H3K9ac and 

H3K14ac ECL signals in presence and absence of PtdIns(4,5)P2 with ImageJ/Fiji (Schindelin et al., 

2012). Absolute acetylation was quantified and expressed in arbitrary units (AU). The diagrams are 

representative for two independent experiments. E, Quantification of H3K9ac in the presence of 

PtdIns(4,5)P2. F, Quantification of H3K14ac in presence of PtdIns(4,5)P2. 

 

2.5. Recombinant MBP-GCN5 protein binds PIs 

To better understand how PIs might exert an influence on GCN5 functionality and histone 

acetylation, the direct binding of recombinant MBP-GCN5 to PIs was investigated in vitro by 

lipid overlay assays and by liposome sedimentation tests (Fig. 2.9). Lipid binding of 

recombinantly expressed and enriched MBP-GCN5 was first tested in lipid overlay assays with 

commercially available PIP strips containing various phospholipids, as shown in the schematic 

representation in Fig. 2.9 A. MBP protein was used as a negative control and did not show any 

lipid binding (Fig. 2.9 B, left panel). By contrast, MBP-GCN5 bound to the 

PtdIns-monophosphates PtdIns3P, PtdIns4P and PtdIns5P (Fig. 2.9 B, as indicated). The 

binding to PtdIns3P seemed to be most prominent. Arabidopsis ING proteins ING1 and ING2 

were also tested for lipid binding in lipid overlay assays. The PHD domain of ING2 has already 

been demonstrated to bind to PIs (Alvarez-Venegas et al., 2006), and mammalian ING proteins 

are also known to bind to PIs (Gozani et al., 2003). Here, recombinant full-length MBP-ING1 

and MBP-ING2 protein bound to PtdIns-monophosphates PtdIns3P, PtdIns4P and PtdIns5P 

and to PtdSer in lipid overlay assays (Fig. 2.9 B, as indicated). The enriched proteins used for 

lipid overlay assays are shown in appendix Fig. 6.10. The specificity of the binding assays was 

confirmed by using the commercial control proteins PtdIns3P Grip and PtdIns(4,5)P2 Grip, 

which showed specific binding to PtdIns3P or PtdIns(4,5)P2, respectively, as intended 

(appendix Fig. 6.11). 
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Fig. 2.9: Lipid interaction studies of GCN5 and ING proteins with PIs. The phospholipid binding of 

purified recombinant MBP-GCN5 and MBP-ING1/MBP-ING2 was examined by lipid overlay assays and 

liposome sedimentation assays. A, Schematic representation of the PIP strips used for lipid overlay 

assays. Next to the important PIs in plants (PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,5)P2, PtdIns(4,5)P2) 

also the non-plant specific PIs, phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2), 

0

5

10

15

20

25

30

35

LPA

PtdIns

PtdIns3P

LPC

PtdEtn

PtdCho

PtdIns4P

PtdIns5P

S1P

PtdIns(3,5)P2

PtdIns(4,5)P2

PtdSer

blue blank

PtdIns(3,4,5)P3

PtdOH

PtdIns(3,4)P2

A B

C

D

MBP-

ING2

MBP-

ING1

P
td

In
s
4

P

P
td

In
s
(3

,5
)P

2

n
o
 l
ip

id

P
td

C
h

o

P
td

In
s
5

P

P
td

In
s
(4

,5
)P

2

p
ro

te
in

in
p

u
t

P
td

In
s
3

P

P
td

O
H

supernatant

sediment

P
td

S
e

r

αMBP

MBP-GCN5

MBP-GCN5

0

10

20

30

40

50

60

70

80

90

100

40

60

20

0

P
ro

te
in

 a
m

o
u

n
t
[A

U
]

80

100

P
td

In
s
4

P

n
o
 l
ip

id

P
td

C
h

o

P
td

In
s
3

P

P
td

In
s
(3

,5
)P

2

P
td

In
s
5

P

P
td

In
s
(4

,5
)P

2

P
td

O
H

P
td

S
e

r

*
*

**

MBP-

GCN5MBP

MBP-ING1

MBP-ING1 supernatant

sediment

αMBP

10

15

20

0

P
ro

te
in

 a
m

o
u

n
t
[A

U
]

25

35

P
td

In
s
4

P

n
o
 l
ip

id

P
td

C
h

o

P
td

In
s
3

P

P
td

O
H

P
td

In
s
5

P

5

30

P
td

In
s
(3

,5
)P

2

P
td

In
s
(4

,5
)P

2

P
td

S
e
r

E



Results 

 

39 
 

phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) and further phospholipids were spotted, 

lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), sphingosine 1-phosphate (S1P), 

phosphatidylinositol (PtdIns), phosphatidylethanolamine (PtdEtn), phosphatidylcholine (PtdCho), 

phosphatidic acid (PtdOH), phosphatidylserine (PtdSer). B, Lipid overlay assays with enriched MBP, 

MBP-GCN5 and MBP-ING1/MBP-ING2 protein fractions. Interactions were visualized by using a 

primary antiserum against MBP and a secondary antiserum with an AP conjugate. AP detection was 

performed. The experiment was repeated twice with similar results. C, Liposome sedimentation assays 

of MBP-GCN5 and MBP-ING1. Liposome sedimentation assays were performed with liposomes 

prepared with PtdCho alone (control) or with a mixture of PtdCho and either PtdIns3P, PtdIns4P, 

PtdIns5P, PtdIns(3,5)P2, PtdIns(4,5)P2, PtdOH or PtdSer. No lipid, control sample without liposomes. 

Supernatant, contained unbound protein. Sediment, protein that had bound to respective liposomes. 

Proteins were separated on an SDS-PAGE and detected by immunoblots with the use of the specific 

antibody against MBP and a secondary antibody conjugated to AP. AP detection was performed. 

PageRulerTM Prestained Protein Ladder was used as a molecular size marker. Expected molecular size 

of full-length proteins, MBP-GCN5, 105.6 kDa, MBP-ING1, 68.6 kDa. The samples shown in line are 

from the same blots; the blots were only split to show the samples in a meaningful order . Experiments 

were performed 3 – 11 times (MBP-GCN5) or twice (MBP-ING1) with similar results. D, Quantification 

of bound MBP-GCN5 in the liposome sedimentation assay shown in C with ImageJ/Fiji (Schindelin et 

al., 2012). AU, arbitrary units. Data represent means and error bars show standard deviations for at 

least three independent experiments. Asterisks indicate significant differences of bound MBP-GCN5 

compared with the PtdCho sample according to Student's T-test (* P ≤ 0.05; ** P ≤ 0.01). 

E, Quantification of bound MBP-ING1 in the liposome sedimentation assay shown in C with ImageJ/Fiji 

(Schindelin et al., 2012). AU, arbitrary units. Data represent means and error bars show standard 

deviations for two independent experiments. 

 

PI binding of MBP-GCN5 and MPB-ING1 was alternatively tested in liposome sedimentation 

assays, where lipids are presented in vesicles, so-called liposomes. This experimental design 

is considered to be more physiologically meaningful than binding studies with spotted lipids, 

because PIs are used in mixtures with structural lipids and are embedded into a bilayer 

membrane (Julkowska et al., 2013). Liposomes prepared by extrusion had a diameter of 

0.2 µm and consisted of 75 % PtdCho as a backbone and 25 % of each examined PI. Protein 

bound to liposomes was detected in the sediment fractions, whereas the supernatant 

contained unbound MBP-GCN5 or MBP-ING1 protein. MBP-tagged proteins in the supernatant 

and sediment fractions were visualized via immunodetection with a specific antiserum against 

the MBP epitope. MBP-GCN5 was detected by immunodetection in the sediments of 

liposomes containing the PtdIns-monophosphates PtdIns3P, PtdIns4P, PtdIns5P and PtdOH 

(Fig. 2.9 C, as indicated), indicating binding to these lipids. A weak signal was also detected 

in the PtdSer-containing liposome sample (Fig. 2.9 C, as indicated). MBP-ING1 was detected 

in liposomes containing PtdIns3P, PtdIns4P, PtdIns5P, PtdOH and PtdSer (Fig. 2.9 C), 

indicating binding to these lipids. Binding tests without liposomes served as a negative control 

(Fig. 2.9 C, as indicated). 

Immunodetection signals were quantified using ImageJ/Fiji (Schindelin et al., 2012) (Fig. 2.9 D 

and E). Binding of MBP-GCN5 to PtdIns-monophosphates PtdIns3P and PtdIns4P and to 

PtdOH was significantly higher than binding to PtdCho (Fig. 2.9 D). PI binding by MBP-ING1 

was also quantified and confirmed to be higher than binding to PtdCho (Fig. 2.9 E). Again, 
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MBP was used as a control but showed no lipid binding in liposome sedimentation assays 

(appendix Fig. 6.12). 

The results reveal PI binding capability for GCN5 whereas slight binding preference for 

PtdIns3P was observed. ING1 did not show a preference for one of the 

PtdIns-monophosphates in liposome sedimentation assays. 

 

2.5.1. Identification of the putative lipid binding site in GCN5 

To further elucidate PtdIns3P binding to GCN5, the GCN5 amino acid sequence was analyzed 

to identify amino acid residues likely to contribute to a potential lipid binding region. A 

computer-based analysis for hydrophobic and basic protein regions, BH-search (Brzeska et 

al., 2010), was used. The resulting BH-search score for each position is calculated not only 

based on the individual amino acid residue, but also considers the amino acid sequence 

surrounding each specific amino acid (Brzeska et al., 2010). Lipid/membrane binding capability 

is indicated by a BH-search score ≥0.6. For GCN5, a small basic hydrophobic amino acid 

region was identified at the beginning of the acetyltransferase domain that had a score of 

approximately 0.6. This was the region around amino acid residue K261 with a score of 0.613. 

Two further positively charged residues, R260 and K263, could be identified in the immediate 

vicinity (Fig. 2.10 A and B). Since this cluster of basic/positively charged amino acid residues 

could well be part of an NLS, the amino acid sequence of GCN5 was examined using NLS 

prediction programs (see section 4.29.3). This analysis revealed a putative NLS at the 

N-terminus of GCN5 from amino acids 36 to 39. This position of a putative NLS of Arabidopsis 

GCN5 fits well with the information about the NLS of GCN5 from Toxoplasma gondii, which is 

found at a similar position (Bhatti and Sullivan, 2005; Dixon et al., 2011). 

To examine whether this predicted basic-hydrophobic amino acid stretch is responsible for 

PI binding capability of GCN5, the relevant basic amino acid residues R260, K261 and K263 

within the candidate region were substituted with either non-polar or acidic amino acids. The 

GCN5 sequence variants generated contained the amino acid substitutions 

GCN5R260I,K261L,K263L and GCN5R260E,K261D,K263D and were consequently named GCN5ILL and 

GCN5EDD (Fig. 2.10 A). BH-analyses of these substitution variants revealed that the basic 

hydrophobic amino acid region previously predicted in GCN5 was now undetectable in both 

substitution variants and none of the amino acids exceeded a value of 0.6 

(appendix Fig. 6.13 A and B). For MBP-ING1, MBP-ING2 and MBP, a BH-search was 

performed as a control. While MBP-ING1 and MBP-ING2 contain amino acids which exceed a 

BH-score of 0.6, indicating lipid binding motifs (appendix Fig. 6.13 C and D), none of the 

residues in the MBP sequence exceeded a BH-score of 0.6 (appendix Fig. 6.13 E). This result 

is consistent with the lipid binding capability of the proteins as shown in Fig. 2.9. 
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Fig. 2.10: GCN5 amino acid sequence contains a putative phospholipid binding site. The amino 

acid sequence of GCN5 was analyzed for lipid binding sites. A, Schematic view of GCN5, GCN5ILL and 

GCN5EDD. GCN5 variants consist of 568 aa. GCN5 contains a putative NLS sequence at the N-terminus 

(aa 36 – 39), a HAT domain (aa 222 – 371) and a bromodomain (aa 472 – 543). The HAT domain 

contains a basic hydrophobic region within the sequence aa 255 – 265. Abbreviations are BD, 

bromodomain; HAT, histone acetyltransferase, NLS, nuclear localization sequence. B, BH-search of 

GCN5. BH-search was conducted with the online tool according to Brzeska and coworkers (Brzeska et 

al., 2010). Per amino acid a value is calculated that includes the amino acid surrounding of the single 

amino acid. Values higher than the threshold 0.6 indicate a basic-hydrophobic (BH) amino acid stretch, 

a putative phospholipid binding site. K261 within the GCN5 sequence reaches score 0.613. In GCN5ILL 

the three amino acid substitutions R260I, K261L and K263L were introduced. In GCN5EDD the three 

amino acid substitutions R260E, K261D and K263D were introduced. BH-searches of GCN5ILL and 

GCN5EDD are shown in appendix Fig. 6.13. 

 

The recombinantly expressed and enriched MBP-GCN5ILL and MBP-GCN5EDD proteins were 

analyzed in liposome sedimentation assays, and both showed attenuated to undetectable 

PI binding (Fig. 2.11). However, both GCN5ILL and GCN5EDD still bound to PtdOH, but to a 

somewhat lesser degree than wild type GCN5 (compare Fig. 2.9 C and Fig. 2.11 A and B). 

The signal intensities detected for the MBP-GCN5ILL and MBP-GCN5EDD variants in the 

liposome sediments were quantified using ImageJ/Fiji (Schindelin et al., 2012) and were all 

comparable to those of the PtdCho-controls (PtdCho liposomes, Fig. 2.11 C and D). Thus, the 

amino acid residues R260, K261 and K263 might be involved in PI binding of GCN5 and the 

substitutions in the basic/hydrophobic motif in the beginning of the HAT domain of GCN5 lead 

to a loss of PI binding capability. 
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Fig. 2.11: Lipid interaction studies of GCN5ILL and GCN5EDD. The phospholipid binding of purified 

recombinant MBP-GCN5ILL and MBP-GCN5EDD was examined by liposome sedimentation assays. 

A, B, Liposome sedimentation assays were performed with liposomes prepared with PtdCho alone 

(control) or with a mixture of PtdCho and either PtdIns3P, PtdIns4P, PtdIns5P, PtdOH (or PtdSer). No 

lipid, control sample without liposomes. Supernatant, contained unbound protein. Sediment, protein that 

had bound to respective liposomes. Proteins were separated on an SDS-PAGE and detected by 

immunoblots with the use of the specific antibody against MBP and a secondary antibody conjugated to 

AP. AP detection was performed. PageRulerTM Prestained Protein Ladder was used as a molecular size 

marker. Expected molecular size of full-length proteins, MBP-GCN5ILL/MBP-GCN5EDD, 105.6 kDa. 

Experiments were performed in triplicates with similar results. A, Liposome sedimentation assay of 

MBP-GCN5ILL. B, Liposome sedimentation assay of MBP-GCN5EDD. C, D, Quantification of bound 

MBP-GCN5ILL or MBP-GCN5EDD in the liposome sedimentation assays shown in A or B, respectively 

with ImageJ/Fiji (Schindelin et al., 2012). AU, arbitrary units. Data represent means and error bars show 

standard deviations for three independent experiments. No significant differences of bound 

MBP-GCN5ILL/MBP-GCN5EDD compared to the PtdCho samples were found according to Student's 

T-test. C, Quantification of bound MBP-GCN5ILL in A. D, Quantification of bound MBP-GCN5EDD in B. 

 

To address the possibility that the loss of PI binding is the result of a severe secondary 

structure defect (misfolding) of the GCN5 variants, circular dichroism (CD) spectra of purified 

recombinant MBP-GCN5, MBP-GCN5ILL, GCN5EDD and MBP as a control were prepared 

(appendix Fig. 6.14). Far-UV CD spectra were recorded from at least 200 to 250 nm to 

investigate the secondary structure of the backbone of the amino acid sequence and ellipticity 

was calculated. MBP showed a CD spectrum that was strongly influenced by α-helical 
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structures. Also, α-helical structures can be derived from the CD spectra of MBP-GCN5 and 

the variants, but these CD spectra for α-helical structures were less pronounced than in MBP. 

The CD-spectra of GCN5, GCN5ILL and GCN5EDD were indistinguishable. Therefore, it was 

concluded that the overall secondary structures of GCN5ILL and GCN5EDD were not diminished 

or altered. 

 

 

Fig. 2.12: In vitro acetylation activity of GCN5 and variants. Histone acetylation by enriched 

recombinant MBP-GCN5, MBP-GCN5ILL, MBP-GCN5EDD, MBP-GCN5212-375 and MBP-GCN5284-375 

proteins was studied in vitro. The formation of H3K9ac and H3K14ac was detected with specific 

antibodies. Chemiluminescent signals were recorded using an ECL detection system. A, In vitro 

histone H3 acetylation activity of GCN5, GCN5ILL and GCN5EDD. GCN5 in absence of acetyl-CoA 
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functioned as control. Enriched proteins were tested alone as control. Reactions were stopped after 

60 min. The data are representative for four individual experiments. PageRulerTM Prestained Protein 

Ladder was used as a molecular size marker. The arrow indicates 

MBP-GCN5/MBP-GCN5ILL/MBP-GCN5EDD. Expected molecular sizes of full-length proteins, histone H3, 

15.3 kDa; MBP-GCN5/MBP-GCN5ILL/MBP-GCN5EDD, 105.6 kDa. B, In vitro histone H3 acetylation 

activity of GCN5, GCN5212-375 and GCN5284-375. GCN5 in absence of acetyl-CoA functioned as control. 

Enriched proteins were tested alone as control. Reactions were stopped after 60 min. The data are 

representative for four individual experiments. PageRulerTM Prestained Protein Ladder was used as a 

molecular size marker. Expected molecular sizes of full-length proteins, histone H3, 15.3 kDa; 

MBP-GCN5, 105.6 kDa; MBP-GCN5212-375, 61.5 kDa, MBP-GCN5284-375, 53.1 kDa. 

 

Alternatively, the biochemical functionality of the modified proteins was tested in in vitro activity 

assays. Despite their proper folding according to CD spectroscopy, the in vitro histone H3 

acetylation assays showed that both amino acid substitution variants, GCN5ILL and GCN5EDD, 

were catalytically inactive (Fig. 2.12 A and appendix Fig. 6.15). 

For the GCN5 homolog from S. cerevisiae (ScGCN5) it was shown that ScGCN5 is still 

catalytically active even with an N-terminally truncated HAT domain (Candau et al., 1997). 

Therefore, a HAT domain variant, GCN5284-375, truncated by the area of the lipid binding site, 

was created, recombinantly expressed in E. coli as an MBP fusion and the purified protein was 

used in in vitro histone H3 acetylation tests (Fig. 2.12 B). As a control, the complete GCN5 

HAT domain, MBP-GCN5212-375, was also tested (Fig. 2.12 B). For the full HAT domain 

MBP-GCN5212-375, in vitro histone H3 acetylation activity was observed which was comparable 

to that of full-length MBP-GCN5. The truncated MBP-GCN5284-375 variant, however, was 

catalytically inactive. The results from yeast could, thus, not be reproduced with GCN5 from 

Arabidopsis. Despite the reduced/abolished catalytic activity of the GCN5 variants with 

reduced lipid binding capability, the GCN5ILL and GCN5EDD variants represented tools to further 

investigate the contribution of lipid binding to GCN5 functionality. 

 

2.6. PI 3-kinase VPS34 has no impact on the GCN5-dependent activation of 

GH3.3 

The catalytic activity of MBP-GCN5 was impaired in vitro by both, PtdIns3P and PtdIns(4,5)P2, 

and GCN5 itself bound preferentially to PtdIns3P (Fig. 2.9). Therefore, next the effects of 

PtdIns3P on GCN5 function were examined in vivo. PtdIns3P is formed by the PI 3-kinase, 

VPS34, which is encoded by a single gene in Arabidopsis (Mueller-Roeber and Pical, 2002; 

Lee et al., 2010). The VPS34 protein contains several functional/regulatory domains, such as 

an N-terminal calcium-dependent lipid-binding (C2) domain (Welters et al., 1994; Meijer and 

Munnik, 2003) and a helical domain, in addition to its C-terminal catalytic domain (Mueller-

Roeber and Pical, 2002) (Fig. 2.13 A). Importantly, VPS34 has previously been detected at 

active transcription sites in cell nuclei of soybean root cells by immunocytochemistry (Bunney 

et al., 2000). 
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Fig. 2.13: The VPS34 gene product is active as a PI 3-kinase. In vitro activity of VPS34 and truncated 

variants was tested. A, Schematic view of VPS34. VPS34 consists of 814 aa. VPS34 contains a C2 

domain (aa 25 – 177), a helical domain conserved in PI 3-kinases, formerly named PIK domain 

(aa 274 – 459) and a catalytic PI-kinase domain (aa 465 – 813). aa, amino acids; C2, 

calcium-dependent lipid binding domain. B, Protein extracts were incubated with PtdIns substrate in the 

presence of γ-[32P]-ATP and Ca2+, anionic lipids were extracted under acidic conditions, separated by 

thin layer chromatography (TLC), and radiolabeled lipids were visualized by phosphorimaging. Full-

length MBP-VPS34 protein and MBP-VPS34210-814 displayed catalytic activity against PtdIns substrate 

in vitro. A representative autoradiograph is shown. The experiment was performed twice with similar 

results. C, Quantification of phosphorimager signals from B using TINA 2.0 Software (Raytest, 

Straubenhardt, Germany). Data represent means and error bars show standard deviations for two 

independent experiments. 

 

While Arabidopsis VPS34 has been described previously as a PI 3-kinase (Welters et al., 1994; 

Dove et al., 1994; Heilmann and Heilmann, 2015), catalytic activity of the recombinant protein 

has not previously been reported. Here, recombinant MBP-VPS34 protein displayed catalytic 

activity in vitro (Fig. 2.13 B and C). Catalytic activity was also demonstrated for a truncated 

variant lacking the N-terminal C2 domain, VPS34210-814, but the C2 domain itself, VPS341-210, 

showed no PtdIns3P formation (Fig. 2.13 B and C). Therefore, PI 3-kinase activity of 

Arabidopsis VPS34 was confirmed in vitro. 
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Transient overexpression of VPS34-mCherry in Arabidopsis mesophyll protoplasts showed 

VPS34-mCherry in both cytoplasm and nucleus (Fig. 2.14), consistent with a putative role of 

VPS34 in the control of nuclear processes (Bunney et al., 2000). The mCherry control also 

showed cytosolic and nuclear localization, as expected, and therefore expression of full-length 

VPS34-mCherry was tested and confirmed by immunodetection (appendix Fig. 6.16). 

 

 

Fig. 2.14: Subcellular localization of VPS34-mCherry in Arabidopsis mesophyll protoplasts. 

Arabidopsis mesophyll protoplasts were transiently transformed with pEntryD-pCaMV35S::mCherry or 

pEntryA-pCaMV35S::VPS34-mCherry. Subcellular localization of fluorescence-tagged proteins was 

observed by confocal microscopy with an LSM 880 (Carl Zeiss, Jena, Germany). Cells were recorded 

in single levels dissecting the nucleus. Blue, autofluorescence of chlorophyll A; red, mCherry. The 

excitation wavelengths for mCherry and chlorophyll A were 561 nm and 633 nm, respectively, and 

emission was detected between 565 – 620 nm (mCherry) and 680 – 720 nm (chlorophyll A). The 

experiment was performed twice for mCherry, recording 22 cells, and eight times for VPS34-mCherry, 

recording 77 cells. Scale bar, 10 µm. 

 

Based on the available information and the additional experiments performed for this thesis, 

VPS34 was selected for further analysis of its relation to GCN5. In split-ubiquitin-based YTH, 

VPS34 and the two truncated variants were tested for interaction with GCN5 (Fig. 2.15 A). 

Both, the full-length protein VPS34, and the C2 domain, VPS341-210, interacted with GCN5. 

The variant lacking the C2 domain, VPS34210-814, did not interact with GCN5, indicating that the 

C2 domain appears to be important for the interaction with GCN5 (Fig. 2.15 A). None of the 

three variants of VPS34 interacted with ADA2B. The positive protein-protein interactions of 

VPS34 and VPS341-210 with GCN5 were verified in immuno pull-down experiments 

(Fig. 2.15 B). GST and GST-tagged GCN5 were bound to a glutathione agarose matrix and 

were then co-incubated with recombinant protein extracts of MBP-tagged VPS34, VPS341-210 

or VPS34210-814. Interacting proteins were co-eluted with 50 mM reduced L-glutathione. For all 

MBP-VPS34 variants only low unspecific binding to GST was observed (Fig. 2.15 B). 

Interaction of the MBP-VPS34 full-length protein with GCN5 was only weakly detected; 

mCherry merge bright fieldchlorophyll A

mCherry

VPS34-
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however, a truncated MBP-VPS34 fragment of approximately 50 kDa was always enriched by 

binding to GST-GCN5 (Fig. 2.15 B). MBP-VPS341-210 bound to GST-GCN5, whereas 

MBP-VPS34210-814 was unable to bind more clearly to GST-GCN5 than to GST (Fig. 2.15 B). 

These results confirmed the findings of YTH studies that the C2 domain of VPS34 could 

mediate binding to GCN5. 

 

 

Fig. 2.15: The PI 3-Kinase VPS34 interacts with GCN5. The interaction of VPS34 and truncated 

variants VPS341-210 and VPS34210-814 with GCN5 and ADA2B was tested by split-ubiquitin-based YTH 

analysis in S. cerevisiae strain NMY51 and by in vitro immuno pull-down analysis (GCN5). 

A, Split-ubiquitin-based YTH of VPS34, VPS341-210 and VPS34210-814 (bait) with GCN5 and ADA2B 

(prey). OST4 fusions localized interactions to ER membranes. pAI-Alg5 and pDL2-Alg5 vectors were 

used as positive or negative control. Uniform growth on -LW media (without leucine and tryptophane) 

indicates equal cell densities and the presence of the respective vectors. Interaction is indicated by 

growth under selective conditions on -LWH media (without leucine, tryptophane and histidine). Yeast 

colonies were grown at 30°C for four days. A representative result of three (VPS34, VPS341-210) or two 

(VPS34210-814) replicates with five independent colonies of each combination is shown. B, In vitro 

immuno pull-down of VPS34, VPS341-210 and VPS34210-814 with GCN5. Recombinantly expressed GST, 

GST-GCN5 were immobilized on glutathione agarose and incubated with recombinant MBP-tagged 
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VPS34, VPS341-210 and VPS34210-814 (expression lysate). Bound protein was co-eluted with 50 mM 

reduced L-glutathione and interacting MBP-tagged proteins were analyzed by immunodetection using 

an αMBP antibody. Input GST-tagged protein was detected by an αGST antibody. Chemiluminescence 

signals were recorded with an ECL detection system. Expected molecular sizes of full-length proteins, 

GST, 26 kDa; GST-GCN5, 89.1 kDa; MBP-VPS34, 135.8 kDa; MBP-VPS341-210, 66.2 kDa; 

MBP-VPS34210-814, 112.3 kDa. Pull-downs were performed twice.

 

The interaction of VPS34 and GCN5 suggested that these proteins might be associating to 

control transcription. Therefore, the effect of VPS34 on the GCN5-dependent auxin-mediated 

transcription of GH3.3 was tested in a setup identical to the experiments described for 

PI4P 5-kinases (section 2.3). Protoplasts overexpressing either mCherry or VPS34-mCherry 

were treated with NAA or mock, and again the transcription activation of GH3.3 was analyzed 

by qPCR (Fig. 2.16 A). In contrast to the results for PIP5K2, protoplasts expressing 

VPS34-mCherry did not show a significantly different response in GH3.3 transcription upon 

VPS34-mCherry expression. As controls, mCherry and VPS34-mCherry expression in the 

protoplasts was verified by qPCR (appendix Fig. 6.8 M and N) and the expression of fusion 

proteins was confirmed via immunodetection with suitable antisera (Fig. 2.16 B). The basal 

levels of GH3.3 transcript and GCN5 transcript were also tested by qPCR and were not 

affected neither by auxin treatment nor by VPS34-mCherry expression (appendix Fig. 6.17 A 

and B). 

 

 

Fig. 2.16: Overexpression of VPS34 does not impact auxin-activation of GH3.3. Relative transcript 

levels for GH3.3 in mesophyll protoplasts upon overexpressing either mCherry or VPS34-mCherry and 

with mock (-) and with 0.25 µM NAA (+) treatment overnight. Data represent 6 – 8 biological replicates 

(transformations) from two independent protoplast preparations. A, Protoplasts transformed with 

pEntryD-pCaMV35S::mCherry or pEntryA-pCaMV35S::VPS34-mCherry. Transcript levels were 

normalized to both the reference gene UBC10 and the transcript levels of the respective mock-treated 

sample (-). Relative transcript levels are shown as boxplots; dots show outliers. Significant differences 

were analyzed by one-way ANOVA with a subsequent Tukey´s post-hoc test (P < 0.05) and indicated 
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by letters a – c. B, Immunodetection of mCherry and VPS34-mCherry overexpression in protoplasts 

treated as described above was performed using an αmCherry antiserum. Chemiluminescence signals 

were recorded with an ECL detection system. Immunodetections were performed twice. PageRulerTM 

Prestained Protein Ladder was used as a molecular size marker. Expected molecular sizes of full-length 

proteins, mCherry, 26.7 kDa; VPS34-mCherry, 120.0 kDa. 

 

Taken together, these data suggest that auxin-induced GCN5-mediated histone acetylation is 

not directly attenuated by VPS34 (and thus PtdIns3P) in vivo. While an effect of VPS34 or 

PtdIns3P on GCN5 activity in vivo cannot be ruled out, it has previously been suggested that 

PtdIns3P may act as a positional signal to recruit GCN5 to the nucleus and to sites of active 

transcription (Bunney et al., 2000). A similar effect was shown for ING proteins in mammalian 

cells (Bunce et al., 2006a, 2006b; Soliman and Riabowol, 2007). Therefore, it was next tested 

whether the capability to bind PtdIns3P influenced the localization of GCN5 in the nucleus. 

 

2.7. PI binding contributes to nuclear localization of GCN5 

As PIs are generally described positional signals for the correct recruitment of proteins 

(Heilmann, 2016a; Gerth et al., 2017b; Jaillais and Ott, 2020) and previous data for GCN5 had 

suggested that GCN5 may be recruited by binding to PIs, the role of lipid binding of GCN5 in 

its subcellular localization was investigated. To analyze the contribution of lipid binding of 

GCN5 to its subcellular distribution, GCN5 and its lipid binding-impaired variants GCN5ILL and 

GCN5EDD, were transiently expressed as EYFP fusion proteins in Arabidopsis mesophyll 

protoplasts and examined for their nuclear localization (Fig. 2.17 A). EYFP served as control 

(Fig. 2.17 A). Subcellular localization analyses were performed with a laser scanning 

microscope LSM 880 (Carl Zeiss, Jena, Germany). As a positive control, an NLS-DsRed 

construct was used, which contained a strong NLS from the simian virus SV40 and served as 

a bona fide nuclear marker (Gerth et al., 2017a). Images in Fig. 2.17 A show representative 

localization patterns in confocal z-projections covering both cytoplasm and nucleus.  

The fluorescence of EYFP-GCN5 showed a distinct, almost exclusive nuclear distribution 

pattern (Fig. 2.17 A) similar to that of the nuclear marker, and only in very few cells, a weak 

cytoplasmic fluorescence was detectable (Fig. 2.17 A), as displayed in the respective 

corresponding intensity profiles. By contrast, EYFP-GCN5ILL and EYFP-GCN5EDD localized in 

a more relaxed pattern to the nucleus and to the cytosol in a pattern resembling that of the 

EYFP negative control (Fig. 2.17 A). 

For the respective EYFP fluorescence observed and DsRed fluorescence, Pearson correlation 

coefficients were calculated using the JACoP plugin (Bolte and Cordelières, 2006) for 

ImageJ/Fiji (Schindelin et al., 2012) (Fig. 2.17 B). A Pearson correlation coefficient of 0 means 

no co-localization, whereas a Pearson correlation coefficient of 1 reflects perfect 

co-localization. As EYFP localized to nucleus and cytosol, the fluorescence signals of EYFP 

and NLS-DsRed did only partly overlap which resulted in a low Pearson correlation coefficient 
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of 0.45. For EYFP-GCN5 and NLS-DsRed a coefficient of 0.84 was determined which reflects 

a strong co-localization. Pearson correlation coefficients of EYFP-GCN5ILL (0.66) or 

EYFP-GCN5EDD (0.74) with NLS-DsRed were significantly lower than that of 

EYFP-GCN5/NLS-DsRed, confirming the observed more relaxed nuclear localization pattern 

of EYFP-GCN5ILL and EYFP-GCN5EDD (Fig. 2.17 A). 

The distribution patterns of EYFP, EYFP-GCN5, EYFP-GCN5ILL and EYFP-GCN5EDD in 

transformed protoplasts were scored according to their exclusive nuclear localization, cytosolic 

and nuclear localization, or exclusive cytosolic localization (Fig. 2.17 C). All cells 

overexpressing EYFP showed fluorescence in nucleus and cytosol. Cells overexpressing 

EYFP-GCN5 showed to a percentage of 37.4 % exclusive nuclear localization and to 58.9 % 

a nuclear and cytosolic localization pattern. In some cells the nucleus was not visible (cytosolic 

fluorescence). None of the cells overexpressing EYFP-GCN5ILL or EYFP-GCN5EDD showed an 

exclusive nuclear fluorescence, but 97.5 % (EYFP-GCN5ILL) or 94.7 % (EYFP-GCN5EDD) of 

the transformed cells showed nuclear and cytosolic fluorescence. Also here, in some cells the 

nucleus was not visible, and cells were classified as cytoplasmic localized. 

The overexpression of the EYFP-tagged proteins was confirmed via immunodetection of the 

transformed protoplasts (appendix Fig. 6.18 A). These controls showed that EYFP-GCN5 was 

overexpressed to a substantially stronger degree than the EYFP-GCN5ILL and EYFP-GCN5EDD 

variants in all experiments. Therefore, differences in localization, particularly the increased 

cytosolic localization of the two amino acid substitution variants of GCN5, were likely not due 

to excessive overexpression of EYFP-GCN5 variants. To test whether the lower expression of 

GCN5ILL and GCN5EDD was caused by proteolytic degradation via the 26S proteasome, 

protoplasts overexpressing GCN5 variants were treated with the proteasome inhibitor MG-132. 

Inhibition of the 26S proteasome resulted in a slight increase in protein levels of EYFP-GCN5, 

EYFP-GCN5ILL, and EYFP-GCN5EDD in all cases (appendix Fig. 6.18 B), suggesting that the 

introduced amino acid substitutions in EYFP-GCN5ILL and EYFP-GCN5EDD causing the loss of 

PI binding ability did likely not result in differentially increased proteasomal degradation of the 

substitution variants. 
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Fig. 2.17: Subcellular localization of GCN5 amino acid substitution variants in Arabidopsis 

mesophyll protoplasts. Arabidopsis mesophyll protoplasts were transiently transformed with 

pEntryA-pCaMV35S::EYFP, pEntryA-pCaMV35S::EYFP-GCN5, pEntryA-pCaMV35S::EYFP-GCN5ILL 

or pEntryA-pCaMV35S::EYFP-GCN5EDD. Subcellular distribution of fluorescence-tagged proteins was 

observed by confocal microscopy with an LSM 880 (Carl Zeiss, Jena, Germany). Cells were imaged 

either in single layers or in z-stacks with a maximum spacing of 0.85 µm between sections, and 
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z-projections of EYFP (green) and DsRed (magenta) fluorescence were obtained. Intensity profiles 

along the dashed lines shown in the EYFP and DsRed images are given, as indicated, and are 

generated with ImageJ/Fiji (Schindelin et al., 2012). The intrinsic chlorophyll A fluorescence (blue) and 

bright field images are also shown, as indicated. The excitation wavelengths for EYFP, DsRed and 

chlorophyll A were 514 nm, 561 nm, and 633 nm, respectively, and emission was detected between 

520 – 555 nm (EYFP), 565 – 620 nm (DsRed) and 680 – 720 nm (chlorophyll A). A, EYFP localized in 

the cytoplasm and in the nucleus in three independent experiments, recording 13 cells. EYFP-GCN5 

localized in the nucleus (upper panel), if cytosolic localization of EYFP-GCN5 was observed, it was very 

weak (lower panel); three independent experiments, recording 19 cells. EYFP-GCN5ILL and 

EYFP-GCN5EDD localized in the nucleus and the cytosol in each of three independent experiments, 

recording 16 and 18 cells, respectively. Scale bar, 10 µm. B, Pearson correlation of EYFP and DsRed 

fluorescence of cells shown in A. Pearson correlation coefficients of NLS-DsRed and 

EYFP/EYFP-GCN5/EYFP-GCN5ILL/EYFP-GCN5EDD were calculated in ImageJ (Schindelin et al., 2012) 

with the JACoP plugin (Bolte and Cordelières, 2006). Pearson correlation coefficients are shown in a 

boxplot depicting the two inner quartiles and with whiskers indicating maximum and minimum. The cross 

marks the mean, the line marks the median. Circles represent outliers. One-way ANOVA was performed 

with a Tukey´s post-hoc test (P < 0.05). C, Subcellular distribution patterns of EYFP, EYFP-GCN5, 

EYFP-GCN5ILL and EYFP-GCN5EDD. Cells were counted and categorized into three groups, either 

showing fluorescence in the nucleus, in nucleus and cytosol or in the cytosol. Data are normalized to 

the results of EYFP expressing cells. Experiments were performed five times, with 25 (EYFP), 107 

(EYFP-GCN5), 79 (EYFP-GCN5ILL) and 76 (EYFP-GCN5EDD) analyzed cells. 

 

Taken together, the different localization patterns observed for EYFP-GCN5 and 

EYFP-GCN5ILL/EYFP-GCN5EDD indicate that PI binding capability influences the nuclear 

localization of the GCN5 protein. This finding is consistent with the notion that PIs, such as 

PtdIns3P, may act as positional signals to recruit GCN5 to its site of action to control histone 

modification and transcription in the plant nucleus. 
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 Discussion 

 

In this thesis, the little-explored roles of plant nuclear PIs are addressed to broaden our view 

of how PIs influence plant physiology and development. Studies on the functions of PIs in 

plants have mostly been performed using Arabidopsis mutants or other transgenic models with 

defects in PI biosynthetic enzymes, and in some instances these plants showed strong 

pleiotropic phenotypes (Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 2014). The 

complexity of intertwined cellular processes that influence each other over the course of plant 

development complicates the interpretation which particular metabolic or signaling defects are 

primarily responsible for the manifestation of any given phenotype. For instance, it has been 

shown that PIs influence auxin biology (Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 

2014). However, the interpretation of defects in auxin biology is difficult because auxin 

distribution, e.g. auxin gradients within different tissues, as well as auxin perception and 

auxin-regulated gene expression may all be affected. While the drastic and pleiotropic 

phenotype of the Arabidopsis pip5k1 pip5k2 double mutant has previously been rationalized 

based on clear defects in the trafficking and polar distribution of PIN proteins (Mei et al., 2012; 

Ischebeck et al., 2013; Tejos et al., 2014), these trafficking processes might not account for all 

aspects of the pleiotropic phenotype of these plants. In preparation of this thesis, pip5k1 pip5k2 

double mutants expressing the PIP5K2 variant PIP5K2AAA were generated, which displays 

inefficient nuclear import and reduced nuclear localization (Dr. Katharina Gerth). These plants 

displayed a partial complementation of the pip5k1 pip5k2 phenotypes, but phenotypes such 

as deformed leaves and flowers and defects in phyllotaxis emerged that were not previously 

observed (Fig. 1.4). While it cannot be excluded that the polar auxin distribution in these plants 

is still altered, the remaining defects could as well result from the fact that PIP5K2AAA expressed 

in the pip5k1 pip5k2 double mutant is no longer transported into the nucleus and the remaining 

phenotypes result from PIP5K2 missing from the nucleus. This interpretation is supported by 

the fact that PI biosynthesis mutants show defects in PIN distribution (Mei et al., 2012; 

Ischebeck et al., 2013; Tejos et al., 2014), but their phenotypes differ markedly from those of 

Arabidopsis pin mutants (Okada et al., 1991; Müller et al., 1998; Benková et al., 2003) in which 

the phenotypes are evidently due to altered auxin distribution and an impaired auxin gradient. 

As the phenotype of the pip5k1 pip5k2 double mutant can furthermore not be rescued by the 

application of exogenous auxin (Ischebeck et al., 2013), it was hypothesized about additional 

functional contributions of PIs in the nucleus, beyond their effects on auxin distribution. 

The phenotype of pip5k1 pip5k2 double mutants complemented with PIP5K2AAA may be thus 

related to the exclusion of PIP5K2 from the nucleus and represent defects in nuclear signaling 

or function. As previous studies indicated regulatory functions of PIs in the regulation of 

transcription and specifically in histone modification (Bunney et al., 2000; Dieck et al., 2012), 
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it was the aim of this work to determine to what extent the observed nuclear localization of 

Arabidopsis PI4P 5-kinase is biologically relevant and by what mechanism PIP5K1 and 

PIP5K2 might influence auxin-regulated gene expression. 

 

3.1. PI4P 5-kinases interact with GCN5 and putative components of the histone 

acetylation machinery 

In accordance with the previous observations by Dieck and coworkers for overexpression of 

human HsPIP5K1α in tobacco cell cultures (Dieck et al., 2012), overexpression of the intrinsic 

Arabidopsis PIP5K2 led to reduced acetylation levels at H3K9 and H3K14 in both examined 

transgenic lines, compared to a Col-0 wild type control (Fig. 2.1 C and D). The opposite effect 

was observed for the pip5k1 pip5k2 double mutant that displayed enhanced acetylation levels 

(Fig. 2.1 A and B), confirming that the intrinsic biosynthetic machinery for PIs influences 

histone acetylation in Arabidopsis. 

Changed histone acetylation levels imply an influence of PIs or PI4P 5-kinases on 

histone-modifying enzymes, which can introduce histone modifications, like acetyl residues, to 

histones or remove them (Patel and Wang, 2013; Ueda and Seki, 2020). This finding was 

supported by the specific interaction of the ubiquitously expressed PI4P 5-kinases PIP5K1, 

PIP5K2 and PIP5K6 with the HAT GCN5 in YTH assays and in immuno pull-down experiments. 

The interaction of PI4P 5-kinases with GCN5 seemed to be specific, because not every tested 

ubiquitously expressed PI4P 5-kinase showed an interaction (Fig. 2.2). 

GCN5 is described as a HAT component of the SAGA complex (Grant et al., 1997; Servet et 

al., 2010; Srivastava et al., 2015; Moraga and Aquea, 2015). In the HAT module, GCN5 binds, 

among others, to ADA2B (Stockinger et al., 2001; Mao et al., 2006; Servet et al., 2008). ADA2B 

recruits GCN5 to specific promoter regions and influences GCN5 activity by increasing the 

binding affinity of GCN5 to acetyl-CoA (Hark et al., 2009; Anzola et al., 2010; Servet et al., 

2010; Weiste and Dröge-Laser, 2014; Sun et al., 2018). While GCN5 and ADA2B interacted 

directly in YTH experiments (appendix Fig. 6.4), consistent with earlier findings (Stockinger et 

al., 2001; Mao et al., 2006; Servet et al., 2008), a direct interaction of any of the PI4P 5-kinases 

tested with ADA2B was not detected. However, both PIP5K1 and PIP5K2 interacted with ING 

proteins (Fig. 2.3), providing additional evidence for the presence of a nuclear protein complex 

containing elements of the HAT module and PI4P 5-kinases. ING proteins are reader proteins 

recognizing H3K4me2/H3K4me3 and recruit other enzyme complexes, such as HATs, to the 

corresponding promoter regions (Pena et al., 2006; Soliman and Riabowol, 2007; Lee et al., 

2009; Kim et al., 2016). Studies with mammalian ING proteins showed that these proteins get 

recruited to their histone target sites by binding to PtdIns-monophosphates that act as 

recruiting signaling molecules (Bunce et al., 2006a, 2006b; Soliman and Riabowol, 2007). 

Binding of the Arabidopsis isoforms ING1 and ING2 to GCN5 and PI4P 5-kinases PIP5K1 and 
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PIP5K2 (Fig. 2.2 and Fig. 2.3) suggests an involvement of PI4P 5-kinases or PIs in the 

formation of a HAT complex, which might be recruited by ING proteins. The details of how 

PIP5K1 and PIP5K2 interact with GCN5 have so far not been analyzed and the specific amino 

acid residues or domains mediating the interaction have not yet been identified. In the future, 

it will be interesting to elucidate actual subcellular or suborganellar localization of the 

interaction between PI4P 5-kinases and GCN5 in detail, possibly with advanced 

high-resolution microscopy. It is also possible that PI4P 5-kinases themselves are acetylation 

targets of GCN5. However, initial mass spectrometry studies did not detect acetylated PIP5K1 

or PIP5K2 fragments (preliminary data, not shown). Furthermore, it cannot be excluded that 

the interaction between PI4P 5-kinases and GCN5 does not take place in the nucleus at all. 

Several HATs in yeast and mammalians have been shown to shuttle between the nucleus and 

cytosol and might acetylate non-histone proteins in the cytosol (Tran et al., 2012; Scott et al., 

2012; Parthun, 2012; Shen et al., 2015). To further dissect this issue, the nuclear-excluded 

PIP5K2AAA could be a tool to investigate the interaction of PI4P 5-kinases and GCN5 in the 

future. 

While it remains unclear whether PIP5K1 or PIP5K2 interact also with other components of the 

HAT module or the SAGA complex, there is evidence indirectly linking the SAGA complex to 

PI signaling. For instance, the large SAGA subunit TRA1 (about 400 kDa) belongs to the 

phosphatidylinositol 3-kinase-related kinase (PIKK) family, a group of highly conserved protein 

kinases that includes the important proteins TOR, ATM, ATR, DNA-PKcs and SMG-1. TRA1 

is the only PIKK family member which seems to be a catalytically inactive kinase and shows 

no catalytic activity, neither against lipids nor proteins (Templeton and Moorhead, 2005; 

Lovejoy and Cortez, 2009; Sharov et al., 2017). In Arabidopsis two TRA1 isoforms are present, 

TRA1a and TRA1b, and as in yeast and mammals, both isoforms could be found in the SAGA 

complex and in nucleosome acetyltransferase of H4 (NuA4), another essential HAT complex 

in eukaryotes (Grant et al., 1998; Cheung and Diaz-Santin, 2019; Espinosa-Cores et al., 2020). 

The precise function of TRA1 proteins is currently not clear. Studies in yeast and mammals 

show that TRA1 proteins mediate the recruitment of large activator complexes like SAGA and 

thereby influence enzymatic activities such as histone acetylation or histone exchange 

mechanisms to influence chromatin status (Grant et al., 1998; Altaf et al., 2010; Espinosa-

Cores et al., 2020). The presence of a major protein component of these large activator 

complexes SAGA and NuA4 with homology to PI-kinases provides further evidence and 

supports the data of this work that PIs and/or PI-kinases can affect histone acetylation. 

 

3.2. PIP5K2 activity markedly affects auxin-induced GH3.3 transcription 

The interaction of the nuclear-localized PI4P 5-kinases PIP5K1 and PIP5K2 with GCN5, a 

HAT, matched well with the results of histone acetylation levels of H3K9ac and H3K14ac in 
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the PIP5K2 overexpression lines and the pip5k1 pip5k2 double mutant, respectively. Based 

on these data, the effect of altered histone acetylation seems to be due to a direct influence of 

PI4P 5-kinase on histone-modifying enzymes. Since GCN5-mediated histone acetylation at 

the GH3.3 gene locus has been described (Weiste and Dröge-Laser, 2014) for the auxin-

regulated gene GH3.3 (Hagen and Guilfoyle, 2002; Staswick et al., 2005), transcript levels of 

the GH3.3 gene were tested in the presence or absence of overexpressed PI4P 5-kinases 

(Fig. 2.4). Experiments were performed in Arabidopsis mesophyll protoplasts and the assay 

setup was adapted with modifications from experiments of Weiste and Dröge-Laser (Weiste 

and Dröge-Laser, 2014). Weiste and Dröge-Laser used this experimental design to investigate 

in which manner GH3.3 transcription is activated upon auxin application and requires GCN5-

mediated histone acetylation at the GH3.3 gene locus. Additional important reasons to use 

protoplasts were that, on the one hand, the uptake of auxin in protoplast suspensions should 

occur equally well in all cells, and on the other hand, prevents vectorial auxin transport from 

being affected by manipulation of PI levels as has been described previously, e.g. for the 

pip5k1 pip5k2 double mutant (Ischebeck et al., 2013; Tejos et al., 2014), thus complicating 

interpretation. In addition, manipulation of the different PI4P 5-kinase expression levels is 

straightforward because cells can be easily transformed with different constructs and allow 

comparative studies of the influences of the different PI4P 5-kinases. Stable overexpressor 

lines for PI4P 5-kinases have proven to be difficult to establish and maintain, in our laboratory 

and in others (Ischebeck et al., 2013; Tejos et al., 2014). For this thesis, the further use of the 

stable PIP5K2-EYFP OE lines was omitted, although they had shown altered histone 

acetylation (Fig. 2.1 C and D), because these lines are only weak overexpressors with a patchy 

fluorescence pattern and thus patchy expression pattern of PIP5K2-EYFP and do not show 

detectable changes in PtdIns(4,5)P2 levels (Gerth et al., 2017a).  

In addition, no stable PIP5K6-EYFP OE line was available as a control, but PIP5K6 

overexpression should be used as a control since the ubiquitously expressed PIP5K6 showed 

interaction with GCN5 (Fig. 2.2 B and C), but acts in different cellular processes than PIP5K1 

or PIP5K2 (Zhao et al., 2010; Stenzel et al., 2012; Heilmann, 2016a; Hempel et al., 2017; 

Menzel et al., 2019; Fratini et al., 2021). Thus, for numerous reasons the use of protoplasts 

appeared to be most suitable for experiments on auxin-induced gene expression in this thesis. 

The results showed that overexpression of PIP5K2-EYFP significantly attenuated 

auxin-activation of GH3.3 and impairs several other genes, IAA2, IAA5 and IAA19, compared 

with observations when EYFP control was expressed (Fig. 2.4, Fig. 2.5 and appendix Fig. 6.9). 

Comparable effects were observed with overexpression of PIP5K1-EYFP, but these results 

were not significant (Fig. 2.4, Fig. 2.5 and appendix Fig. 6.9). Interestingly, expression of the 

catalytically inactive PIP5K2 K470A-EYFP had no effect on auxin-activation of GH3.3 

transcription (Fig. 2.4 B). Likewise, expression of the functionally divergent isoenzyme 
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PIP5K6-EYFP (Zhao et al., 2010; Stenzel et al., 2012; Heilmann, 2016a; Hempel et al., 2017; 

Menzel et al., 2019; Fratini et al., 2021) was tested, which had no impact on auxin-activation 

of GH3.3 transcription or on the other auxin-inducible genes (Fig. 2.4, Fig. 2.5 and 

appendix Fig. 6.9). The observation that the catalytically inactive PIP5K2 K470A had no 

influence on GH3.3 transcriptional activation in this experimental setup confirmed that PIP5K2 

kinase activity is important for the inhibition of auxin-induced GH3.3 transcription. This means 

that the formation of the lipid product PtdIns(4,5)P2 or the consumption of the substrate lipid 

PtdIns4P of PIP5K2 and probably similarly of PIP5K1 is at the base of the effect. To test in the 

future whether an influence of PI4P 5-kinase/PI on gene regulation is restricted to individual 

genes or whether it is a general mechanism, RNAseq experiments would be informative. 

Additional analysis via chromatin immunoprecipitation (ChIP) assays to detect the effects of 

PI4P 5-kinases on GCN5-mediated histone modification would also provide information about 

the nature of the target genes and their promotors. 

The overexpression of PIP5K1 had, in the experiments performed here, less pronounced 

effects on the transcript regulation of the GH3.3 gene or on IAA2, IAA5, and IAA19 than was 

observed by the expression of PIP5K2. This might be related to the fact that PIP5K1 was 

always less well expressed than PIP5K2 in protoplasts (Fig. 2.4 D and Fig. 2.5 G) and that the 

protein itself displays lower catalytic activity than PIP5K2 in in vitro assays (Ischebeck et al., 

2013). However, even though PIP5K1 and PIP5K2 have been described as functionally 

redundant (Ischebeck et al., 2013), it cannot be ruled out that there are functional differences 

in PIP5K2 and PIP5K1. 

 

3.3. Inhibition of GCN5 and lipid binding 

The data so far suggested an effect of PIP5K2 on histone acetylation and an influence on the 

activation of GCN5-dependent auxin-regulated genes. PI4P 5-kinase activity was required for 

the in vivo effect on gene expression (Fig. 2.4 B), suggesting that the conversion of a substrate 

of this enzyme (PtdIns4P or PtdIns3P) to a product (PtdIns(4,5)P2 or PtdIns(3,5)P2, 

respectively) influenced the effect of the PIs on histone H3 acetylation, which contributes to 

controlling the transcriptional activity of GH3.3 and probably other auxin-inducible genes. 

When the influence of different PIs on GCN5 activity was tested in vitro, all PIs including 

PtdIns(4,5)P2 and PtdIns3P showed inhibitory effects on histone acetylation (Fig. 2.7). 

When the histone acetylation was monitored in time course experiments over a reaction time 

of 120 min, substantial reduction in GCN5-mediated H3K9 and H3K14 acetylation was 

observed in the presence of either PtdIns3P or PtdIns(4,5)P2, compared with the 

corresponding controls without lipid addition (Fig. 2.8). It is important to note that phospholipids 

were added in very small amounts to a molar excess of histone substrate to minimize the 

influence of electrostatic interactions between the basic lysine residues of histones and the 
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anionic lipids. The data suggest that PIs can affect the catalytic activity of GCN5, but it remains 

unclear how precisely PIs can affect GCN5. 

To better understand the influence of PIs on GCN5 functionality and histone acetylation, the 

binding of purified recombinant MBP-GCN5 protein to various lipids was examined by lipid 

overlay tests (Fig. 2.9 B) and by liposome sedimentation assays (Fig. 2.9 C and D). GCN5 was 

found to bind PtdIns3P and weakly also PtdIns4P and PtdIns5P (Fig. 2.9 B, C and D), but 

showed no binding to PtdIns(4,5)P2. The notion that nuclear PIs influence histone modification 

and that GCN5 binds to PtdIns3P is consistent with reports from the mammalian field where 

an interaction of ING protein homologs with PtdIns-monophosphates has been shown (Gozani 

et al., 2003). As a reader protein binding to trimethylated histone H3K4 (Lee et al., 2009), it 

has been proposed that PI binding of ING is required for the subsequent recruitment of human 

HATs into a functional HAT complex (Bunce et al., 2006a, 2006b; Soliman and Riabowol, 

2007). Most importantly, the ING isoforms of Arabidopsis, ING1 and ING2, also bound to 

PtdIns3P (Fig. 2.9 B, C and E), suggesting that a similar regulatory mechanism exists for the 

Arabidopsis HAT element GCN5 and ING, which both bind PtdIns3P (Fig. 2.9 B and C). A 

capability for the binding of anionic lipids has also been reported for yeast ADA2, which was 

demonstrated to bind PtdSer (Hoke et al., 2008). Preliminary findings of our group indicate 

possible PI binding of Arabidopsis ADA2B (unpublished data, AG M. Heilmann). Although, 

ADA2B did not interact in YTH studies with PI4P 5-kinases (Fig. 2.2 B), these observations 

support the hypothesis that PIs exert a regulatory influence on the SAGA complex. 

 

3.4. Possible modes of GCN5 inhibition by PIs 

At the molecular level, PIs might inhibit histone acetylation in several ways. For instance, PIs 

could affect the MBP-GCN5 protein or the histone substrates or possibly even both. 

PtdIns(4,5)P2 inhibited GCN5 activity in vitro (Fig. 2.7) but did not bind to the MBP-GCN5 

protein in lipid binding experiments (Fig. 2.9). The in vitro lipid binding assays may not reflect 

all aspects of possible interactions between lipids and GCN5. Alternatively, the anionic 

PtdIns(4,5)P2 could interact with the basic surface of histone substrates, thereby affecting the 

formation of the GCN5/histone enzyme/substrate complex that is required for histone 

modification. The latter mode of action cannot currently be supported or ruled out by 

experimental evidence. However, PtdIns(4,5)P2 has already been shown in other contexts to 

exert regulatory functions by interfering with certain protein-protein interactions, such as the 

interaction between Rho of plants (ROP) and guanidine nucleotide dissociation inhibitor (GDI) 

(Fauré et al., 1999; Kost, 2008). An electrostatic effect seems nonspecific at first, but it must 

be considered that PIs are lipids of low abundance and would not randomly distribute in the 

nucleoplasm. Instead, the effects of PIs on histone modification and possibly on chromatin 

transitions likely occur at sites of contact of chromatin with the inner surface of the nuclear 
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envelope. Several studies have already been conducted for such chromatin-nuclear envelope 

contact sites in both animals and plants (Kinney et al., 2018; Bishop et al., 2021). This 

subnuclear distribution of PtdIns(4,5)P2 and other PIs as well as nuclear PI4P 5-kinases will 

be the target of future analyses using advanced high-resolution microscopy. 

Basic hydrophobicity analyses (Fig. 2.10 B and appendix Fig. 6.13 A and B) (Brzeska et al., 

2010) and the resulting amino acid substitution variants, GCN5ILL and GCN5EDD, showed that 

only a small region at the beginning of the catalytic HAT domain of GCN5 seems to be 

responsible for PtdIns3P binding. In any case, the variants GCN5ILL and GCN5EDD no longer 

bound to PtdIns3P in liposome sedimentation assays (Fig. 2.11). While the substitutions in the 

proposed lipid binding region of GCN5 did not result in a clear misfolding of the GCN5 variants, 

as shown by the CD spectra of the purified recombinant proteins (appendix Fig. 6.14), both 

substitution variants were catalytically inactive in vitro (Fig. 2.12 A). 

To our knowledge, there is currently no crystal structure of Arabidopsis GCN5. A recent model 

of the Arabidopsis GCN5 protein predicted on the AlphaFold Protein Structure Database 

(Jumper et al., 2021) predicts surface exposition of the putative PtdIns3P-binding amino acids 

R260, K261, and K263 with high confidence. Furthermore, according to comparative analysis 

of GCN5 sequences from yeast and animals, the residues R260, K261, and K263 are unlikely 

to be responsible for acetyl-CoA binding and thus for the catalytic activity of GCN5 (Rojas et 

al., 1999; Schuetz et al., 2007; Sun et al., 2018). It appears possible that the amino acid 

substitutions in GCN5ILL and GCN5EDD lead to slight changes in tertiary structure, that might 

result in a slight conformational change in the substrate binding pocket, and thus a changed 

binding ability to histone H3 or acetyl-CoA. To further elucidate the effect of lipid binding on 

catalytic activity of GCN5, in the future single amino acid substitutions, e.g. only at position 

K261 with the highest BH-score, should be analyzed, which might still prohibit PtdIns3P binding 

while still enabling an active enzyme. A GCN5 variant with limited lipid binding but still catalytic 

activities would also be a helpful tool for future mutant complementation assays to further 

analyze the proposed GCN5/SAGA regulation by PIs. 

 

3.5. PI binding contributes to nuclear localization of GCN5 

Both lipid overlays and liposome sedimentation assays indicated that MBP-GCN5 bound most 

prominently to PtdIns3P (Fig. 2.9 B, C and D). This observation appears relevant, because 

PtdIns3P is the product of the PI 3-kinase VPS34, which has previously been reported to 

associate with sites of active transcription in plant cells (Bunney et al., 2000). Please note that 

the catalytic activity of recombinant Arabidopsis VPS34 as a PI 3-kinase was confirmed here 

for the first time (Fig. 2.13 B and C). A role of VPS34 in a GCN5-related process is supported 

by its interaction with GCN5 in YTH tests (Fig. 2.15 A). While the analysis of the subcellular 

distribution of VPS34-mCherry in Arabidopsis mesophyll protoplasts also confirmed the 
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localization to nuclei in addition to cytoplasmic localization (Fig. 2.14), the expression of 

VPS34-mCherry did not affect the auxin-activation of GH3.3 (Fig. 2.16 A) in a manner 

comparable to the effects of overexpressed PIP5K1-EYFP or PIP5K2-EYFP (Fig. 2.4). The 

data suggest that overexpressed VPS34 did not influence GCN5-mediated histone acetylation 

in vivo, even though PtdIns3P had shown an inhibitory effect on histone acetylation by GCN5 

in vitro (Fig. 2.7). Together with the previous reports, the data obtained here on GCN5 binding 

to PtdIns3P and on Arabidopsis VPS34 suggest a role for PtdIns3P in the recruitment of GCN5 

to the sites of transcription, but do not indicate that PtdIns3P contributes to the control of GCN5 

activity. 

The substantially relaxed subcellular distribution of the EYFP-GCN5ILL and EYFP-GCN5EDD 

variants with reduced lipid binding capability compared to the clear nuclear localization of 

EYFP-GCN5 (Fig. 2.17) indicate a malfunction in the subcellular localization of GCN5 that is 

consistent with a role for PtdIns3P as a factor recruiting GCN5 to the nucleus. While data on 

the more precise subnuclear localization of EYFP-GCN5 or its variants are currently missing, 

based on the previous observations by Bunney and coworkers (Bunney et al., 2000) it is 

tempting to speculate that VPS34 and PtdIns3P mark the sites of active transcription to enable 

the recruitment of ING proteins and a HAT module containing GCN5. On the other hand, it 

cannot be ruled out that alternatively an essential part of an NLS in GCN5 was accidentally 

destroyed. However, an NLS prediction tool (SeqNLS; (Lin et al., 2012)) identified a putative 

NLS from amino acid K36 to L39 in the amino acid sequence of Arabidopsis GCN5 that 

matches the position of the NLS at the N-terminus of GCN5 from Toxoplasma gondii (Bhatti 

and Sullivan, 2005; Dixon et al., 2011), suggesting that substitutions in positions R260, K261, 

and K263 might leave the NLS of GCN5 unaffected. 

Overall, the data show that PIs affect the acetylation of histones in the nucleus. It is conceivable 

that PIs establish contact sites between protein complexes and chromatin and the inner 

nuclear envelope. Such contacts might be relevant for chromatin transitions and the 

transcriptional activation of specific genes. 

 

Based on the experimental results obtained in this study, a model for a hypothetical molecular 

mechanism can be proposed to explain the contribution of PIs in GCN5-mediated 

auxin-inducible transcription in the Arabidopsis nucleus (Fig. 3.1). 
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Fig. 3.1: Proposed model of PIs involved in epigenetic control. ING and GCN5, the HAT of the 

SAGA complex, are recruited to active transcription sites in the nucleus by PtdIns-monophosphate (PIP) 

binding. ING, the epigenetic reader, binds to H3K4me3 in the promotor region of auxin-inducible genes, 

like GH3.3, and recruits GCN5. Bound to histone H3, GCN5 mediates acetylation at lysine residues of 

the N-terminus of histone H3. PI4P 5-kinases convert the PtdIns-monophosphates to 

PtdIns-bisphosphates (PIP2) and thereby induce inhibition of GCN5. PtdIns-bisphosphates attach the 

active transcription site to the inner envelope membrane of the nucleus. PI 3-kinase VPS34 interacts 

with GCN5 and synthesizes PtdIns3P to retain GCN5 at the gene locus. The model was designed on 

basis of a model of Weiste and Dröge-Laser (compare Fig. 1.8, (Weiste and Dröge-Laser, 2014)). 

 

In this model, the epigenetic reader ING and the HAT GCN5, as a part of the SAGA complex, 

are recruited to an active transcription site of an auxin-inducible gene by 

PtdIns-monophosphates acting as recruiting signals. PI4P 5-kinases can bind to histone H3 at 

the active transcription site and could facilitate positioning of GCN5 and ING by stabilizing the 

complex at the interface with the inner nuclear envelope membrane. ING binds to H3K4me3 

and recruits GCN5. GCN5 positions at the N-terminus of histone H3, probably with additional 

support of its bromodomain. H3K9, H3K14 or H3K27 are acetylated by GCN5, which was 

activated and regulated by ADA2B, the transcriptional adaptor within the SAGA complex that 

recruits the complex to bZIP transcription factors/GREs. PI4P 5-kinases, particularly PIP5K2 

or PIP5K1, localize in the nucleus and convert the PtdIns-monophosphates to 

PtdIns-bisphosphates, which inhibit GCN5 after acetylation has occurred. 

PtdIns-bisphosphates attach the active transcription sites to the inner envelope membrane. 

PI 3-kinase VPS34 binds to GCN5 and generates PtdIns3P to retain GCN5 at the gene locus. 

Evidently, this model is still highly speculative and will require to be modified based on future 

research. However, I hope that this model summarized the finding of this thesis and can serve 

as a basis to expand the knowledge on the exciting and new field of nuclear PIs in plants. 
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 Material and Methods 

 

4.1. Equipment and devices 

Equipment and technical devices used for experiments described in this thesis are listed in 

appendix Tab. 6.1 and are also mentioned in the description of each method. 

 

4.2. Chemicals 

Chemicals used are listed in appendix Tab. 6.2. All other chemicals used but not specifically 

mentioned were purchased from the companies Sigma-Aldrich/Merck (Munich/Darmstadt, 

Germany), Carl Roth GmbH (Karlsruhe, Germany) or AppliChem (Darmstadt, Germany). 

 

4.2.1. Antibiotics used for the selection of bacteria 

Antibiotic Stock solution Final concentration Supplier 

Carbenicillin disodium 100 mg/ml 100 µg/ml Duchefa, Haarlem, 

Netherlands 

Kanamycin monosulfate 50 mg/ml 50 µg/ml Duchefa, Haarlem, 

Netherlands 

 

4.2.2. Phospholipids 

All phospholipids were ordered from Avanti Polar Lipids Inc. (Merck, Darmstadt, Germany) and 

are listed in appendix Tab. 6.3. 

 

4.3. Consumables and Kits 

Used kits and single-use material are listed in appendix Tab. 6.4. 

 

4.4. Enzymes, proteins, peptides and molecular size markers 

Restriction enzymes AscI, BamHI, NdeI, NheI, NotI, SalI, SfiI, XbaI and XhoI were purchased 

from New England Biolabs Inc. (Frankfurt, Germany). Other used enzymes, proteins, peptides 

and molecular size markers and their suppliers are listed in appendix Tab. 6.5. 

 

4.5. Microorganisms 

Escherichia coli (E. coli) strain NEB5α (New England Biolabs Inc., Frankfurt, Germany) was 

used for cloning and vector/plasmid amplification. 

Genotype: fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 

thi-1 hsdR17 

 



Material and Methods 

 

63 
 

E. coli strain Rosetta2(DE3) (Merck (Novagen), Darmstadt, Germany) was used for 

recombinant protein expression. 

Genotype: F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE2 (CamR) 

 

Saccharomyces cerevisiae (S. cerevisiae) strain NMY51 (Dualsystems Biotech, Zurich, 

Switzerland) was used for split-ubiquitin-based yeast-two-hybrid analyses. 

Genotype: MATa, his3Δ200, trp1-901, leu2-3,112, ade2, LYS2::(lexAop)4-HIS3, 

ura3::(lexAop)8-lacZ (lexAop)8-ADE2 GAL4) 

 

4.6. Plants 

The plant material used in this study was of Arabidopsis thaliana Columbia (Col-0) background. 

 

wild type Arabidopsis Col-0: originally obtained from Lehle seeds 

(http://www.arabidopsis.com) 

 

pip5k1 pip5k2: crossing of single mutants with T-DNA insertions in 

PIP5K1 (SALK_146728) and PIP5K2 (SALK_012487), 

stock is heterozygous for PIP5K1 (Ischebeck et al., 

2013). 

 

pCaMV35S::PIP5K2-EYFP: expresses PIP5K2-EYFP under control of the 

pCaMV35S promotor (pMDC123 vector), individual 

lines L2 (T3 generation) and L5 (T2 generation) (Gerth 

et al., 2017a). 

 

4.7. Culture media 

Before using, media were autoclaved for 20 min at 121°C. Media containing saccharides were 

autoclaved for 15 min. 

 

4.7.1. Media for E. coli 

Media for cultivation of E. coli are listed in Tab. 4.1. For solid medium, 1.5 % (w/v) micro-agar 

was added before autoclaving. For applied antibiotics see section 4.2.1. 
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Tab. 4.1: Media for E. coli. 

Component LB medium 2YT medium 

Yeast extract 0.5 % (w/v) 1 % (w/v) 

Tryptone 1 % (w/v) 1.6 % (w/v) 

NaCl 0.5 % (w/v) 0.5 % (w/v) 

Glucose - 0.2 % (w/v) 

 

 

4.7.2. Media for yeast 

Media for cultivation of S. cerevisiae NMY51 are listed in Tab. 4.2. For solid medium, 2 % (w/v) 

micro-agar was added before autoclaving. Glucose and amino acid supplements were 

autoclaved for 15 min at 121°C and added freshly to SD medium before use. 

 

Tab. 4.2: Media for yeast. 

Component YPAD medium SD medium 

Yeast extract 1 % (w/v) - 

Peptone 2 % (w/v) - 

Adenine hemisulfate 0.004 % (w/v) - 

Yeast nitrogen base w/o amino 

acids and ammonium sulfate 

- 0.17 % (w/v) 

(NH4)2SO4 - 0.5 % (w/v) 

Micro-agar 2 % (w/v) 2 % (w/v) 

Glucose 2 % (w/v) 2 % (w/v) 

Amino acid supplement - 1x -LW or 1x -LWH 

Amino acid stock solution for supplementation of SD medium 

-LW (10x) 200 mg/l L-adenine hemisulfate, 200 mg/l L-arginine HCl, 200 mg/l L-

histidine HCl monohydrate, 300 mg/l L-isoleucine, 300 mg/l L-lysine HCl, 

200 mg/l L-methionine, 500 mg/l L-phenylalanine, 2000 mg/l L-threonine, 

300 mg/l L-tyrosine, 200 mg/l L-uracil, 1500 mg/l L-valine und 200 mg/l L-

serine. 

-LWH (10x) same as -LW (10x) but without L-histidine HCl monohydrate 

 

4.7.3. Plant medium 

Medium for cultivation of Arabidopsis seedlings is listed in Tab. 4.3. For solid medium, 

0.8 % (w/v) micro-agar was added before autoclaving. 
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Tab. 4.3: Plant medium. 

Component 1/2 Murashige & Skoog (MS) medium 

Murashige & Skoog-Medium, 

incl. modified vitamins 

0.22 % (w/v) 

Sucrose 1 % (w/v) 

pH was adjusted with 1 M KOH to pH 5.6.  

 

4.8. Growth conditions 

4.8.1. Growth conditions for Arabidopsis plants 

Plants were grown at the conditions described below in either Adaptis A1000 plant chambers 

(Conviron, Winnipeg, MB, Canada) or PERCIVAL AR-66/L3 plant chambers (Percival 

Scientific, Perry, IA, USA). For sterile growth on 1/2 MS medium, Arabidopsis seeds were 

sterilized in 1 ml sodium hypochlorite solution (6 % (w/v) NaOCl, 0.1 % (v/v) Triton X-100) for 

15 min while shaking and washed six times with 1 ml ddH2O afterwards. Sterilized seeds were 

directly sown on 1/2 MS medium. Seeds sown on 1/2 MS medium were first stratified for three 

days at 4°C in the dark and then cultivated under long-day conditions (16 h light, 8 h darkness) 

at ambient humidity and 21°C. 

Protoplast experiments and nuclei isolation were performed using approximately six-week-old 

leaf material from Arabidopsis grown on soil at ambient humidity at 21°C in short-day 

conditions (8 h light, 16 h darkness). Apart from the pip5k1 pip5k2 double mutant, plants were 

sown directly on soil. pip5k1 pip5k2 was grown on 1/2 MS medium for ten days for 

preselection, and only plants with the appropriate mutant phenotype were transplanted to soil. 

The soil used was a mixture of nine parts substrate 1 (Klasmann-Deilmann GmbH, Geeste, 

Germany) and one part vermiculite and was sterilized by steaming at 80°C for 8 h. 

 

4.8.2. Maintenance of yeast strain NMY51 

To obtain the S. cerevisiae NMY51 strain, colonies were freshly plated out on YPAD medium 

every two to three weeks, grown at 28°C for two to three days, and then stored at 4°C. 

 

4.9. Vectors used in this study 

4.9.1. Vectors for recombinant protein expression in E. coli 

Vector Description Source 

pGEX-6P-1 AmpR, contains under control of the ptac 

promotor the copy DNA (cDNA) coding for GST 

and a multiple cloning site (mcs) for expressing 

proteins with N-terminal GST tag. 

GE Healthcare GmbH, 

Solingen, Germany 
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pMAL-c5G AmpR, contains under control of the ptac 

promotor the malE gene and a mcs for 

expressing fusion proteins with N-terminal MBP 

tag. MBP sequence was optimized for 

enrichment via amylose. MBP can be cleaved 

from protein of interest with the specific protease 

Genenase I. 

New England Biolabs 

Inc., Frankfurt, Germany 

 

4.9.2. Vectors for yeast-two-hybrid studies 

Vector Description Source 

pBT3-C-

OST4 

KanR, LEU2 auxotrophic marker for selection in yeast, 

bait vector, based on pBT3-C, contains under control of 

pCYC1 promotor a mcs and 3´the cDNAs coding for the 

C-terminal part of ubiquitin (Cub, aa 34 – 76), LexA 

DNA binding domain and VP16 transactivation domain, 

CYC1 terminator. Dr. Mareike Heilmann introduced 

OST4 (coding for oligosaccharyltransferase 4) via XbaI 

restriction sites. 

Dualsystems 

Biotech, Zurich, 

Switzerland; 

modified by  

Dr. Mareike 

Heilmann, MLU 

Halle Wittenberg 

pPR3-N AmpR, TRP1 auxotrophic marker for selection in yeast, 

prey vector, contains under control of pCYC1 promotor 

the cDNA coding for the N-terminal part of ubiquitin 

(NubG, aa 1 – 38, I13 mutated to G) 5  ́of HA epitope 

tag and mcs, CYC1 terminator. 

Dualsystems 

Biotech, Zurich, 

Switzerland 

pAI-Alg5 AmpR, TRP1 auxotrophic marker for selection in yeast, 

prey vector, contains the cDNA of unmodified Nub 

fused to dolichyl-phosphate beta-glucosyltransferase 

(Alg5). 

Dualsystems 

Biotech, Zurich, 

Switzerland 

pDL2-Alg5 AmpR, TRP1 auxotrophic marker for selection in yeast, 

prey vector, contains the cDNA of NubG fused to Alg5. 

Dualsystems 

Biotech, Zurich, 

Switzerland 

 

 

4.9.3. Vectors for transient protein expression in Arabidopsis protoplasts 

Vector Description Source 

pEntryA AmpR, based on pUC18, mcs under control of a 

pCaMV35S promotor, that has been introduced via SfiI 

restriction sites, poly(A) terminator of the octopine 

synthase (OCS) from tumor-inducing (Ti) plasmid of 

Agrobacterium tumefaciens (A. tumefaciens) 

(MacDonald et al., 1991), flanked by recombination sites 

attL1 (5´ of mcs) and attL4 (3´of mcs). 

Dr. Mareike 

Heilmann, MLU 

Halle-Wittenberg 
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pEntryD AmpR, based on pUC18, mcs under control of a 

pCaMV35S promotor, that has been introduced via SfiI 

restriction sites, poly(A) terminator of the OCS from 

Ti plasmid of A. tumefaciens (MacDonald et al., 1991), 

flanked by recombination sites attR4 (5´ of mcs) and 

attL2 (3´of mcs). 

Dr. Mareike 

Heilmann, MLU 

Halle-Wittenberg 

 

4.10. Molecular biology methods 

4.10.1. DNA isolation 

Genomic DNA was extracted from rosette leaves using the cetyltrimethylammonium bromide 

(CTAB) method (Murray and Thompson, 1980). For this purpose, plant material frozen in liquid 

N2 was pulverized in a 1.5 ml centrifuge tube and immersed in 250 µl of CTAB extraction 

solution (2 % (w/v) CTAB, 100 mM Tris-HCl pH 8.0, 1.4 M NaCl, 20 mM 

ethylenediaminetetraacetic acid (EDTA) pH 8.0, 2 % (v/v) 2-mercaptoethanol), and incubated 

for 30 min at 65°C. The extracts were then mixed with 250 µl chloroform:isoamyl alcohol 

(24:1 (v/v)) and centrifuged at 7,500 x g and room temperature (RT) for 3 min for phase 

separation. The upper phase was transferred to a new tube and mixed with 20 µl CTAB/NaCl 

solution (10 % (w/v) CTAB, 0.7 % (w/v) NaCl, preheated to 65°C). Samples were incubated 

for 2 min at RT. 220 µl 2-propanol were added and tubes were inverted several times. Samples 

were again incubated for 2 min at RT and centrifuged at 18,400 x g and RT for 10 min. The 

supernatant was carefully removed, and the DNA was washed with 100 µl 75 % (v/v) ethanol. 

The samples were centrifuged at 9,400 x g and RT for 5 min and the supernatant was carefully 

removed. The DNA was dried and finally dissolved in 30 µl ddH2O. 

 

4.10.2. RNA isolation 

For RNA preparation from protoplasts, 400 µl transformed protoplasts (see section 4.26) were 

dissolved in 1 ml Trizol solution (38 % (v/v) Phenol (saturated with 0.1 M citrate buffer, pH 4.3 

(#P4682, Sigma-Aldrich, Munich, Germany), 0.8 M guanidinium thiocyanate, 0.4 M ammonium 

thiocyanate, 0.1 M sodium acetate pH 5.0, 5 % (v/v) glycerol). Afterwards, all samples were 

incubated for 10 min at RT and centrifuged at 15,870 x g and 4°C for 10 min. Supernatant was 

transferred to a new tube and mixed vigorously for 15 s with 200 µl chloroform. Samples were 

incubated for 3 min at RT and were centrifuged at 15,870 x g and 4°C for 10 min. The upper 

phase was transferred to a new tube and combined with 1/2 volume of 2-propanol and 

1/2 volume of high salt precipitation buffer (0.8 M sodium citrate, 1.2 M NaCl). Samples were 

inverted several times and incubated for 10 to 20 min at RT. RNA was precipitated by 

centrifuging at 15,870 x g and 4°C for 15 min. Supernatant was removed and precipitate was 

washed two times with 900 µl 75 % (v/v) ethanol. Samples were centrifuged at 15,870 x g and 

4°C for 5 min and RNA was dried at RT. Dried RNA was resolved in 20 µl ddH2O. RNA 
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concentration was measured at 260 nm with an Ultrospec 2100 pro UV/Vis spectrometer 

(Biochrom, Cambridge, United Kingdom) or Ultrospec 3000 UV/Vis spectrometer (Pharmacia 

Biotech AG, Dübendorf, Germany). RNA quality was determined by the ratio of absorbances 

A260/280 and electrophoresis (see section 4.11). 

 

4.10.3. cDNA synthesis 

For cDNA synthesis, approximately 1 to 5 mg of total RNA from Arabidopsis seedlings and 1 µl 

of total RNA from protoplasts were used. The cDNA synthesis was performed using the 

RevertAid H Minus First Strand cDNA Synthesis Kit (#K1632, Thermo Fisher Scientific, 

Schwerte, Germany) according to the manufacturer´s instructions. If RNA was frozen prior to 

cDNA synthesis, it was incubated for 5 min at 65°C after thawing to achieve complete 

denaturation. 

 

4.11. Separation of DNA and RNA in agarose gels 

DNA and RNA molecules were separated according to their size in 1 % or 2 % (w/v) agarose 

gels in 1x Tris-Acetate-EDTA buffer (TAE buffer) (40 mM Tris, 20 mM glacial acetic acid, 1 mM 

EDTA). For this, samples were mixed with 5x sample buffer (60 % (v/v) glycerol, 0.4 % (w/v) 

Orange G, 0.03 % (w/v) bromophenol blue, 0.03 % (w/v) xylene cyanol PP) and loaded into 

the gels. The GeneRulerTM 100 bp DNA Ladder or GeneRulerTM 1 kb DNA Ladder (both 

Thermo Fisher Scientific, Schwerte, Germany) were used as molecular size markers. 

Electrophoresis was performed with MINI and MIDI chambers (cti, Idstein, Germany) with a 

voltage of 120 V to 150 V (DNA) or 70 V (RNA) per gel. For detection, gels were incubated in 

ethidium bromide (10 µg/ml in ddH2O) for 10 to 15 min and nucleic acids were visualized under 

UV light in a Gel Detection System Gel iX Imager (INTAS, Göttingen Germany) or a Gel 

Detection System Quantum ST4 (Vilber Lourmat Deutschland GmbH, Eberhardzell, 

Germany). 

 

4.11.1. Extraction of DNA from gels 

To isolate DNA vectors or fragments from agarose gels, the GeneJETTM Gel Extraction Kit 

(#K0692, Thermo Fisher Scientific, Schwerte, Germany) was used. Cut gel pieces were 

dissolved in manufacturer´s binding buffer in a 1:1 ratio (v/v) for approximately 10 min at 50 to 

60°C. The DNA was then loaded onto the purification column, washed with washing buffer, 

and the DNA was eluted with 20 to 30 µl ddH2O. 
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4.12. PCR strategies 

4.12.1. Genotyping of Arabidopsis plants 

To investigate Arabidopsis genotypes, wild type alleles, T-DNA insertions and the presence of 

transgenic expression cassettes, specific oligonucleotide pairs were used. Oligonucleotides 

are given in appendix Tab. 6.6. The polymerase chain reaction (PCR) was performed in a total 

volume of 25 µl with 2 µl isolated DNA (section 4.10.1) and with the TAQ-DNA-Polymerase 

(peqlab, VWR International GmbH, Darmstadt, Germany) as described in the manufacturer´s 

instructions. The used standard PCR program started with an initial heating of the samples to 

94°C for 5 min followed by 40 cycles, alternating the steps of denaturation at 94°C for 30 s, 

oligonucleotide annealing at 60°C for 30 s, and elongation at 72°C for 30 s/kilo bases (kb). 

PCR samples were separated using gel electrophoresis (section 4.11). 

 

4.12.2. Quantitative real-time RT PCR (qPCR) 

Transcript levels of various target genes were analyzed by quantitative real-time RT PCR 

(qPCR) on cDNA from section 4.10.3. For this purpose, 2 µl of respective cDNA sample and 

the Luna® Universal qPCR Master Mix (New England Biolabs Inc., Frankfurt, Germany) (for 

mesophyll protoplasts) were used as described in the manuals. Specific oligonucleotides for 

amplification of the corresponding transcripts were designed using the online tool Primer-

BLAST (National Center for Biotechnology Information, U.S. National Library of Medicine, 

Bethesda, MD, USA (Ye et al., 2012)). Oligonucleotide pairs were designed to specifically 

amplify a cDNA fragment of no more than 200 base pairs (bp). Used oligonucleotides are listed 

in appendix Tab. 6.7. Data were normalized to the transcript level of the housekeeping gene 

ubiquitin-conjugating enzyme 10 (UBC10). qPCRs were performed in a Rotor Gene Q 2-Plex 

(Qiagen, Hilden, Germany) using the program Rotor-Gene Q Series Software (Qiagen, Hilden, 

Germany). The used standard PCR program started with an initial heating of the samples to 

95°C for 10 min followed by 40 to 50 cycles, alternating the steps of denaturation at 95°C for 

10 s, oligonucleotide annealing at 60°C for 20 s, and elongation at 72°C for 30 s. The 

respective transcript data were analyzed using the Rotor-Gene Q Series software (Qiagen, 

Hilden, Germany) and the program LinRegPCR (J. M. Ruijter, Academic Medical Center, 

Amsterdam, Netherlands, based on (Ruijter et al., 2009; Tuomi et al., 2010; Ruijter et al., 

2014)). 

 

4.12.3. Amplification of DNA fragments by PCR 

To clone the gene or cDNA of interest into a vector, the coding sequence regions had to be 

amplified by PCR. To avoid errors in the sequences as far as possible, Phusion® High Fidelity 

DNA-Polymerase with a proofreading ability (New England Biolabs Inc., Frankfurt, Germany) 

was used for this purpose according to the manufacturer´s instructions. Templates were either 
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cDNAs already cloned as plasmids (1:20 dilution) or prepared cDNA (2 µl) (see section 4.10.3). 

Used oligonucleotides are listed in appendix Tab. 6.8. The used standard PCR program 

started with an initial heating of the samples to 98°C for 1 min followed by 40 cycles, alternating 

the steps of denaturation at 98°C for 30 s, oligonucleotide annealing at 65°C for 30 s, and 

elongation at 72°C for 30 s/kb, followed by a final oligonucleotide annealing at 60°C for 30 s 

and a final elongation at 72°C for 5 min. PCR products were separated on agarose gels 

(section 4.11) and purified as described in section 4.11.1. 

 

4.12.4. Introduction of amino acid substitutions: fusion PCR 

Amino acid substitutions were introduced by fusion PCR and appropriately modified 

oligonucleotide pairs. Forward and reverse oligonucleotides (fusion mutation oligonucleotides) 

were designed to anneal to the position where the desired substitutions were to be introduced. 

These fusion mutation oligonucleotides overlapped by at least 20 bp. In two separate PCR 

reactions, the forward mutagenesis oligonucleotide was used with the 3´-end oligonucleotide 

and the reverse mutagenesis primer was used together with the 5´-binding forward 

oligonucleotide. This resulted in two PCR fragments which were separated on an agarose gel 

(section 4.11), gel extracted (section 4.11.1) and fused in another PCR with the corresponding 

5´-binding forward oligonucleotide and the 3´-end oligonucleotide. Initial templates were 1:100 

dilutions of the plasmids carrying the cDNAs to be modified. The polymerase used for this 

purpose was the Phusion® High Fidelity DNA-Polymerase with a proofreading ability (New 

England Biolabs Inc., Frankfurt, Germany) as described in section 4.12.3. The used standard 

PCR program started with an initial heating of the samples to 98°C for 1 min followed by 40 

cycles, alternating the steps of denaturation at 98°C for 30 s, oligonucleotide annealing at 65°C 

for 30 s, and elongation at 72°C for 30 s/kb, followed by a final elongation step at 72°C for 

10 min. Finally, it was proceeded as described in section 4.12.3. 

 

4.13. Restriction 

Restriction enzymes (AscI, BamHI, NdeI, NheI, NotI, SalI, SfiI, XbaI and XhoI) were used as 

described in the manuals from New England Biolabs Inc. (Frankfurt, Germany). 

PCR products and vector backbones were digested overnight at the corresponding 

temperature. The restriction reactions were stopped by incubating the samples for 30 min at 

80°C. The digested vectors were then purified via an agarose gel (section 4.11) and the 

GeneJETTM Gel Extraction Kit (#K0692, Thermo Fisher Scientific, Schwerte, Germany) 

(section 4.11.1). 

 



Material and Methods 

 

71 
 

4.14. Ligation 

For ligation of digested DNA fragments in vectors, T4-DNA-Ligase (New England Biolabs Inc., 

Frankfurt, Germany) was used according to the manufacturer´s instructions. Briefly, the 

reaction mixtures had a total volume of 20 µl and each consisted of 3 µl of digested PCR/cDNA 

insert, 1 µl of the digested vector, 2 µl of 10x T4-DNA-Ligase buffer, and 1 µl of T4-DNA-Ligase 

and was incubated for 30 min at RT. Subsequently, the complete reactions were transformed 

into chemo-competent E. coli NEB5α (section 4.15). 

 

4.15. Amplification of plasmid- and vector DNA in E. coli 

4.15.1. Preparation of chemo-competent E. coli 

Chemo-competent E. coli NEB5α cells were prepared after the protocol of Inoue and 

coworkers (Inoue et al., 1990). A pre-culture of 50 ml LB medium was inoculated with 500 µl 

of E. coli NEB5α (New England Biolabs Inc., Frankfurt, Germany) and incubated overnight at 

180 rpm and 30°C. The pre-culture was used to inoculate a larger culture with an OD600 of 0.05 

which was incubated at 180 rpm and 37°C. At an OD600 between 0.4 and 0.6, cell suspensions 

were aliquoted to 50 ml reaction tubes and were incubated on ice for 10 min. Cells were 

centrifuged at 3,320 x g and 4°C for 10 min and the supernatant was discarded. Sediments 

were resuspended in 20 ml pre-cooled TFB buffer (10 mM PIPES pH 6.7, 15 mM 

CaCl2 x 2 H2O, 250 mM KCl, 55 mM MnCl2) and incubated for 10 min at 4°C. Cell suspensions 

were centrifuged at 3,320 x g and 4°C for 10 min, and the supernatant was discarded. Cells 

were resuspended in 4 ml TFB buffer, dimethyl sulfoxide (DMSO) was added to a final 

concentration of 7 % (v/v) and the cell suspension was incubated on ice for 10 min. Cells were 

then divided into 500 µl aliquots each, frozen in liquid N2, and stored at -80°C. 

 

4.15.2. Transformation of chemo-competent E. coli 

For the transformation of ligation approaches, 100 µl of chemically competent E. coli NEB5α 

cells each were used. For the transformation of already existing plasmids 

(retransformation/propagation), 50 µl of chemically competent cells each were used. Cells 

were mixed with ligation mixtures/plasmid DNA and incubated on ice for 30 min. Then, a heat 

shock at 42°C was performed for 45 s, and the reactions were incubated again on ice for 5 min. 

900 µl LB medium were added and cells were incubated at 37°C for 1 h. For transformed 

ligations, the entire transformation mixture and for retransformations, only 50 µl of the 

transformation mixture were plated out on LB medium with the appropriate antibiotics and 

cultured overnight at 37°C. 

For retransformation, 50 µl of chemo-competent E. coli cells were combined with 1 µl of 

plasmid DNA. E. coli Rosetta2 cells were also transformed in volumes of 50 µl with 1 µl of 

plasmid DNA. 
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4.15.3. Plasmid isolation from E. coli 

Plasmid DNA was isolated from E. coli using either the GeneJETTM Plasmid Miniprep Kit 

(Thermo Fisher Scientific, Schwerte, Germany) for small-scale plasmid isolation or the 

CompactPrep Plasmid Midi Kit (Qiagen, Hilden, Germany) for larger scale plasmid isolation. 

For small-scale plasmid isolation, 2 to 5 ml of LB medium and for larger scale (midi-) plasmid 

isolations 50 to 100 ml LB medium containing the appropriate antibiotics were inoculated with 

a single E. coli NEB5α colony each and grown overnight while shaking at 150 to 180 rpm and 

37°C. Plasmid DNA concentration was measured at 260 nm with an Ultrospec 2100 pro UV/Vis 

Spectrometer (Biochrom, Cambridge, United Kingdom) or a Ultrospec 3000 UV/Vis 

Spectrometer (Pharmacia Biotech AG, Dübendorf, Germany). DNA quality was determined by 

the ratio of absorbances A260/280 and electrophoresis (section 4.11). 

 

4.16. Sequencing 

Clonings were verified by sequencing. For this purpose, 1 µg of plasmid DNA was mixed with 

5 µl of a 5 µM solution of a sequence- or vector-specific oligonucleotide in a total volume of 

10 µl. The oligonucleotides used are listed in appendix Tab. 6.9. The samples were sequenced 

using GATC Biotech AG (Eurofins Genomics Germany GmbH, Ebersberg, Germany) and the 

sequence data were analyzed using Chromas software (version 2.6.6, Technelysium Pty Ltd, 

South Brisbane, Australia) and the online tools Multalin (Corpet, 1988), Clustal Omega 

(Madeira et al., 2019) and BoxShade (version 3.21, K. Hofmann, M. Baron, ExPASy 

Bioinformatics Resource Portal, SIB Swiss Institute of Bioinformatics, Lausanne, Switzerland). 

Reference sequences were obtained from the NCBI gene database (National Center for 

Biotechnology Information, U.S. National Library of Medicine, Rockville Pike, Bethesda, MD, 

USA). 

 

4.17. Cloning strategies 

4.17.1. Constructs for recombinant protein expression 

For recombinant protein expression in E. coli, the respective cDNAs of GCN5, GCN5ILL, 

GCN5EDD, GCN5212-375, GCN5284-375, ADA2B, ING1, ING2, VPS34, VPS341-210 and VPS34210-814 

were moved into pGEX-6P-1 or pMAL-c5G (section 4.9.1) to get either glutathione 

S-transferase (GST)- or maltose-binding protein (MBP)-fusion constructs. cDNAs coding for 

the proteins of interest were introduced to pGEX-6P-1 or pMAL-c5G vectors using NotI and 

SalI restriction sites. Oligonucleotide information is given in appendix Tab. 6.8. Cloning 

techniques were performed according to sections 4.12 to 4.15. 

Constructs, that were designed during this study or previously, are listed in Tab. 4.4. 
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Tab. 4.4: Constructs for recombinant protein expression. 

Abbreviations: FH: created by Franziska Heinrich, FM: created by Dr. Franziska Meyer, 

JL: created by Dr. Jennifer Lerche, MA: created in master thesis (FD), MH: created by 

Dr. Mareike Heilmann, PHD: created in this study. 

Vector cDNA Created by 

pGEX-6P-1 GCN5, ING1, ING2 MA 

pMAL-c5G GCN5 MA 

 GCN5212-375, GCN5284-375, GCN5ILL, GCN5EDD, 

ADA2B, VPS34, VPS341-210, VPS34210-814 

PHD 

 ING1, ING2 FH 

 PIP5K1 MH 

 PIP5K2 JL 

 PIP5K6 FM 

 

4.17.2. Constructs for split-ubiquitin-based yeast-two-hybrid 

The vector pBT3-C-OST4 (section 4.9.2) was used to clone bait constructs and the vector 

pPR3-N (section 4.9.2) was used to clone prey constructs. cDNAs coding for the proteins of 

interest were introduced to pBT3-C-OST4 and pPR3-N vectors using SfiIA and SfiIB restriction 

sites, respectively. In pBT3-C-OST4, cDNAs were introduced in reading frame with 5´ OST4 

and 3´ Cub, LexA and VP16. In pPR3-N, cDNAs were introduced in reading frame with 

5´ NubG. The respective specific oligonucleotides for cloning are listed in appendix Tab. 6.8. 

Cloning techniques were performed according to sections 4.12 to 4.15. 

Constructs, that were designed during this study or previously, are listed in Tab. 4.5. 

 

Tab. 4.5: Constructs for split-ubiquitin-based yeast-two-hybrid assays. 

Abbreviations: FM: created by Dr. Franziska Meyer, MA: created in master thesis (FD), 

MH: created by Dr. Mareike Heilmann, PHD: created in this study. 

Vector cDNA Created by 

pBT3-C-OST4 

(bait) 

PIP5K1, PIP5K2 MH 

 GCN5, PIP5K9 MA 

 VPS34, VPS341-210, VPS34210-814 PHD 

 PIP5K6 FM/PHD 

pPR3-N (prey) GCN5, ING1, ING2, HAM2, HDAC6, 

HDAC19, SWC4 (MYB1-like) 

MH 

 ADA2B PHD 
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4.17.3. Constructs for transformation of Arabidopsis protoplasts 

For transient expression under the pCaMV35S promotor in protoplasts, pEntryA-pCaMV35S 

or pEntryD-pCaMV35S vectors were used (section 4.9.3). In control experiments, 

pEntryA-pCaMV35S::EYFP and pEntryD-pCaMV35S::mCherry were used, both were 

provided by Larissa Launhardt. In brief, EYFP and mCherry were amplified with 5´-SalI and 

3´-AscI restriction sites and moved into the respective pEntry-pCaMV35S vector. The coding 

sequences for EYFP-GCN5, EYFP-GCN5ILL and EYFP-GCN5EDD were amplified by PCR 

introducing 5´-AscI and 3´-NotI restriction sites and moved into the above described 

pCaMV35S::EYFP, resulting in pEntryA-pCaMV35S::EYFP-GCN5, 

pEntryA-pCaMV35S::EYFP-GCN5ILL and pEntryA-pCaMV35S::EYFP-GCN5EDD. The 

respective specific oligonucleotides for cloning are listed in appendix Tab. 6.8. 

PIP5K1, PIP5K2, PIP5K2 K470A and PIP5K6 were cloned as C-terminal EYFP fusions 

(provided by Dr. Mareike Heilmann and Dr. Franziska Meyer) into pEntryA-pCaMV35S::EYFP 

or pEntryD-pCaMV35S::EYFP (PIP5K6) by using AscI and XhoI restriction sites. The cDNA of 

VPS34 was introduced via AscI and NheI into a pEntryA-pCaMV35S::mCherry. 

The NLSSV40DsRed (NLS-DsRed) marker was produced by PCR fusion of the NLSSV40 

sequence (NLSSV40, strong NLS PKKKRKV of the large T-antigen of simian virus 40 (Kalderon 

et al., 1984)) 5´-prime to the DsRed sequence using the oligonucleotides NLSRedStar-AscIfor/ 

RedStar-XhoIrev and cloned into pEntryA-pCaMV35S (provided by Dr. Mareike Heilmann).  

Cloning techniques were performed according to sections 4.12 to 4.15. 

Constructs, that were designed during this study or previously, are listed in Tab. 4.6. 

 

Tab. 4.6: Transformation vectors for Arabidopsis leaf protoplasts. 

Abbreviations: FM: created by Dr. Franziska Meyer, LL: created by Larissa Launhardt, 

MH: created by Dr. Mareike Heilmann, PHD: created in this study. 

Vector cDNA Restriction sites 

(gene) 

Restriction sites 

(tag) 

Created by 

pEntryA EYFP - SalI/AscI LL 

 PIP5K1-EYFP AscI/XhoI XhoI/NotI MH 

 PIP5K2-EYFP AscI/XhoI XhoI/NotI MH 

 PIP5K2 K470A-EYFP AscI/XhoI XhoI/NotI MH 

 EYFP-GCN5 AscI/NotI SalI/AscI PHD 

 EYFP-GCN5ILL AscI/NotI SalI/AscI PHD 

 EYFP-GCN5EDD AscI/NotI SalI/AscI PHD 

 VPS34-mCherry AscI/NheI NheI/BamHI MH 

 NLS-DsRed AscI/XhoI - MH 

pEntryD PIP5K6-EYFP AscI/XhoI  FM 
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Vector cDNA Restriction sites 

(gene) 

Restriction sites 

(tag) 

Created by 

pEntryD mCherry - SalI/AscI LL 

 

4.18. Recombinant expression and enrichment of fusion proteins 

4.18.1. Recombinant expression of fusion proteins in E. coli 

Proteins were recombinantly expressed in E. coli Rosetta2 cells. Competent cells 

(section 4.15.1) were transformed with respective expression plasmids (sections 4.15.2 and 

4.17.1). Starter cultures were incubated overnight at 180 rpm and 30°C in 2YT medium 

(section 4.7.1) with appropriate antibiotics and were used to inoculate main expression cultures 

with an OD600 of 0.05. For MBP-tagged protein expression, the 2YT medium was 

supplemented with 0.2 % (w/v) glucose. Main cultures were shaken with 300 ml 2YT medium 

either in normal flasks and at 180 rpm or in baffled flasks and at 90 rpm and 37°C until an 

OD600 of 0.6 to 0.8 was achieved. MBP-PIP5K1, MBP-PIP5K2 and MBP-VPS34 and variants 

were expressed at 28°C in baffled flasks and expression was induced with 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h. MBP-PIP5K6 was expressed at 22°C in 

baffled flasks and expression was induced with 0.1 mM IPTG for 4 h. GST/MBP-GCN5, 

MBP-GCN5 substitution variants and truncated MBP-GCN5 variants, GST/MBP-ING1, 

GST/MBP-ING2 and MBP-ADA2B were expressed at 18°C and expression was induced with 

0.1 mM IPTG for 20 h. As controls GST and MBP were expressed. Expression was at 37°C 

and expression was induced with 0.1 mM IPTG for 2 h. After expression, cells were harvested 

in aliquots of 50 ml at 3,220 x g and 4°C for 15 min, frozen in liquid N2 and stored until use at 

-20°C. 

 

4.18.2. Lysis of cells expressing recombinant fusion proteins 

Cell pellets with expressed GST-tagged proteins were solubilized in 2.5 ml GST buffer (50 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 1x Protease-Inhibitor (SIGMAFASTTM Protease Inhibitor 

Cocktail, EDTA-Free, Sigma-Aldrich, Munich, Germany)) and cell pellets with expressed 

MBP-tagged proteins were solubilized in 2.5 ml MBP buffer (20 mM Tris-HCl pH 7.4, 200 mM 

NaCl, 1 mM EDTA pH 8.0, 1x Protease-Inhibitor (SIGMAFASTTM Protease Inhibitor Cocktail, 

EDTA-Free)). Cell disruption was initiated with 1 mg/ml lysozyme and incubation on ice for 

30 min followed by sonication with 1,600 to 2,000 J in pulses of 2 s (Vibra-CellTM 72442, 

Bioblock Scientific, Sonics & Materials Inc., Newton CT, USA). The lysates were centrifuged 

at 20,800 x g and 4°C for 15 min, and the soluble protein fraction was retained. 

For protein enrichment, cell pellets with expressed MBP-PIP5K1 and MBP-PIP5K2 were 

solubilized by Lennart Schwalgun according to Dejonghe and coworkers (Dejonghe et al., 

2016). 
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Exemplary cell lysates of all expressed proteins are displayed in appendix Fig. 6.19. 

 

4.18.3. Enrichment of recombinant fusion proteins 

For protein enrichment, the soluble protein fractions from section 4.18.2 were used. For 

enrichment of GST- or MBP-tagged proteins, PierceTM centrifuge columns with 500 µl PierceTM 

glutathione agarose (both Thermo Fisher Scientific, Schwerte, Germany) or 500 to 700 µl 

amylose resin (New England Biolabs Inc., Frankfurt, Germany) were used. The resins were 

washed three times with either 3 ml GST equilibration buffer (50 mM Tris-HCl pH 8.0, 150 mM 

NaCl) or MBP equilibration buffer (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM EDTA pH 8.0). 

Then, cell lysates were incubated with the resins in the columns for 1 h while shaking at RT 

followed by 1 h while shaking at 4°C. The flow-through was discarded, and the matrices were 

washed three times with 3 ml equilibration buffer each. For enhancing the yield, the steps were 

repeated with a second cell lysate, that was incubated with the resins for 1 h while shaking at 

RT followed by overnight incubation at 4°C. The flow-through was discarded, and the matrices 

were washed three times with 3 ml equilibration buffer each. Proteins were eluted from the 

resins with 300 µl of elution buffer each in five replicates. GST-tagged proteins were eluted 

with 50 mM reduced glutathione in GST equilibration buffer, MBP-tagged proteins were eluted 

with 10 mM maltose in MBP equilibration buffer. Enriched protein fractions were checked via 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (see section 4.19). 

Protein concentrations were determined via Bradford assay (see section 4.18.4). 

Soluble protein fractions containing MBP-PIP5K1 and MBP-PIP5K2 were enriched by Lennart 

Schwalgun according to Dejonghe and coworkers (Dejonghe et al., 2016). 

Exemplary fractions of all enriched proteins are displayed in appendix Fig. 6.19. 

 

4.18.4. Determination of protein concentrations via Bradford assay 

Protein concentrations were determined using a Bradford assay (Bradford, 1976). 10 µl of the 

enriched protein fraction were mixed with 990 µl 1x Bradford reagent (5x Bradford reagent, 

SERVA Electrophoresis GmbH, Heidelberg, Germany) and incubated for 5 min at RT. 

Absorption was measured at 595 nm using an Ultrospec 2100 pro UV/Vis spectrometer 

(Biochrom, Cambridge, United Kingdom) or an Ultrospec 3000 UV/Vis spectrometer 

(Pharmacia Biotech AG, Dübendorf, Germany). The relative protein content was calculated 

using a bovine serum albumin (BSA) standard curve. 

 

4.19. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Cell lysates and protein enrichments were separated according to their molecular weight in an 

electric field on an SDS-PAGE using a method according to Laemmli (Laemmli, 1970). For this 

purpose, samples were mixed with 4x Laemmli sample buffer (240 mM Tris-HCl pH 6.8, 
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8 % (w/v) sodium dodecyl sulfate (SDS), 0.08 % (w/v) bromophenol blue, 40 % (v/v) glycerol, 

20 % (v/v) 2-mercaptoethanol (Julkowska et al., 2013) or 250 mM Tris-HCl pH 6.8, 8 % (w/v) 

SDS, 0.04 % (w/v) bromophenol blue, 40 % (v/v) glycerol, 400 mM dithiothreitol (DTT)) and 

separated using either pre-casted 4 – 20 % SDS gradient gels (SERVAGelTM TG PRIMETM, 

SERVA Electrophoresis GmbH, Heidelberg, Germany) or self-casted SDS gels with a 

5 % stacking gel and a 10 % separation gel (w/v of polyacrylamide). Self-casted gels were 

prepared in a Multiple Gel Caster (SE 200 series) (Hoefer Scientific Instruments, Holliston, 

MA, USA). The gel composition is listed in appendix Tab. 6.10. 

Gel electrophoreses were performed in SDS running buffer (0.3 % (w/v) Tris, 1.44 % (w/v) 

glycine, 0.1 % (w/v) SDS) in a SE250 Electrophorese Chamber (Hoefer Pharmacia Biotech 

Inc., San Francisco, CA, USA) at constant 35 mA/gel (pre-casted gels) or at constant 

25 mA/gel (self-casted gels) until the dye bromophenol blue of the Laemmli sample buffer 

reached the bottom of the gels. Either PageRulerTM Prestained Protein Ladder (10 to 180 kDa) 

or PageRulerTM Unstained Protein Ladder (10 to 200 kDa) (both Thermo Fisher Scientific, 

Schwerte, Germany) were used as molecular size markers. After separation, gels were either 

stained with Quick Coomassie® Stain (SERVA Electrophoresis GmbH, Heidelberg, Germany) 

or used for immunodetection (see section 4.20). 

 

4.20. Immunodetection of proteins (Western blotting) 

For immunodetection, proteins separated by size via SDS-PAGE (section 4.19) were 

transferred to nitrocellulose membranes (Amersham Protran 0,45 NC, GE Healthcare GmbH, 

Solingen, Germany) according to the method of Towbin and coworkers (Towbin et al., 1979). 

Protein transfer was performed in a Mini-PROTEAN® Tetra System Blotting Chamber (BioRad 

Laboratories GmbH, Munich, Germany) in transfer buffer (0.582 % (w/v) Tris, 0.293 % (w/v) 

glycine, 0.375 % (w/v) SDS, 20 % (v/v) methanol) for 60 to 75 min at constant 60 V and 

400 mA. Subsequently, the membranes were blocked for 30 min at RT in 3 % (w/v) milk 

powder in 1x TBS buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) while shaking. The blocked 

membranes were subsequently incubated with the primary antibody, diluted as recommended 

in manufacturer´s instructions in 3 % (w/v) milk powder in 1x TBS buffer for 90 min at RT or 

overnight at 4°C while shaking. Membranes were washed three times for 10 min with 1x TBS 

and then incubated with the respective secondary antibody diluted in 3 % (w/v) milk powder in 

1x TBS buffer for 45 to 60 min at RT. Secondary antibodies used were either conjugated to 

horse radish peroxidase (HRP) or to alkaline phosphatase (AP). Therefore, the membranes 

were washed either three times each for 10 min with 1x TBS buffer for HRP detection or twice 

in 1x TBS buffer and once in AP buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl2) 

for AP detection. Primary and secondary antibodies used are listed in appendix Tab. 6.11. 
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HRP detection was performed with SuperSignalTM West Femto Maximum Sensitivity Substrate 

(Thermo Fisher Scientific, Schwerte, Germany) in a Fusion Solo S (Vilber Lourmat 

Deutschland GmbH, Eberhardzell, Germany) using the FusionCapt Advance Solo 7 

(version 17.01) software. AP detection was performed with 0.175 mg/ml 

5-bromo-4-chloro-3-indolyl phosphate disodium salt (BCIP, 50 mg/ml stock solution in ddH2O) 

and 0.338 mg/ml p-nitrotetrazolium blue chloride (NBT, 75 mg/ml stock solution in 70 % (v/v) 

dimethylformamide) in AP buffer. 

 

4.20.1. Characterization of antibody specificity 

Antibodies against histone H3 and its posttranslational acetylation events at lysines 9 and 14 

(see Tab. 6.11) were tested for their specificity by using different histone peptides 

(see appendix Tab. 6.5) in a dot-blot analysis. 

1.5 µg and 0.3 µg of histone H3 from calf thymus (#11034758001, Roche Diagnostics GmbH, 

Mannheim, Germany), recombinant human histone H3 protein (active, HsH3.1, #ab198757, 

Abcam, Cambridge, United Kingdom), acetyl-histone H3 (Lys9) peptide (#12-358, 

Sigma-Aldrich, Munich, Germany), acetyl-histone H3 (Lys14) peptide (#12-359, 

Sigma-Aldrich, Munich, Germany), acetyl-histone H3 (Lys9/14) peptide (#12-360, 

Sigma-Aldrich, Munich, Germany), human histone H3 (di methyl K4) peptide (#ab7768, 

Abcam, Cambridge, United Kingdom) and human histone H3 (tri methyl K4) peptide (#ab1342, 

Abcam, Cambridge, United Kingdom) were spotted on nitrocellulose membranes (Amersham 

Protran 0,45 NC, GE Healthcare GmbH, Solingen, Germany). The blocked membranes were 

incubated with primary antibodies (anti-H3, anti-H3K9ac and anti-H3K14ac, see 

appendix Tab. 6.11) overnight at 4°C and then with the corresponding secondary antibody 

(see appendix Tab. 6.11). Finally, HRP detection was performed as described in section 4.20. 

 

4.21. Examining protein secondary structure using circular dichroism (CD) 

spectroscopy 

Protein secondary structures of recombinantly expressed MBP, MBP-GCN5, MBP-GCN5ILL 

and MBP-GCN5EDD were analyzed by using far-UV circular dichroism (CD) spectroscopy (Kelly et 

al., 2005). As control, CD spectra of MBP-GCN5 denatured with 4.5 M guanidinium chloride for 

6.5 h were recorded. Enriched protein fractions with a concentration of 0.3 to 0.6 µg/µl were 

measured in a precision cell with a light path length of 0.2 mm (Hellma GmbH, & Co. KG, 

Müllheim, Germany) in a J-810 spectropolarimeter (JASCO Deutschland GmbH, Pfungstadt, 

Germany). The associated Peltier element PTC-423S (JASCO Deutschland GmbH, 

Pfungstadt, Germany) was adjusted to 20°C. Ellipticity Θ was measured as an average of 

64 repetitions with a scan speed of 50 nm/min and intervals of 1 nm between data points. Data 

were taken from 195 (or up to 199) to 250 nm. Measurements were corrected with MBP elution 
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buffer (for denatured protein control combined with 4.5 M guanidinium chloride) and mean 

residue weight ellipticity [Θ]MRW was calculated by using the following formula: 

 

[Θ]MRW =  
Θ ∗ M

10 ∗ d ∗ c ∗ N
 𝑖𝑛 [deg ∗ 𝑐𝑚2 ∗ 𝑑𝑚𝑜𝑙−1] 

with Θ: ellipticity [mdeg], M: molecular weight [g/mol] (calculated using ProtParam, ExPASy 

Bioinformatics Resource Portal, SIB Swiss Institute of Bioinformatics, Lausanne, Switzerland, 

(Gasteiger et al., 2005)), d: light path length [cm], c: concentration [mg/ml], N: number of amino 

acids. 

 

4.22. Studies of protein-protein interactions 

4.22.1. Split-ubiquitin-based yeast-two-hybrid (YTH) 

For the study of protein-protein interactions, the DUALmembrane Kit 3 (Dualsystems Biotech 

AG, Zurich, Switzerland) was used, which is based on a method published by Johnsson and 

Varshavsky (Johnsson and Varshavsky, 1994). As described in a study by Möckli and 

coworkers (Möckli et al., 2007), a cytosolic-localized split-ubiquitin-based yeast-two-hybrid 

(YTH) screen was developed by fusing the bait proteins to the yeast OST4 protein localized in 

the ER membrane. 

This YTH utilizes the eukaryotic conserved mechanism that reconstituted ubiquitin fusion 

proteins are subsequently cleaved by ubiquitin-specific proteases at the last amino acid 

position of ubiquitin. Split-ubiquitin-based YTH exploits the fact that the N-terminal half of 

ubiquitin fused as prey (Nub, residues 1 – 38) and the C-terminal half of ubiquitin fused as bait 

(Cub, 34 – 76), which is fused to the transcription factor LexA-VP16, reconstitute upon 

protein-protein interaction of bait and prey, and only then the ubiquitin-specific protease 

cleaves the transcription factors. The YTH vectors are described in section 4.9.2 and the 

constructs used in YTH are described in section 4.17.2. The transcription factors then activate 

the reporter genes HIS3, ADE2 and lacZ, and the yeast is able to grow on medium lacking 

these components. The control prey vector pAI-Alg5 ensures spontaneous non-protein-protein 

interaction-dependent reconstitution of the ubiquitin halves and is used as a positive control. 

pDL2-Alg5 contains a ubiquitin half not capable of spontaneous reconstitution, so this is used 

as a negative control along with the bait. 

 

4.22.1.1. Preparation of chemo-competent S. cerevisiae cells 

Chemo-competent S. cerevisiae NMY51 cells (Dualsystems Biotech AG, Zurich, Switzerland) 

were prepared and transformed by the lithium acetate method (Ito et al., 1983). 50 ml of YPAD 

medium were inoculated with a yeast colony and grown overnight at 180 rpm and 30°C. The 

next day, for seven transformation reactions, 50 ml each of YPAD medium was inoculated with 
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the pre-culture to an OD600 between 0.15 and 0.2 and grown at 180 rpm and 30°C to an OD600 

of 0.6. The yeast cells were sedimented as 50 ml aliquots by centrifugation at 2,500 x g and 

RT for 5 min and were washed in 20 ml TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA 

pH 8.0). After sedimentation at 2,500 x g for 5 min, the cells were washed in 1 ml lithium 

acetate/TE buffer (110 mM lithium acetate, 11 mM Tris-HCl pH 7.5, 1.1 mM EDTA pH 8.0) and 

sedimented at 2,500 x g for 3 min and subsequently resuspended in 700 µl lithium acetate/TE 

buffer. 

 

4.22.1.2. Transformation of chemo-competent S. cerevisiae NMY51 cells 

For each transformation reaction, 1 to 1.5 µg bait construct and 1 to 1.5 µg prey construct 

(see Tab. 4.5) were mixed with 100 µl chemo-competent cell suspension and 700 µl 

PEG/lithium acetate mix (40 % (w/v) polyethylene glycol (PEG), 100 mM lithium acetate, 

10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0) and incubated at 180 rpm and 30°C for 30 min. 

Then, 80 µl DMSO were added, cell suspensions were mixed, and heat shocked for 

15 to 20 min at 42°C. Cells were sedimented at 700 x g for 5 min, supernatant was discarded, 

and cells were washed with 500 µl 0.9 % (w/v) NaCl solution and sedimented for 30 s at 

700 x g. Finally, cells were resuspended in 150 µl 0.9 % (w/v) NaCl solution and plated on 

SD selection medium lacking leucine and tryptophane (-LW). Plates were incubated for three 

to seven days at 30°C. 

 

4.22.1.3. Analysis of protein-protein interactions by yeast-two-hybrid tests 

Positive selected colonies on SD-LW selection medium were used for drop tests on selection 

medium lacking leucine, tryptophane and histidine (SD-LWH). Therefore, cells were 

resuspended in TE buffer to an OD600 of 0.5. Then, 3 µl of each cell suspension were dropped 

on SD-LW and SD-LWH (see section 4.7.2). For more stringent selection conditions, 

5 or 10 mM 3-amino-1,2,4-triazole (3-AT) were added as an inhibitor of histidine biosynthesis. 

Cell growth was monitored at 30°C incubation over a period of eight days. 

 

4.22.2. Analysis of protein-protein interactions by in vitro immuno 

pull-down assays 

For pull-down experiments, 100 µl each of PierceTM glutathione agarose (Thermo Fisher 

Scientific, Schwerte, Germany) were loaded in microcentrifuge spin columns (PierceTM 

centrifuge columns, 0.8 ml volume, Thermo Fisher Scientific, Schwerte, Germany), washed 

three times with 600 µl GST equilibration buffer (25 mM Tris-HCl pH 7.2, 75 mM NaCl) and 

centrifuged in between each time at 100 x g for 1 min. Recombinant GST-tagged protein 

lysates were loaded onto the resin and GST-tagged proteins were immobilized on glutathione 

agarose by incubating the mixture for 1 h at 4°C with agitation. Unbound protein was eluted by 
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washing the resins three times with 600 µl of GST equilibration buffer each time, and the bound 

GST-labeled protein was incubated with the corresponding recombinant MBP-labeled protein 

lysates overnight at 4°C under swirling. Upon washing of the resin (see above), GST-bound 

proteins were eluted with 50 mM glutathione in GST equilibration buffer. Elution was repeated 

twice. Interacting MBP fusion proteins were detected using a monoclonal anti-MBP antibody. 

Protein input was detected using a polyclonal anti-GST antibody (see sections 4.19 and 4.20). 

Tab. 4.7 shows used amounts of protein lysates. Volumes were filled up with GST equilibration 

buffer to 600 µl. MBP-tagged proteins were incubated with resin before adding to a resin with 

bound GST-tagged protein. 

 

Tab. 4.7: Used amounts of protein crude extracts in in vitro immuno pull-down assays. 

Protein Volume [µl] 

GST 50 

GST-GCN5 400 

GST-ING1, GST-ING2 600 

MBP-GCN5, MBP-PIP5K1, MBP-PIP5K2, 

MBP-VPS34, MBP-VPS341-210, MBP-VPS34210-814 

600 

MBP-PIP5K6 300 

 

 

4.22.3. Analysis of protein-protein interactions by dot-blot analyses 

Binding of PIP5K1 and PIP5K2 to histone H3 was tested with the recombinant histone H3 

protein and the histone H3 from calf thymus that are described in appendix Tab. 6.5 and that 

were used in antibody specificity tests (see section 4.20.1). 

Histone H3 and histone H3 from calf thymus were spotted on nitrocellulose membranes in dots 

of 2 µg, 1 µg, 200 ng, 100 ng, 50 ng, 10 ng, 5 ng, 1 ng and 0.5 ng. 2 µl of used enriched protein 

fractions were spotted three times on the membranes as control. Membranes were blocked for 

45 min with 3 % (w/v) milk powder in 1x TBS buffer. 50 to 100 µg of enriched MBP, 

MBP-PIP5K1 or MBP-PIP5K2 were added to 3 % (w/v) milk powder in 1x TBS buffer and were 

incubated with the membranes overnight at 4°C while shaking. The next day, membranes were 

treated with suitable antibodies as described in section 4.20. Protein binding was visualized 

via AP detection. 

 

4.23. Analysis of protein-lipid interactions 

Proteins were tested concerning their ability to bind PIs. Lipid overlay assays and liposome 

sedimentation assays were performed as described. 
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4.23.1. Lipid overlay assay 

For lipid overlay assays, PIP Strips (#P-6001, Echelon Biosciences Inc., MoBiTec, Göttingen, 

Germany) were used. The membranes were blocked for 30 min in 3 % milk powder (w/v) in 

1x TBS buffer and were then incubated with the respective enriched recombinant proteins 

(50 to 100 µg) solved in 3 % milk powder (w/v) in 1x TBS overnight at 4°C while shaking. 

Membranes were washed three times each for 10 min with 1x TBS buffer and incubated with 

anti-MBP antibody diluted in 3 % milk powder (w/v) in 1x TBS buffer (appendix Tab. 6.11) for 

1.5 h at RT. Membranes were washed three times for 10 min with 1x TBS buffer and were 

incubated with secondary antibody (anti-mouse conjugated with AP diluted in 3 % milk powder 

(w/v) in 1x TBS buffer (appendix Tab. 6.11)) for 1 h at RT. After two times washing with 1x TBS 

buffer, the membranes were washed once with AP buffer for equilibration and detection was 

performed using BCIP/NBT as substrates for AP (section 4.20). As lipid blot functionality test, 

the commercial PIP grips PtdIns3P Grip (#G-0302) and PtdIns(4,5)P2 Grip (#G-4501) (Echelon 

Biosciences Inc., MoBiTec, Göttingen, Germany) were tested with the PIP Strips. The test was 

performed according to the manufacturer´s instructions. 

 

4.23.2. Liposome sedimentation assay 

Liposome sedimentation assays were performed according to Julkowska and coworkers 

(Julkowska et al., 2013). For each reaction, 300 nmol PtdCho were mixed with 100 nmol 

phosphoglycerolipid of choice (see appendix Tab. 6.3) in a 2 ml Protein LoBind Tube 

(Eppendorf AG, Hamburg, Germany). Lipids were dried under air stream and solved in 500 µl 

extrusion buffer (250 mM raffinose pentahydrate, 25 mM Tris-HCl pH 7.5, 1 mM DTT). Then, 

lipids were hydrated for 90 min at RT with occasionally mixing and afterwards treated for 30 s 

in an ultrasonic water bath. Multilamellar lipid vesicle mixtures were extruded 13 times through 

a polycarbonate membrane (pore size 0.2 µm, Whatman, Maidstone, United Kingdom) with 

filter supports (Avanti Polar Lipids Inc., Merck, Darmstadt, Germany) with an extruder. For 

washing, lipid vesicles were diluted in three volumes of 1x binding buffer (125 mM KCl, 25 mM 

Tris-HCl pH 7.5, 1 mM DTT, 0.5 mM EDTA) and sedimented at 20,800 x g and 22°C for 

15 min. Supernatant was discarded and liposome pellets were solved in 25 µl 1x binding 

buffer. Per sample 750 ng (MBP, MBP-GCN5, MBP-GCN5ILL, MBP-GCN5EDD) or 1.5 µg 

(MBP-ING1) of purified protein (section 4.18) were made up to 25 µl with 4.2 µl of 6x binding 

buffer (750 mM KCl, 150 mM Tris-HCl pH 7.5, 6 mM DTT, 3 mM EDTA) and corresponding 

volume of ddH2O, combined with the liposome suspension and incubated for 30 to 45 min at 

RT. Liposomes were sedimented at 16,000 x g and 22°C for 30 min, supernatant was 

transferred into a new tube and 16.7 µl 4x Laemmli sample buffer (section 4.19) were added. 

Liposome pellets were resuspended in 300 µl 1x binding buffer, transferred into a new tube 

and sedimented again at 16,000 x g and 22°C for 30 min. Supernatant was discarded and 
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pellets were resuspended in 33 µl 1x Laemmli sample buffer. Samples were heated for 90 min 

at 95°C and 20 µl of supernatant and 20 µl or 30 µl of liposome fraction were analyzed via 

immunodetection using the primary anti-MBP antibody followed by the AP-tagged secondary 

antibody (sections 4.19 and 4.20). 

 

4.24. Histone acetyltransferase assay 

For in vitro histone acetylation studies, recombinant enriched histone acetyltransferase 

(section 4.18) was mixed with human histone H3 protein (#ab198757, Abcam, Cambridge, 

United Kingdom) and 7.5 µM acetyl-CoA (Sigma-Aldrich, Munich, Germany; dissolved in 

50 mM sodium acetate pH 5.0) in 1x acetylation assay buffer (50 mM Tris-HCl pH 8.0, 50 mM 

NaCl, 0.1 mM EDTA, 0.01 % (w/v) Triton X-100, 50 µg/ml BSA, 1 mM DTT) at 20°C for 1 h. In 

some assays, enriched ADA2B protein was added to the assay. The total volume of the 

reactions was 15 µl, and the maximum amount of histone acetyltransferase used did not 

exceed 10 % of the total volume. To ensure comparability, the same volume of histone 

acetyltransferase elution buffer was added to each sample. The protein amounts and buffer 

conditions used are listed in Tab. 4.8. 

 

Tab. 4.8: In vitro acetylation assay of GCN5. 

Component Stock solution Final 

Acetylation assay buffer 5x 3 µl 

Acetyl-CoA 50 µM 7.5 µM 

Human histone H3 0.84 µg/µl 0.84 µg 

MBP-GCN5 and variants  0.75 µg 

MBP-ADA2B  0.75 µg 

Total volume  filled up with 

ddH2O to 15 µl 

 

To test the effect of PIs on GCN5 activity, either PtdCho, PtdOH, PtdIns3P, PtdIns4P, 

PtdIns(3,5)P2, or PtdIns(4,5)P2 was added to the reaction. For specification and origin of lipids 

see appendix Tab. 6.3. Lipids were dried under streaming air, resolved in 5x acetylation buffer, 

sonicated for 10 min in an ultrasonic bath and added to the acetylation mix. Molar 

amount/dilution of the corresponding phospholipids per reaction was 0.127 nmol, so about 

12.7 % of the positively charged amino acid residues of histone tails can interact with 

negatively charged PIs. Time course experiments from 20 to 120 min, with intervals of 20 min, 

were performed as described above. 
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Assays were stopped with 5 µl 4x Laemmli sample buffer (section 4.19) and histone acetylation 

was visualized by immunoblotting with primary antibodies against H3K9ac and H3K14ac and 

against histone H3 and MBP as a control (see sections 4.19 and 4.20). 

 

4.25. In vitro lipid kinase activity assay with VPS34 

The activity of VPS34 was determined as described previously for lipid kinases (Im et al., 

2013). 20 µl MBP-VPS34 or MBP-VPS34 variant enzyme soluble protein lysates were mixed 

with 6.2 µg PtdIns substrate in 2 % Triton X-100 (v/v) and 10 µl buffer mix. Final buffer 

concentrations were 30 mM Tris-HCl pH 7.2, 8.7 mM MgCl2, 7.6 mM MnCl2, 7.6 mM CaCl2, 

0.77 mM Na2MoO4, 1.5 mM ATP and 10 µCi γ-[32P]-ATP (Hartmann Analytic, Braunschweig, 

Germany). For this purpose, PtdIns was dried under streaming air and resolved in 5 µl 

2 % (v/v) Triton X-100 and sonicated for 10 min in an ultrasonic bath. Reactions were filled up 

with 30 mM Tris-HCl pH 7.2 to 65 µl and incubated for 1 h at RT. Phospholipids were extracted 

with 1.5 ml chloroform:methanol (1:2 v/v), 500 µl 2.4 M HCl, 250 µl 0.5 M EDTA pH 8.0 and 

500 µl chloroform. Chloroform phases were transferred to vials and samples were reextracted 

with 500 µl chloroform. Chloroform phases from the reextraction were combined with the first 

extracts, 750 µl 0.5 M HCl in methanol:ddH2O (1:1 (v/v)) was added and mixed. The upper 

phase was transferred to a new glass vial and evaporated under streaming air. Samples were 

solved in 40 µl chloroform and analyzed by thin layer chromatography (TLC) (TLC Silica gel 

60, 20 x 20 cm, Merck, Darmstadt, Germany) with chloroform:methanol:ammonium 

hydroxide:ddH2O (45:45:4:11 (v/v/v/v)) as developing solvent. Radioactive PtdIns3P was 

visualized/quantified by exposing a phosphorimager screen (BAS-MP 2040s, Fujifilm, 

Düsseldorf, Germany) and the extent of 32P-incorporation was analyzed by phosphorimaging 

using a BAS-1500 system (Fujifilm, Düsseldorf, Germany). Signals were quantified with the 

TINA Software (Raytest, Straubenhardt, Germany). 

 

4.26. Isolation and transformation of Arabidopsis leaf protoplasts 

Leaf mesophyll protoplasts were prepared from six- to eight-week-old Col-0 wild type plants 

according to Yoo and coworkers (Yoo et al., 2007). Buffers required for protoplast preparation 

and transformation were freshly prepared and are listed in Tab. 4.9. For protoplast isolation, 

Arabidopsis rosette leaves were first sliced into fine strips using a razor blade and immersed 

in the enzyme solution. The enzyme solution listed in Tab. 4.9 was filtered through a Filtropur 

S 0.45 (Sarstedt, Nürnbrecht, Germany) before use. Then, the enzyme solution was infiltrated 

into the tissue of the leaf strips by vacuum infiltration in the dark for 30 min. Cell wall disruption 

was first performed for 2.5 h at RT at rest and then for 30 min under gentle shaking in the dark. 

The released protoplasts were then separated from the undigested tissue by filtration through 

a sterile 100 µm nylon membrane using an EASYstrainerTM (Greiner Bio-One GmbH, 
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Frickenhausen, Germany) and sedimented at 200 x g and 11°C for 2 min. To wash the 

protoplasts, they were gently resuspended twice in 2 ml of W5 buffer and sedimented on ice 

for 40 min in the dark. Protoplasts were then resuspended in MMG buffer and diluted to the 

desired concentration for transformation. 

For transformation, 10 µg plasmid DNA (sections 4.9.3 and 4.17.3) per 100 µl protoplast 

solution were combined in Cellstar® Cell Culture Tubes (12 ml, round bottom) (Greiner Bio-

One GmbH, Frickenhausen, Germany) or in 50 ml tubes with conical bottom. 1.1x volume of 

PEG solution was carefully mixed with protoplast suspension. The transformation mixtures 

were incubated for 15 min at RT and diluted with 4.4x volume of W5 buffer. Protoplasts were 

sedimented at 200 x g and 11°C for 2 min, the supernatant was discarded, protoplasts were 

resuspended in WI buffer (initial volume of protoplast solution used) and incubated overnight 

in the dark. If RNA was to be isolated from the transformed protoplasts, 2 to 3.2 ml of protoplast 

solution were used. If the protoplasts were prepared for histone isolation, 5 ml of protoplast 

solution were used. 

400 µl of protoplast transformations were made for samples used exclusively for microscopic 

examination. Protoplasts were checked for transient protein expression by immunodetection. 

For this purpose, either 400 µl or 1 ml of protoplast solution were sedimented and resuspended 

in 10 µl of 5x loading buffer (225 mM Tris-HCl pH 6.8, 5 % (w/v) glycerol, 5 % (w/v) SDS, 

0.05 % (w/v) Coomassie Brilliant Blue G250) or 4x Laemmli buffer (section 4.19) and analyzed 

by SDS-PAGE (section 4.19) followed by Western blot (section 4.20) and immunodetection 

with the corresponding antibodies (section 4.20). 

 

Tab. 4.9: Buffers for protoplast preparation. 

Component Stock 

solution 

Enzyme 

solution 

W5 MMG PEG WI 

Mannitol 0.8 M 0.4 M - 0.4 M 0.2 M 0.5 M 

KCl 0.1 M 20 mM 5 mM - - 20 mM 

MES pH 5.7 0.2 M 20 mM 2 mM 4 mM - 4 mM 

Cellulase R-10 - 1.5 % (w/v) - - - - 

Maceroenzyme R-10 - 0.4 % (w/v) - - - - 

CaCl2 1 M 10 mM 125 mM - 0.1 M - 

BSA - 1 mg/ml - - - - 

NaCl 5 M - 154 mM - - - 

MgCl2 0.15 M - - 15 mM - - 

PEG 4000 - - - - 40 % (w/v) - 
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4.26.1. Auxin treatment of Arabidopsis leaf protoplasts 

Arabidopsis protoplasts were treated with auxin after a modified protocol from Weiste and 

Dröge-Laser (Weiste and Dröge-Laser, 2014). 400 µl of Col-0 protoplasts were treated with 

0.25 µM 1-naphthaleneacetic acid (NAA, Sigma-Aldrich, Munich, Germany) either for 14 h 

overnight or with 2 µM NAA for 2.5 h the day after transformation. For this, NAA was initially 

dissolved in 1 N NaOH and diluted with WI buffer. After NAA treatment, protoplasts were 

sedimented at 200 x g and 11°C for 2 min and supernatant was removed. Protoplasts were 

frozen in liquid N2. RNA isolation and transcript level analysis were performed as described in 

sections 4.10.2 and 4.12.2. 

 

4.26.2. Treatment of Arabidopsis leaf protoplasts with a proteasome 

inhibitor  

400 µl of Arabidopsis protoplasts were transformed transiently with either 

pEntryA-pCaMV35S::EYFP-GCN5, pEntryA-pCaMV35S::EYFP-GCN5ILL, or 

pEntryA-pCaMV35S::EYFP-GCN5EDD (see section 4.26). The next day, protoplasts were 

treated for 6 h with 50 µM proteasome inhibitor MG-132 (dissolved in DMSO, stock 

concentration: 10 mM, SERVA Electrophoresis GmbH, Heidelberg, Germany) or DMSO as a 

mock. The treatment was performed according to Grimmer and coworkers (Grimmer et al., 

2020). The effects of MG-132 treatment were analyzed via SDS-PAGE and subsequent 

Western blotting with immunodetection (see sections 4.19 and 4.20). 

 

4.27. Microscopy 

Microscopic images were taken with an inverted confocal laser scanning microscope LSM 880 

(Carl Zeiss, Jena, Germany) using 10x, 20x or 40x objectives without immersion. The 

excitation wavelengths for EYFP, mCherry/DsRed and chlorophyll A were 514 nm, 561 nm 

and 633 nm, respectively, and emission was detected between 520 – 555 nm (EYFP), 

565 – 620 nm (mCherry/DsRed) and 680 – 720 nm (chlorophyll A). Cells were documented 

either in single layers or in z-stacks with a maximum interval of 0.85 µm. Combinations of 

different fluorophores were recorded in different tracks to obtain the best signal and avoid 

crosstalk between channels. Z-stacks were used to create z-projections with ImageJ 1.51s 

(Fiji) (Schindelin et al., 2012). Line plots were performed on the z-projections to generate 

intensity profiles and analyze fluorescence intensity in different subcellular compartments, 

especially to see differences between nucleus and cytoplasm. Pearson coefficients R were 

generated with the JACoP plugin (Bolte and Cordelières, 2006) for ImageJ. After evaluation 

and for representation in figures, pictures were contrast-enhanced with a maximum of 0.1 % 

saturated pixels. 
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4.28. Isolation of nuclei and histones 

4.28.1. Isolation of nuclei for histone analysis 

Plant nuclei for detection of histones were isolated according to Folta and Kaufman (Folta and 

Kaufman, 2006). All steps were performed on ice. For this, six- to eight-week-old Arabidopsis 

Col-0 or pip5k1 pip5k2 tissues (one rosette of Col-0 or ten to twelve rosettes of pip5k1 pip5k2) 

were sliced into approximately 1 mm thin strips, mixed in a total volume of 30 ml or 20 ml, 

respectively, with ice-cold extraction puffer (2 M hexylene glycol, 20 mM PIPES-KOH pH 7.0, 

10 mM MgCl2, 5 mM 2-mercaptoethanol) and disrupted with an Ultra-Turrax® T 25 basic 

(IKA®-Werke GmbH, Staufen, Germany) at 24,000 rpm for 10 min. The homogenate was 

filtered through three layers of cheesecloth (soaked with extraction buffer). The volume of the 

homogenate was filled up with extraction buffer to 30 ml (Col-0) or 20 ml (pip5k1 pip5k2) and 

25% (v/v) Triton X-100 solution was added dropwise with constant stirring until a final 

concentration of 1% (v/v) was reached. 

Percoll suspensions containing 30 % or 80 % Percoll and 1x gradient buffer were prepared by 

mixing appropriate volumes of 100 % Percoll (GE Healthcare GmbH, Solingen, Germany) with 

5x gradient buffer (2.5 M hexylene glycol, 25 mM PIPES-KOH pH 7.0, 50 mM MgCl2, 25 mM 

2-mercaptoethanol, 5 % (v/v) Triton X-100) and ddH2O. Density gradients were prepared by 

first adding 6 ml of the 30 % Percoll solution to a 50 ml centrifuge tube, then carefully 

underlaying 6 ml of the 80 % Percoll solution by carefully adding the solution to the bottom of 

the tube. In this way, the two Percoll layers were not mixed and had a sharp interface between 

the layers. The plant extract was gently loaded on top of the Percoll gradient and was 

centrifuged at 2,000 x g and 4°C for 30 min. The top layer and the 30 % Percoll solution were 

carefully removed and nuclei were collected from the 30 % - 80 % interface. The nuclei fraction 

was transferred to a new tube and filled up to a volume of 10 ml with 1x gradient buffer (0.5 M 

hexylene glycol, 5 mM PIPES-KOH pH 7.0, 10 mM MgCl2, 5 mM 2-mercaptoethanol, 1 % (v/v) 

Triton X-100). This nuclei suspension was underlaid with 6 ml of 30 % Percoll solution and 

centrifuged at 2,000 x g and 4°C for 10 min. The supernatant was removed and the nuclei were 

washed with 1 ml 1x gradient buffer. After sedimentation at 1,000 x g and 4°C for 10 min the 

nuclei pellet was resuspended in 150 to 200 µl nuclei storage buffer (50 mM Tris-HCl pH 7.8, 

20 % (v/v) glycerol, 5 mM MgCl2, 0.44 M sucrose, 10 mM 2-mercaptoethanol). Histones were 

analyzed by gradient SDS-PAGE (4-20%) followed by immunodetection with specific histone 

antibodies (sections 4.19 and 4.20). 

 

4.28.2. Isolation of histones using a histone extraction kit 

Histones were isolated from Arabidopsis leaf protoplasts by using the Histone Extraction Kit 

(#ab113476, Abcam, Cambridge, United Kingdom). Col-0 wild type protoplasts or 

PIP5K2-EYFP OE protoplasts were sedimented at 200 x g and 11°C for 2 min, resuspended 
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in 400 µl of 1x pre-lysis buffer and homogenized with the help of a tube plunger. Samples were 

incubated for 15 min on ice and then centrifuged at 9,400 x g and 4°C for 1 min. Supernatant 

was removed and the sediment was resuspended in 50 µl of lysis buffer and incubated on ice 

for 30 min. Samples were centrifuged at 13,500 x g and 4°C for 5 min, the supernatant was 

harvested and combined with 0.3 volumes of balance-DTT buffer. 30 µl of the suspensions 

were analyzed by SDS-PAGE and immunodetection (sections 4.19 and 4.20) with antibodies 

against histone H3 and modifications at lysine residues 9 and 14. 

 

4.29. Computer-based analyses: software and online tools 

Used software and online tools and their applications are listed in appendix Tab. 6.12 and are 

mentioned in the description of the methods. 

 

4.29.1. Prediction of protein domains 

The NCBI protein database (National Center for Biotechnology Information, U.S. National 

Library of Medicine, Rockville Pike, Bethesda, MD, USA), the online tool PROSITE (ExPASy 

Bioinformatics Resource Portal, SIB Swiss Institute of Bioinformatics, Lausanne, Switzerland, 

(Sigrist et al., 2002, 2013)) and the online tool InterPro (European Bioinformatics Institute, 

Cambridge, United Kingdom, (Blum et al., 2021)) were used for identification and prediction of 

protein domains. 

 

4.29.2. Identification of basic hydrophobic stretches in protein sequences 

A bioinformatic program for identification of potential membrane binding sites was published 

by Brzeska and coworkers (Brzeska et al., 2010). The program which is available as online 

tool (https://hpcwebapps.cit.nih.gov/bhsearch/) was used in this study. The BH-search 

indicates a calculated hydrophobicity value for every amino acid of a sequence. A value higher 

than 0.6 indicates a basic hydrophobic amino acid that putatively binds to negatively charged 

phospholipids, like PIs. 

 

4.29.3. Identification of putative NLS sequences 

Putative NLS sequences were identified by using the online tools cNLS Mapper (Kosugi et al., 

2008, 2009a, 2009b) and SeqNLS (Department of Computer Science and Engineering, 

University of South Carolina, SC, USA, (Lin et al., 2012)). 
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4.30. Statistics and data management 

Data were analyzed unbiased and tested for statistical relevance by two-sided Student´s 

T-tests or one-way ANOVA with a subsequent Tukey´s post-hoc test (P < 0.05). T-tests and 

graphs were performed with Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). R 

and R Studio were used for ANOVA (R Studio, PBC, Boston, MA, USA (Hothorn et al., 2008) 

for multcomp package). 
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6.1. Additional information to the obtained results 

 

 

Fig. 6.1: Genotypic characterization of pip5k1 pip5k2 double mutant and 

pCaMV35S::PIP5K2-EYFP OE lines with specific oligonucleotides. Col-0 was used as control. The 

applied marker is GeneRulerTM 1 kb DNA Ladder (Thermo Fisher Scientific, Schwerte Germany). 

A, Genotypic characterization of one representative Col-0 plant and one representative pip5k1 pip5k2 

plant. DNA fragments were amplified with specific oligonucleotides. PIP5K1, SALK-146728-PIP5K1-for, 

SALK-146728-PIP5K1-rev; pip5k1, LBa1-SALK-for, SALK-146728-PIP5K1-rev; PIP5K2, 

SALK_012487-PIP5K2-for, SALK-012487-PIP5K2-rev; pip5k2, LBa1-SALK-for, 

SALK-012487-PIP5K2-rev. Expected fragment sizes are PIP5K1, 1037 bp; pip5k1, 750 bp; PIP5K2, 

1001 bp; pip5k2, 750 bp. B, Genotypic characterization of pCaMV35S::PIP5K2-EYFP OE lines L2 and 

L5. A fragment of PIP5K2-EYFP (477 bp length) was amplified with the specific oligonucleotides 

gPIP5K2-for and gVYFP-rev. Four plants each of Col-0 and pCaMV35S::PIP5K2-EYFP OE lines L2 and 

L5 were genotyped. 
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Fig. 6.2: Test for epitope specificity of antisera against different histone H3 acetylation events. 

Primary antisera against histone H3, H3K9ac and H3K14ac were tested for their epitope specificity by 

using histone H3 and differently modified histone H3 peptides. Used peptides are listed in 

appendix Tab. 6.5 and were spotted on a nitrocellulose membrane in dots of 1.5 µg and 0.3 µg. 

Immunodetection was performed as described in section 4.20. Primary antisera were applied overnight 

as recommended in 3 % milk powder (w/v) in 1x TBS buffer. The next day, a secondary antiserum 

against rabbit with a HRP conjugate was applied. HRP detection was performed. Tested and used 

antisera are listed in appendix Tab. 6.11. n = 4 (except the use of H3K9ac peptide, n = 2). 
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Fig. 6.3: Interaction test of PI4P 5-kinases PIP5K1 and PIP5K2 with histone H3. A, Dot-blot analysis 

of histone H3 binding of PIP5K1 and PIP5K2. Recombinant human histone H3 (HsH3.1) and histone H3 

from calf thymus (H3_Ct) were spotted on a nitrocellulose membrane in amounts of 2 µg, 1 µg, 0.2 µg, 

100 ng, 50 ng, 10 ng, 5 ng, 1 ng and 0.5 ng per dot. As a control, two times 2 µl of a 1:1 dilution of 

recombinantly expressed and enriched MBP, MBP-PIP5K1 and MBP-PIP5K2 protein fractions were 

spotted. Applied protein fractions are shown in B. 20 µl of MBP, 150 µl of MBP-PIP5K1 and 300 µl of 

MBP-PIP5K2 fractions (50 to 100 µg protein) were incubated with the blocked membranes overnight. 

The next day, immunodetections were performed with suitable antibodies. AP detection was conducted 

for 2 h. n = 4, for this setup combination n = 1. B, Applied protein fractions of enriched recombinant 

MBP, MBP-PIP5K1 and MBP-PIP5K2 proteins for A. 10 µl of protein fractions were separated on an 

SDS-PAGE and were stained with Coomassie afterwards. PageRulerTM Prestained Protein Ladder was 

used as a molecular size marker. MBP was affinity purified and obtained from Larissa Launhardt. 

MBP-PIP5K1 and MBP-PIP5K2 proteins were enriched by Lennart Schwalgun according to Dejonghe 

and coworkers (Dejonghe et al., 2016). Expected molecular sizes of full-length proteins MBP, 42.5 kDa; 

MBP-PIP5K1, 128.4 kDa; MBP-PIP5K2, 128.8 kDa. n = 3. 
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Fig. 6.4: GCN5 and ADA2B interact in YTH. The interaction of GCN5 (bait) and ADA2B (prey) was 

tested by split-ubiquitin-based YTH analysis in S. cerevisiae strain NMY51. OST4 fusions localized 

interactions to ER membranes. pAI-Alg5 and pDL2-Alg5 vectors were used as positive or negative 

control. Uniform growth on -LW media (without leucine and tryptophane) indicates equal cell densities 

and the presence of the respective vectors. Interaction is indicated by growth under selective conditions 

on -LWH media (without leucine, tryptophane and histidine). *, -LWH medium supplemented with 10 mM 

3-AT. Yeast colonies were grown at 30°C for two days. A representative result of three replicates with 

five independent colonies of each combination is shown. ADA2B, transcriptional adaptor 2B; GCN5, 

general control non-repressible 5; OST4, oligosaccharyltransferase 4.  

 

 

 

Fig. 6.5: Relative transcript levels of GH3.3 in mesophyll protoplasts over time. Arabidopsis 

mesophyll protoplasts were prepared from Col-0 wild type and were treated for 0.5, 1, 2, 4.25, 16, 18 or 

22 h with 0.25 µM NAA. Relative transcript levels of GH3.3 were measured in a qPCR. Transcript levels 

were normalized to both the reference gene UBC10 and the transcript levels of the respective mock-

treated samples. Bars show the mean. Error bars indicate standard deviation. The experiment was 

conducted once with four biological replicates (three replicates for 18 h time point). 
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Fig. 6.6: Basal transcript levels of GH3.3, IAA2 and IAA5 upon overexpression of PI4P 5-kinases. 

Relative basal transcript levels of GH3.3, IAA2 and IAA5 in mesophyll protoplasts upon overexpressing 

either EYFP or the different PI4P 5-kinases. Data represent 8 – 16 biological replicates 

(transformations) from three to four independent protoplast preparations. A, GH3.3 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. 

B, GH3.3 transcript levels in protoplasts transformed with either pEntryA-pCaMV35S::EYFP, 

pEntryA-pCaMV35S::PIP5K2-EYFP or pEntryA-pCaMV35S::PIP5K2 K470A-EYFP. C, GH3.3 transcript 

levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryD-pCaMV35S::PIP5K6-EYFP. D, IAA2 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. E, IAA2 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. 

F, IAA2 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 
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pEntryD-pCaMV35S::PIP5K6-EYFP. G, IAA5 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. H, IAA5 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. 

I, IAA5 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryD-pCaMV35S::PIP5K6-EYFP. Transcript levels were normalized to the reference gene UBC10. 

Relative transcript levels are shown as boxplots; dots show outliers. Asterisks indicate significant 

differences compared to EYFP control according to a Student´s T-test (* P ≤ 0.05). 
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Fig. 6.7: Endogenous transcript levels of GCN5 upon transient expression of different 

PI4P 5-kinases. Relative transcript levels of GCN5 in mesophyll protoplasts upon overexpressing either 

EYFP or the different PI4P 5-kinases and with mock (-) and with 0.25 µM NAA (+) treatment overnight 

(A-C) or 2 µM NAA (+) for 2.5 h (D-F). Data represent 11 – 16 biological replicates (transformations) 

from three to four independent protoplast preparations. A, Protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP and treated with 0.25 µM NAA. 

B, Protoplasts transformed with either pEntryA-pCaMV35S::EYFP, pEntryA-pCaMV35S::PIP5K2-EYFP 

or pEntryA-pCaMV35S::PIP5K2 K470A-EYFP and treated with 0.25 µM NAA. C, Protoplasts 

transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP and treated with 

0.25 µM NAA. D, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K1-EYFP and treated with 2 µM NAA. E, Protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP and treated with 2 µM NAA. 

F, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP and 

treated with 2 µM NAA. Transcript levels were normalized to the reference gene UBC10. Relative 

transcript levels are shown as boxplots; dots show outliers. Significant differences were analyzed by 

one-way ANOVA with a subsequent Tukey´s post-hoc test (P < 0.05). 
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Fig. 6.8: Transcript levels of overexpressed PI-kinases and respective controls in protoplasts. 

Relative transcript levels of EYFP/mCherry or PIP5K1/PIP5K2/PIP5K2 K470A/PIP5K6/VPS34 in 

mesophyll protoplasts upon overexpressing either EYFP/mCherry or the different 

PI4P 5-kinases/VPS34 and with mock (-) and with 0.25 µM NAA (+) treatment overnight or 2 µM NAA 

for 2.5 h, as indicated. Data represent 11 – 16 biological replicates (transformations) from three to four 

independent protoplast preparations (EYFP/PIP5K1-EYFP/PIP5K2-EYFP/PIP5K2 K470A-EYFP/ 

PIP5K6-EYFP) or 7 – 8 biological replicates (transformations) from two independent protoplast 

preparations (mCherry/VPS34-mCherry). A – F, Protoplasts treated with 0.25 µM NAA overnight. 

A, EYFP transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K1-EYFP. B, PIP5K1 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. C, EYFP transcript levels in 

protoplasts transformed with either pEntryA-pCaMV35S::EYFP, pEntryA-pCaMV35S::PIP5K2-EYFP or 

pEntryA-pCaMV35S::PIP5K2 K470A-EYFP. D, PIP5K2 transcript levels in protoplasts transformed with 

either pEntryA-pCaMV35S::EYFP, pEntryA-pCaMV35S::PIP5K2-EYFP or 

pEntryA-pCaMV35S::PIP5K2 K470A-EYFP. E, EYFP transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. F, PIP5K6 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. 

G – L, Protoplasts treated with 2 µM NAA for 2.5 h. G, EYFP transcript levels in protoplasts transformed 

with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. H, PIP5K1 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. 

I, EYFP transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K2-EYFP. J, PIP5K2 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. K, EYFP transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryD-pCaMV35S::PIP5K6-EYFP. 

L, PIP5K6 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 
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pEntryD-pCaMV35S::PIP5K6-EYFP. M, N, Protoplasts treated with 0.25 µM NAA overnight. M, mCherry 

transcript levels in protoplasts transformed with pEntryD-pCaMV35S::mCherry or 

pEntryA-pCaMV35S::VPS34-mCherry. N, VPS34 transcript levels in protoplasts transformed with 

pEntryD-pCaMV35S::mCherry or pEntryA-pCaMV35S::VPS34-mCherry. Transcript levels were 

normalized to the reference gene UBC10. Relative transcript levels are shown as boxplots; dots show 

outliers. Significant differences were analyzed by one-way ANOVA with a subsequent Tukey´s post-hoc 

test (P < 0.05) and indicated by letters a – c. 
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Fig. 6.9: Overexpression of PI4P 5-kinases reduces auxin-activation of IAA19. Relative transcript 

levels of IAA19 in mesophyll protoplasts upon overexpressing either EYFP or the different 

PI4P 5-kinases and with mock (-) and with 2 µM NAA (+) treatment for 2.5 h. A, B, C, Basal transcript 

levels of IAA19. Data represent 8 – 12 biological replicates (transformations) from three independent 

protoplast preparations. A, IAA19 transcript levels in protoplasts transformed with 

pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K1-EYFP. B, IAA19 transcript levels in 

protoplasts transformed with pEntryA-pCaMV35S::EYFP or pEntryA-pCaMV35S::PIP5K2-EYFP. 

C, IAA19 transcript levels in protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryD-pCaMV35S::PIP5K6-EYFP. Significant differences were analyzed by Student´s T-test. No 

significances were observed. D, E, F, Relative transcript levels of IAA19 in mesophyll protoplasts upon 

overexpressing either EYFP or the different PI4P 5-kinases and with mock (-) and with 2 µM NAA (+) 

treatment for 2.5 h. Data represent 8 – 12 biological replicates (transformations) from three independent 

protoplast preparations. D, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K1-EYFP. E, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryA-pCaMV35S::PIP5K2-EYFP. F, Protoplasts transformed with pEntryA-pCaMV35S::EYFP or 

pEntryD-pCaMV35S::PIP5K6-EYFP. Transcript levels were normalized to both the reference gene 

UBC10 and the transcript levels of the respective mock-treated sample (-). Mock data are based on data 

in A – C. Relative transcript levels are shown as boxplots; dots show outliers. Significant differences 

were analyzed by one-way ANOVA with a subsequent Tukey´s post-hoc test (P < 0.05) and indicated 

by letters a – c. 
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Fig. 6.10: Enriched proteins used for lipid overlay assays. Coomassie-stained SDS-PAGE of 

enriched MBP, MBP-GCN5 and MBP-ING1/MBP-ING2 protein fractions used in lipid overlay assays. 

Enriched protein fractions were proven for protein content on an SDS-PAGE to equalize used protein 

amounts. 50 to 100 µg of enriched proteins (20 µl of MBP, 120 µl of MBP-GCN5, 100 µl of MBP-ING1 

or 150 µl MBP-ING2) were utilized for lipid overlay assays shown in Fig. 2.9 B. PageRulerTM Prestained 

Protein Ladder was used as a molecular size marker. Expected molecular size of full-length proteins, 

MBP, 42.5 kDa; MBP-GCN5, 105.6 kDa; MBP-ING1, 68.6 kDa; MBP-ING2, 72.6 kDa. 

 

 

Fig. 6.11: Lipid binding studies of PIP grips. Lipid overlay assays were controlled for functionality of 

experimental setup with purchased PIP grips with known lipid binding capability. Lipid overlay assays 

with 2.5 µg PtdIns3P Grip (#G-0302) and PtdIns(4,5)P2 Grip (#G-4501) (both Echelon Biosciences Inc., 

MoBiTec, Göttingen, Germany) and PIP strips shown in Fig. 2.9 A. Interactions were visualized by using 

a primary antiserum against GST and a secondary antiserum with an AP conjugate. AP detection was 

performed. The experiment was conducted once. 
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Fig. 6.12: Liposome sedimentation assay of MBP. Liposome sedimentation assay was performed 

with liposomes prepared with PtdCho alone (control) or with a mixture of PtdCho and either PtdIns3P, 

PtdIns4P, PtdIns5P, PtdIns(3,5)P2, PtdIns(4,5)P2 or PtdOH. No lipid, control sample without liposomes. 

Supernatant, contained unbound protein. Sediment, protein that had bound to respective liposomes. 

Proteins were separated on an SDS-PAGE and detected by immunoblots with the use of the specific 

antibody against MBP and a secondary antibody conjugated to AP. AP detection was performed. 

PageRulerTM Prestained Protein Ladder was used as a molecular size marker. Expected molecular size 

of full-length protein, MBP, 42.5 kDa. Experiments were performed twice with similar results. 
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Fig. 6.13: BH-search analyses of GCN5ILL and GCN5EDD, ING1, ING2 and MBP.  BH-searches of 

A, GCN5ILL. B, GCN5EDD. C, ING1. D, ING2. E, MBP. BH-searches were conducted with the online tool 

according to Brzeska and coworkers (Brzeska et al., 2010). Per amino acid a value is calculated that 

includes the amino acid surrounding of the single amino acid. Values higher than the threshold 0.6 

indicate a basic hydrophobic (BH) stretch which putatively binds phospholipids. 

 

A

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

0 50 100 150 200 250 300 350 400

Amino acid residue No.

B
H

-s
c
o
re

0.8

-1.2

0.4

0.0

-0.8

-0.4

1 100 200 300 400

MBP

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

1 51 101 151 201 251 301 351 401 451 501 551

GCN5ILL

Amino acid residue No.

B
H

-s
c
o

re

0.8

-1.2

0.4

0.0

-0.8

-0.4

1 100 200 300 400 500

B

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

1 51 101 151 201 251 301 351 401 451 501 551

GCN5EDD

Amino acid residue No.

B
H

-s
c
o

re

0.8

-1.2

0.4

0.0

-0.8

-0.4

1 100 200 300 400 500

C E

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

0 100 200

B
H

-s
c
o
re

0.8

-1.2

0.4

0.0

-0.8

-0.4

ING2

Amino acid residue No.

1 100 200

D

Amino acid residue No.

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

0 100 200

ING1

B
H

-s
c
o
re

0.8

-1.2

0.4

0.0

-0.8

-0.4

100 2001

0.6

0.60.6

0.6 0.6



Appendix 

 

XLIII 
 

 

Fig. 6.14: CD spectroscopy of MBP-GCN5, MBP-GCN5ILL, MBP-GCN5EDD and MBP. CD spectra 

were recorded at 20°C. Each sample was measured 64 times with 50 nm/min in an interval of 1 nm. 

Ellipticity ΘMRW was calculated for the wavelength range from around 200 to 250 nm. As control, 

MBP-GCN5 was denatured for 6.5 h in 4.5 M guanidinium chloride. Blue, MBP; green, MBP-GCN5; red, 

MBP-GCN5ILL; yellow, MBP-GCN5EDD; grey, MBP-GCN5 denatured. CD spectra are representative for 

n = 4 (MBP, MBP-GCN5ILL, MBP-GCN5EDD), n = 7 (MBP-GCN5), n = 2 (MBP-GCN5 denatured). 
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Fig. 6.15: GCN5 and GCN5ILL acetylation activity in vitro over time. In vitro acetylation of histone H3 

at H3K9 and H3K14 by GCN5 and GCN5ILL over time. The acetylation reactions were stopped after 20, 

40, 60, 80, 100 and 120 min, respectively. Control sample with GCN5 lacking acetyl-CoA was stopped 

after 60 min. The formation of H3K9ac and H3K14ac was detected with specific antibodies. Expected 

molecular sizes of full-length proteins, histone H3, H3K9ac, H3K14ac, 15.3 kDa; MBP-GCN5, 

105.6 kDa. PageRulerTM Prestained Protein Ladder was used as a molecular size marker. 

Chemiluminescent signals were recorded using an ECL detection system. The arrow indicates 

MBP-GCN5/MBP-GCN5ILL. The test was performed once. 

 

 

Fig. 6.16: Immunodetection of mesophyll protoplasts overexpressing mCherry-tagged VPS34. 

Arabidopsis mesophyll protoplasts used for examination of subcellular localization of mCherry-tagged 

VPS34 were tested for transient protein expression. Transiently transformed protoplasts were applied 

to an SDS-PAGE and were blotted on a nitrocellulose membrane. The mCherry-tagged proteins were 

detected with specific antibodies. Chemiluminescent signals were recorded using an ECL detection 

system. PageRulerTM Prestained Protein Ladder was used as a molecular size marker. Expected 

molecular size of full-length protein, VPS34-mCherry, 120.0 kDa. The experiment was conducted seven 

times with similar results.  
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Fig. 6.17: Basal GH3.3 transcript levels and endogenous GCN5 transcript levels in protoplasts 

upon overexpression of VPS34. Relative basal transcript levels of GH3.3 and relative transcript levels 

of GCN5 in mesophyll protoplasts upon overexpressing either mCherry or VPS34-mCherry and with 

mock (-) and with 0.25 µM NAA (+) treatment overnight. Data represent 6 – 8 biological replicates 

(transformations) from two protoplast preparations. A, Basal GH3.3 transcript levels in protoplasts 

transformed with pEntryD-pCaMV35S::mCherry or pEntryA-pCaMV35S::VPS34-mCherry. 

B, Endogenous GCN5 transcript levels in protoplasts transformed with pEntryD-pCaMV35S::mCherry 

or pEntryA-pCaMV35S::VPS34-mCherry. Transcript levels were normalized to the reference gene 

UBC10. Relative transcript levels are shown as boxplots; dots show outliers. Significant differences were 

analyzed by Student´s T-test (A) or by one-way ANOVA with a subsequent Tukey´s post-hoc test 

(P < 0.05) (B). 
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Fig. 6.18: Immunodetection of mesophyll protoplasts overexpressing EYFP-tagged GCN5 amino 

acid substitution variants. Arabidopsis mesophyll protoplasts used for examination of subcellular 

localization of EYFP-tagged GCN5 variants were tested for transient protein expression. Transiently 

transformed protoplasts were applied to an SDS-PAGE and were blotted on a nitrocellulose membrane. 

The EYFP-tagged proteins were detected with specific antibodies. Chemiluminescent signals were 

recorded using an ECL detection system. PageRulerTM Prestained Protein Ladder was used as a 

molecular size marker. Expected molecular sizes of full-length proteins, EYFP, 27.0 kDa; 

EYFP-GCN5/EYFP-GCN5ILL/EYFP-GCN5EDD, 90.1 kDa. A, Protoplasts overexpressing EYFP, 

EYFP-GCN5, EYFP-GCN5ILL or EYFP-GCN5EDD. The experiment was conducted five times with similar 

results. B, Protoplasts overexpressing EYFP-GCN5, EYFP-GCN5ILL or EYFP-GCN5EDD were treated for 

6 h with 50 µM proteasome inhibitor MG-132 according to Grimmer and coworkers (Grimmer et al., 

2020). Mock, DMSO solvent as control; MG-132, proteasome inhibitor solved in DMSO. The experiment 

was conducted twice with similar results. The arrow indicates EYFP-GCN5/EYFP-GCN5ILL/ 

EYFP-GCN5EDD. 
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6.2. Additional information to Material and Methods 

6.2.1. Specification of equipment and devices 

 

Tab. 6.1: Equipment and devices. 

Equipment/device Supplier 

Plant Chamber Adaptis A1000 Conviron, Winnipeg, MB, Canada 

Plant Chamber PERCIVAL AR-66/L3 Percival Scientific, Perry, IA, USA 

Eppendorf centrifuges 5424, 5417 R, 

5424 R and 5810 R 

Eppendorf AG, Hamburg, Germany 

Agarose gel chambers, MINI and MIDI with 

gel slides 

cti, Idstein, Germany 

Gel Detection System Gel iX Imager INTAS, Göttingen Germany 

Gel Detection System Quantum ST4 Vilber Lourmat Deutschland GmbH, 

Eberhardzell, Germany 

TADVANCED or TProfessional 

Thermocycler 

Biometra, Göttingen, Germany 

Rotor Gene Q 2-Plex Qiagen, Hilden, Germany 

Ultrospec 2100 pro UV/Vis Spectrometer Biochrom, Cambridge, United Kingdom 

Ultrospec 3000 UV/Vis Spectrometer Pharmacia Biotech AG, Dübendorf, 

Germany 

Multiple Gel Caster (SE 200 series) Hoefer Scientific Instruments, Holliston, MA, 

USA 

SE250 Electrophorese Chamber Hoefer Pharmacia Biotech Inc., San 

Francisco, CA, USA 

Mini-PROTEAN® Tetra System Blotting 

Chamber 

BioRad Laboratories GmbH, Munich, 

Germany 

Fusion Solo S Vilber Lourmat Deutschland GmbH, 

Eberhardzell, Germany 

Ultra-Turrax® T 25 basic IKA®-Werke GmbH, Staufen, Germany 

Bransonic B12 Ultrasonics Sonifier Branson, Emerson Electric, Dietzenbach-

Steinberg, Germany 

Vibra-CellTM 72442 Bioblock Scientific, Sonics & Materials Inc., 

Newtown, CT, USA 

J-810 Spectropolarimeter JASCO Deutschland GmbH, Pfungstadt, 

Germany 

Peltier Element PTC-423S JASCO Deutschland GmbH, Pfungstadt, 

Germany 

Water Recirculator Thermo Haake® WKL 26 JASCO Deutschland GmbH, Pfungstadt, 

Germany 
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Equipment/device Supplier 

Precision Cell (made of Quartz SUPRASIL®, 

Type No. 105.201-QS, Light Path 10 mm) 

Hellma GmbH, & Co. KG, Müllheim, 

Germany 

Precision Cell (made of Quartz SUPRASIL®, 

Type No. 106-QS, Light Path 0.2 mm, 

transmission matched) 

Hellma GmbH, & Co. KG, Müllheim, 

Germany 

Laser Scanning Microscope LSM 880 with 

HXP 120V metal halide fluorescence light 

source 

Carl Zeiss, Jena, Germany 

Phosphorimager Screen BAS-MP 2040s Fujifilm, Düsseldorf, Germany 

Phosphorimager BAS-1500 Fujifilm, Düsseldorf, Germany 

 

 

6.2.2. Specification of chemicals 

 

Tab. 6.2: Chemicals used in this study. 

Chemical Supplier 

Acetyl coenzyme A sodium salt          

(Acetyl-CoA) (#A2056) 

Sigma-Aldrich, Munich, Germany 

Albumin Fraction V (BSA) Carl Roth, Karlsruhe, Germany 

3-Amino-1,2,4-triazole (3-AT) Sigma-Aldrich, Munich, Germany 

Amylose Resin New England Biolabs Inc., Frankfurt, 

Germany 

Biozym LE Agarose Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

Blotting-Grade Blocker Nonfat dry milk BioRad Laboratories GmbH, Munich, 

Germany 

Bradford reagent, 5x SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

5-Bromo-4-chloro-3-indolyl phosphate 

disodium salt (X-phosphate) 

Carl Roth, Karlsruhe, Germany 

1,4-Dithiothreitol (DTT) Carl Roth, Karlsruhe, Germany 

PierceTM Gluthatione Agarose Thermo Fisher Scientific, Schwerte, 

Germany 

L-Glutathione reduced Sigma-Aldrich, Munich, Germany 

Hexylene glycol Sigma-Aldrich, Munich, Germany 

Isopropyl β-D-1-thiogalactopyranoside 

(IPTG), dioxane free 

Thermo Fisher Scientific, Schwerte, 

Germany 
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Chemical Supplier 

2-Mercaptoethanol Carl Roth, Karlsruhe, Germany 

Micro-Agar Duchefa, Haarlem, Netherlands 

Murashige & Skoog-Medium,                  

incl. modified vitamins 

Duchefa, Haarlem, Netherlands 

1-Naphthaleneacetic acid (NAA) (#N0640) Sigma-Aldrich, Munich, Germany 

p-Nitrotetrazolium blue chloride (NBT) Carl Roth, Karlsruhe, Germany 

PercollTM GE Healthcare GmbH, Solingen, Germany 

Phenol solution, saturated with 0.1 M citrate 

buffer, pH 4.3, (#P4682) 

Sigma-Aldrich, Munich, Germany 

Poly(ethylene glycol),                        

average Mn 4,000 platelets (PEG) 

Sigma-Aldrich, Munich, Germany 

Proteasome Inhibitor MG-132 (#33766) SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Quick Coomassie® Stain SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Rotiphorese® Gel 30 (37,5:1) Carl Roth, Karlsruhe, Germany 

SIGMAFASTTM Protease Inhibitor Cocktail, 

EDTA-Free 

Sigma-Aldrich, Munich, Germany 

Skim milk powder for blotting SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

N,N,N´,N´-Tetramethyl-ethylenediamine 

(TEMED) 

Sigma-Aldrich, Munich, Germany 

yeast nitrogen base w/o amino acids and 

ammonium sulfate 

Difco, Detroit, MI, USA 
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Tab. 6.3: Used Phospholipids. 

All phospholipids were purchased from Avanti Polar Lipids Inc. (Merck, Darmstadt, Germany) 

and were dissolved in chloroform. 

Phospholipid Stock solution Product No. 

18:1 PtdIns3P 1 mg/ml 850150P 

18:1 PtdIns4P 1 mg/ml 850151P 

18:1 PtdIns5P 1 mg/ml 850152P 

18:1 PtdIns(3,5)P2 1 mg/ml 850154P 

18:1 PtdIns(4,5)P2 1 mg/ml 850155P 

18:1 PtdOH 10 mg/ml 840875P 

18:1 PtdCho 10 mg/ml 850375P / 850375C 

18:1 PtdEtn 10 mg/ml 850725P 

18:1 PtdSer 10 mg/ml 840035P 

 

 

6.2.3. Used consumables and kits 

 

Tab. 6.4: Consumables and kits. 

Consumable Supplier 

Amersham Protran 0,45 NC    

(nitrocellulose membrane) 

GE Healthcare GmbH, Solingen, Germany 

Biosphere® Filter Tip (10, 100, 1000 µl) Sarstedt, Nürnbrecht, Germany 

Cellstar® Cell Culture Tube                  

(12 ml, round bottom) 

Greiner Bio-One GmbH, Frickenhausen, 

Germany 

CellviewTM Cell Culture Dish           

(35/10 mm, glass bottom) 

Greiner Bio-One GmbH, Frickenhausen, 

Germany 

EASYstrainerTM (100 µm, sterile) Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Filter paper Whatman (GE Healthcare), Maidstone, 

United Kingdom 

Filter Supports (10 mm) Avanti Polar Lipids Inc., Merck, Darmstadt, 

Germany 

Filtropur S 0.45 (filter for syringes) Sarstedt, Nürnbrecht, Germany 

Micro Bio-SpinTM Columns (0.8 ml) BioRad Laboratories GmbH, Munich, 

Germany 

Nucleopore Track-Etch Membrane 

(polycarbonate membrane, pore size 

0.2 µm) 

Whatman (GE Healthcare), Maidstone, 

United Kingdom 
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Consumable Supplier 

PCR 0.1 ml 4-Tube & 4-Cap Strips          

(for Qiagen/Corbett Rotor-Gene (TM)) 

Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

PierceTM Centrifuge Columns,             

0.8 ml, 2 ml, 5 ml 

Thermo Fisher Scientific, Schwerte, 

Germany 

PIP Strips (#P-6001) Echelon Biosciences Inc., MoBiTec, 

Göttingen, Germany 

Protein LoBind Tube 2.0 mL Eppendorf AG, Hamburg, Germany 

SERVAGelTM TG PRIMETM 4 – 20 % 

(precast gels with 10, 12 or 15 sample 

wells) 

SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Whatman paper (550 g/m2) A. Hartenstein GmbH, Würzburg, Germany 

Kit Supplier 

CompactPrep Plasmid Midi Kit Qiagen, Hilden, Germany 

DUALmembrane Kit 3 Dualsystems Biotech AG, Zurich, 

Switzerland 

GeneJETTM Plasmid Miniprep Kit Thermo Fisher Scientific, Schwerte, 

Germany 

GeneJETTM Gel Extraction Kit Thermo Fisher Scientific, Schwerte, 

Germany 

Histone Extraction Kit (#ab113476) Abcam, Cambridge, United Kingdom 

Luna® Universal qPCR Master Mix 

(#M3003) 

New England Biolabs Inc., Frankfurt, 

Germany 

RevertAid H Minus First Strand cDNA 

Synthesis Kit (#K1632) 

Thermo Fisher Scientific, Schwerte, 

Germany 

SuperSignalTM West Femto Maximum 

Sensitivity Substrate (#34095) 

Thermo Fisher Scientific, Schwerte, 

Germany 
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6.2.4. Used enzymes, proteins, peptides and molecular size markers 

 

Tab. 6.5: Enzymes, proteins, peptides and molecular size markers. 

Enzyme Supplier 

Cellulase “Onozuka R-10” from 

Trichoderma viride ca. 1 U/mg 

SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Lysozyme from chicken egg white,         

min. 100 000 units/mg, cryst. 

SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Maceroenzyme R-10 from Rhizopus sp. 

lyophile. 

SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Phusion® High Fidelity DNA-Polymerase New England Biolabs Inc., Frankfurt, 

Germany 

TAQ-DNA-Polymerase peqlab, VWR International GmbH, 

Darmstadt, Germany 

T4-DNA-Ligase, 5 Weiss Units/µl New England Biolabs Inc., Frankfurt, 

Germany 

Protein/peptide Supplier 

Recombinant human Histone H3 protein 

HsH3.1 (Active) (#ab198757) 

Abcam, Cambridge, United Kingdom 

Histone H3 from calf thymus 

(#11034758001) 

Roche Diagnostics GmbH, Mannheim, 

Germany 

Acetyl-Histone H3 (Lys9) Peptide (#12-358) Sigma-Aldrich, Munich, Germany 

Acetyl-Histone H3 (Lys14) Peptide        

(#12-359) 

Sigma-Aldrich, Munich, Germany 

Acetyl-Histone H3 (Lys9/14) Peptide     

(#12-360) 

Sigma-Aldrich, Munich, Germany 

Human Histone H3 (di methyl K4) peptide 

(#ab7768) 

Abcam, Cambridge, United Kingdom 

Human Histone H3 (tri methyl K4) peptide 

(#ab1342) 

Abcam, Cambridge, United Kingdom 

PtdIns3P Grip (#G-0302) Echelon Biosciences Inc., MoBiTec, 

Göttingen, Germany 

PtdIns(4,5)P2 Grip (#G-4501) Echelon Biosciences Inc., MoBiTec, 

Göttingen, Germany 

Molecular size marker Supplier 

GeneRulerTM 100 bp DNA Ladder Thermo Fisher Scientific, Schwerte, 

Germany 

GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific, Schwerte, 

Germany 
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Molecular size marker Supplier 

PageRulerTM Prestained Protein Ladder,   

10 to 180 kDa 

Thermo Fisher Scientific, Schwerte, 

Germany 

PageRulerTM Unstained Protein Ladder,    

10 to 200 kDa 

Thermo Fisher Scientific, Schwerte, 

Germany 

 

 

6.2.5. Oligonucleotides used in this thesis 

 

Tab. 6.6: Oligonucleotides used for genotyping. 

Plant line Gene / cDNA Oligonucleotides for genotyping 

5´- 3´ 

pip5k1 pip5k2 PIP5K1 SALK-146728-PIP5K1-for 

ACTAAAGGGCAATAATCCTTCCACC 

SALK-146728-PIP5K1-rev 

GCAAATTCTCATGGCCAAGTGGA 

pip5k1 LBa1-SALK-for 

TGGTTCACGTAGTGGGCCATCG 

SALK-146728-PIP5K1-rev 

GCAAATTCTCATGGCCAAGTGGA 

PIP5K2 SALK-012487-PIP5K2-for 

CAGGTTTGATACAATGCACACCAT 

SALK-012487-PIP5K2-rev 

TGGGAGTCTGATGGAGAAGCTG 

pip5k2 LBa1-SALK-for 

TGGTTCACGTAGTGGGCCATCG 

SALK-012487-PIP5K2-rev 

TGGGAGTCTGATGGAGAAGCTG 

pCaMV35S::PIP5K2-

EYFP 

PIP5K2-EYFP gPIP5K2-for 

TTAGCTGGCAGGAAACCATTG 

gVYFP-rev 

CTTGCCGGTGGTGCAGATGAACTTCAG 
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Tab. 6.7: Oligonucleotides for qPCRs. 

Target gene Description of 

oligonucleotides 

Oligonucleotides 

5´- 3´ 

UBC10 

(AT5G53300) 

qUBC10-for 

qUBC10-rev 

ACATCATGTAGCGCAGGTCC 

CCGGAGGGAAATGGATGGTT 

PIP5K1 

(AT1G21980) 

qPIP5K1-for 

qPIP5K1-rev 

TAGCTGGCAGGAAACCATCG 

TGGATAACTGGCTCCTCCTGA 

PIP5K2 

(AT1G77740) 

qPIP5K2-for 

qPIP5K2-rev 

CGGTGAGGCTAAGAAACCTGGAG 

CTTGTCCAGAACTTTTCACTTGGG 

PIP5K6 

(AT3G07960) 

qPIP5K6-for 

qPIP5K6-rev 

ATTCTGCAGGCAAGTGGACA 

TGAATTTCCGGTAGGGGTTCG 

VPS34 

(AT1G60490) 

qVPS34-for 

qVPS34-rev 

GGCGGAGCAGAAAGCCAATA 

TCGGGAATAGTTGAACCCGC 

GCN5 

(AT3G54610) 

qGCN5-for 

qGCN5-rev 

GTGGCTTAAGGGAAGCTGGT 

GGACATCGCGAGAATCCACT 

GH3.3 

(AT2G23170) 

qGH3.3-for 

qGH3.3-rev 

(Weiste and Dröge-Laser, 2014) 

CATCACAGAGTTCCTCACAAGC 

GTCGGTCCATGTCTTCATCA 

IAA2 

(AT3G23030) 

qIAA2-for 

qIAA2-rev 

TCTACACCTCCTACCAAAACTCAA 

CTTTGAGAAGCTCGGGGTAGT 

IAA5 

(AT1G15580) 

qIAA5-for 

qIAA5-rev 

TCCGCTCTGCAAATTCTGTTC 

CACGATCCAAGGAACATTTCCCA 

IAA19 

(AT3G15540) 

qIAA19-for 

qIAA19-rev 

GGTGATGTACCTTGGGGGATG 

CCCGGTAGCATCCGATCTTT 

EYFP qEYFP-for 

qEYFP-rev 

CTGAAGTTCATCTGCACCAC 

GTCGTGCTGCTTCATGTGGTC 

mCherry qmCherry-for 

qmCherry-rev 

CGAGATCAAGCAGAGGCTGA 

TTCCACGATGGTGTAGTCCT 
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Tab. 6.8: Oligonucleotides used for cloning. 

Vector cDNA Oligonucleotides for cloning (5´- 3´) 

pGEX-6P-1 GCN5 GCN5-SalI-for 

ATGCGTCGACGCATGGACTCTCACTCTTCCCA 

GCN5-NotI-rev 

ATGCGCGGCCGCCTATTGAGATTTAGCACCAG 

ING1 ING1-SalI-for 

ATGCGTCGACGCATGTCATTCGCCGAGGAATT 

ING1-NotI-rev 

ATGCGCGGCCGCTCATCGACCTTTCCTGCTCT 

ING2 ING2-SalI-for 

ATGCGTCGACGCATGGCTATTGCACGAACTGG 

ING2-NotI-rev 

ATGCGCGGCCGCTTAGTGTGACTGTGGGAGGA 

pMAL-c5G GCN5 GCN5-NotI-for 

ATGCGCGGCCGCATGGACTCTCACTCTTCCCA 

GCN5-SalI-rev 

ATGCGTCGACCTATTGAGATTTAGCACCAG 

 GCN5212-375 GCN5-212-NotI-for 

ATGCGCGGCCGCATGGAGCAAGCAGGACGACT 

GCN5-375-SalI-rev 

ATGCGTCGACCTATGGCAGCTTTGGATCAA 

 GCN5284-375 GCN5-284-NotI-for 

ATGCGCGGCCGCATGAGTCAGAAGTTTGGGGA 

GCN5-375-SalI-rev 

ATGCGTCGACCTATGGCAGCTTTGGATCAA 

 GCN5ILL GCN5-NotI-for 

ATGCGCGGCCGCATGGACTCTCACTCTTCCCA 

GCN5-SalI-rev 

ATGCGTCGACCTATTGAGATTTAGCACCAG 

for introduction of mutation: 

GCN5-ILL-for 

TTCTGATGGATATTCTTCATCTTTCTGTTATGGT 

GCN5-ILL-rev 

TACCATAACAGAAAGATGAAGAATATCCATCAGAAG 

GCN5-for 

ATGGACTCTCACTCTTCCCA 

GCN5-rev 

CTATTGAGATTTAGCACCAGATT 
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Vector cDNA Oligonucleotides for cloning (5´- 3´) 

pMAL-c5G GCN5EDD GCN5-NotI-for 

ATGCGCGGCCGCATGGACTCTCACTCTTCCCA 

GCN5-SalI-rev 

ATGCGTCGACCTATTGAGATTTAGCACCAG 

for introduction of mutation: 

GCN5-EDD-for 

TCTGATGGATGAAGATCATGATTCTGTTAT 

GCN5-EDD-rev 

ATAACAGAATCATGATCTTCATCCATCAGA 

GCN5-for 

ATGGACTCTCACTCTTCCCA 

GCN5-rev 

CTATTGAGATTTAGCACCAGATT 

 ADA2B ADA2B-NotI-for 

ATGCGCGGCCGCATGGGTCGCTCTCGAGGG 

ADA2B-SalI-rev 

ATGCGTCGACTTAAAGTTGAGCAATACC 

 VPS34 VPS34-NotI-for 

ATGCGCGGCCGCATGGGTGCGAACGAGTTT 

VPS34-SalI-rev 

ATGCGTCGACTCAACGCCAGTATTGAGC 

 VPS341-210 VPS34-NotI-for 

ATGCGCGGCCGCATGGGTGCGAACGAGTTT 

VPS34-210-SalI-rev 

ATGCGTCGACTCAAAACAGATGTGAGCTTCC 

 VPS34210-814 VPS34-210-NotI-for 

ATGCGCGGCCGCATGTTTGTGGTCATTGAT 

VPS34-SalI-rev 

ATGCGTCGACTCAACGCCAGTATTGAGC 

pBT3-C-OST4 PIP5K6 OST4-PIP5K6-for 

ATGCGGCCATTACGGCCCATGTCGGTAGCACACGCAGA 

OST4-PIP5K6-rev 

ATGCGGCCGAGGCGGCCGCAGCGTCTTCAACGAAGACCC 

 PIP5K9 OST4-PIP5K9-for 

ATGCGGCCATTACGGCCAATGTCTGGCCTTGACGTACGA 

OST4-PIP5K9-rev 

ATGCGGCCGAGGCGGCCCTTGATTTGTTGTTCTGTGGAAAT 

 GCN5 OST4-GCN5-for 

ATGCGGCCATTACGGCCCATGGACTCTCACTCTTCCCA 

OST4-GCN5-rev 

ATGCGGCCGAGGCGGCCGCTTGAGATTTAGCACCAGATT 
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Vector cDNA Oligonucleotides for cloning (5´- 3´) 

pBT3-C-OST4 VPS34 OST4-VPS34-for 

ATGCGGCCATTACGGCCCATGGGTGCGAACGAGTTT 

OST4-VPS34-rev 

ATGCGGCCGAGGCGGCCGCACGCCAGTATTGAGC 

 VPS341-210 OST4-VPS34-for 

ATGCGGCCATTACGGCCCATGGGTGCGAACGAGTTT 

OST4-VPS34-210-rev 

ATGCGGCCGAGGCGGCCGCAAACAGATGTGAGCTTCC 

 VPS34210-814 OST4-VPS34-210-for 

ATGCGGCCATTACGGCCAATGTTTGTGGTCATTGAT 

OST4-VPS34-rev 

ATGCGGCCGAGGCGGCCGCACGCCAGTATTGAGC 

pPR3-N ADA2B ADA2B-SfiI-for 

ATGCGGCCATTACGGCCATGGGTCGCTCTCGAGGGAACTT 

ADA2B-SfiI-rev 

ATGCGGCCGAGGCGGCCTTAAAGTTGAGCAATACCCTT 

pEntryA EYFP-GCN5 

EYFP-GCN5ILL 

EYFP-GCN5EDD 

pD-GCN5-AscI-for 

ATGCGGCGCGCCATGGACTCTCACTCTTCCCA 

pD-GCN5-NotI-rev 

ATGCGCGGCCGCCTATTGAGATTTAGCACCAGATT 

 

 

Tab. 6.9: Oligonucleotides used for sequencing. 

Analyzed 

sequence 

Description of 

oligonucleotides 

Oligonucleotides (5´- 3´) 

pBT3-C-OST4 pBT3-for 

pBT3-LexA-rev 

CATGATCATATGGCATGCATG 

ACACCTCTTGTTGCCTGGCCA 

pPR3-N pPR3N-for 

pPR3N-rev 

ATGCAGATTTTCGTCAAGACTTT 

ATAACTAATTACATGACT 

pGEX-6-P1 pGEX-for 

pGEX-rev 

GGGCTGGCAAGCCACGTTTGGTG 

CCGGGAGCTGCATGTGTCAGAGG 

pMAL-c5G pMAL-for 

pMAL-rev 

ATGCCGAACATCCCGCAGAT 

TTGTCCTACTCAGGAGAGCGTT 

pEntryA and 

pEntryD 

35S-for 

OCS-rev 

M13-for 

M13-rev 

TATATAAGGAAGTTCATTT 

TTTACAACGTGCACAACAGAA 

CCCAGTCACGACGTTGTAAAACG  

AGCGGATAACAATTTCACACAGG 
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Analyzed 

sequence 

Description of 

oligonucleotides 

Oligonucleotides (5´- 3´) 

EYFP VYFP-for 

VYFP-rev 

HYFP-for 

HYFP-rev 

CTGAAGTTCATCTGCACCACCGGCAAG 

CTTGCCGGTGGTGCAGATGAACTTCAG 

TACCAGTCCGCCCTGAGCAAAGA 

TCTTTGCTCAGGGCGGACTGGTA 

mCherry HmCherry-for 

HmCherry-rev 

CTACGACGCTGAGGTCAAGAC 

GTCTTGACCTCAGCGTCGTAG 

GCN5 and variants GCN5-m-for 

GCN5-m-rev 

GCN5-m2-for 

TGAAGCTTGAGAGCTCTGAT 

ATCAGAGCTCTCAAGCTTCA 

TAGAAAGATTATCAAAGT 

ADA2B ADA2B-m-for 

ADA2b-m-rev 

AAGAGTTTGACCCTGAATAT 

ATATTCAGGGTCAAACTCTT 

PIP5K1 PIP5K1-m1-for 

PIP5K1-m1-rev 

PIP5K1-m2-for 

PIP5K1-m2-rev 

PIP5K1-m3-for 

PIP5K1-m4-for 

PIP5K1-m4-rev 

AGTAATATTATGAGGAGTTT 

AAACTCCTCATAATATTACT 

AAAACGGTGAAGAAATCA 

TGATTTCTTCACCGTTTT 

TGAAGGTACTTGGAGAAG 

CAACACCGCCGCATCAGT 

ACTGATGCGGCGGTGTTG 

PIP5K2 and variant 

PIP5K2 K470A 

PIP5K2-m-for 

PIP5K2-m-rev 

PIP5K2-m2-for 

PIP5K2-m3-for 

PIP5K2-m4-for 

PIPK2-m4-rev 

PIP5K2-m5-for 

PIP5K2-m5-rev 

ATTTTGACCCAAGTGAAAA 

TTTTCACTTGGGTCAAAAT 

AAGAGATATGCCAACGGAGA 

TTACTATGAAGGTACATGGC 

TATCTCCATTTGTATTGAGA 

TCTCAATACAAATGGAGATA 

TAGTAATCTCATGAGGAATT 

AATTCCTCATGAGATTACTA 

PIP5K6 PIP5K6-for 

PIP5K6-rev 

PIP5K6-m1-for 

PIP5K6-m1-rev 

PIP5K6-m2-for 

PIP5K6-m3-for 

PIP5K6-m4-for 

ATGTCGGTAGCACACGCAGA 

TCAAGCGTCTTCAACGAAGA 

TTTGTACTTGTCAGAGAAT 

ATTCTCTGACAAGTACAAA 

AAAGTTCTTATAAGGATGCT 

TGCCGTCTCAGAAGATGC 

ACCCTTCGACTTCTTCCGG 
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Analyzed 

sequence 

Description of 

oligonucleotides 

Oligonucleotides (5´- 3´) 

PIP5K9 PIP5K9-m1-for 

PIP5K9-m2-for 

PIP5K9-m2-rev 

PIP5K9-m3-rev 

PIP5K9-m4-for 

CGTGGGATGAGACATGGAAT 

ACGGGTTTTCGCGCACATCCA 

ATATAATCAGCTGCATCGAT 

TAGTTGCCTCAGTAAACCT 

ACAGCACTTAAGATCCCAAT 

VPS34 and 

variants 

VPS34-m1-for 

VPS34-m1-rev 

VPS34-m2-for 

VPS34-m2-rev 

VPS34-m3-rev 

AGCTGGCAAGGAGCTTGGAT 

ATCCAAGCTCCTTGCCAGCT 

GCAGGAGAATCATCACTCTT 

AAGAGTGATGATTCTCCTGC 

AGTATATATGTGATCACAGA 

ING1 and ING2 no specific 

oligonucleotides within 

the sequence 

necessary 
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6.2.6. Cell lysates and enriched protein fractions 
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Fig. 6.19: Cell lysates and enriched protein fractions. Proteins were recombinantly expressed in 

E. coli Rosetta2. 10 µl of protein crude extracts were applied to an SDS-PAGE and were either stained 

with Coomassie or transferred to a nitrocellulose membrane. Membranes were incubated with primary 

antisera against GST or MBP. Afterwards, a suitable secondary antibody with a HRP conjugate was 

applied. Immunodetections were performed via HRP detection. PageRulerTM Unstained Protein Ladder 

or PageRulerTM Prestained Protein Ladder was used as molecular size marker. To get purified and 

enriched protein, protein crude extracts of MBP-tagged proteins (C) were purified via affinity 

chromatography with an amylose matrix. Protein crude extracts and enriched protein fractions (EP) were 

applied to an SDS-PAGE and were either stained with Coomassie or transferred to a nitrocellulose 

membrane. Nitrocellulose membranes were incubated with a primary antiserum against MBP epitope 

and a secondary antibody against mouse with an AP conjugate subsequently. AP detection was 

performed. PageRulerTM Prestained Protein Ladder was used as molecular size marker. A, Protein 

crude extracts of GST and GST-GCN5 that were used for in vitro immuno pull-down assays. B, Protein 

crude extract of MBP-GCN5 that was used for in vitro immuno pull-down assays. C, Used affinity purified 

extracts of MBP-GCN5, MBP-GCN5ILL and MBP-GCN5EDD for in vitro acetylation assays and liposome 

sedimentation assays. D, Used affinity purified extracts of MBP-GCN5212-375 and MBP-GCN5284-375 for in 

vitro acetylation assays. E, Protein crude extracts of MBP-PIP5K1 and MBP-PIP5K2 that were used for 

in vitro immuno pull-down assays. F, Protein crude extract of MBP-PIP5K6 that was used for in vitro 

immuno pull-down assays. G, Enriched protein extracts of MBP-PIP5K1 and MBP-PIP5K2 that were 

used for dot-blot assays. Proteins were enriched by Lennart Schwalgun according to Dejonghe and 

coworkers (Dejonghe et al., 2016). H, Used protein crude extracts of MBP-VPS34, MBP-VPS341-210 and 

MBP-VPS34210-814 for in vitro immuno pull-down assays and in vitro activity assays. I, Protein crude 

extracts of GST-ING1 and GST-ING2 that were used for in vitro immuno pull-down assays. J, Used 
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affinity purified extract of MBP-ING1 for liposome sedimentation assays. K, Used affinity purified extract 

of MBP-ADA2B for in vitro acetylation assays. L, Used affinity purified extract of MBP for liposome 

sedimentation assays. 

Expected molecular sizes of full-length proteins, GST, 26 kDa; GST-GCN5, 89.1 kDa; MBP-GCN5, 

MBP-GCN5ILL, MBP-GCN5EDD, 105.6 kDa; MBP-GCN5212-375, 61.5 kDa; MBP-GCN5284-375, 53.1 kDa; 

MBP-PIP5K1, 128.4 kDa; MBP-PIP5K2, 128.8 kDa; MBP-PIP5K6, 123.9 kDa; GST-ING1, 52.1 kDa; 

GST-ING2, 56.1 kDa; MBP-ING1, 68.6 kDa; MBP-ADA2B, 98.2 kDa; MBP, 42.5 kDa; MBP-VPS34, 

135.8 kDa; MBP-VPS341-210, 66.2 kDa; MBP-VPS34210-814, 112.3 kDa. Proteins were individually 

expressed and enriched several times. 

 

 

6.2.7. Composition of self-cast polyacrylamide gels 

 

Tab. 6.10: Composition of self-cast polyacrylamide gels. 

Component Stock solution Separation gel 

10 % (w/v) 

Stacking gel 

5 % (w/v) 

Rotiphorese® Gel 30 

(37,5:1)                       

(Carl Roth, Karlsruhe, 

Germany) 

30 % (w/v) with 0.8 % 

(w/v) bisacrylamide 

10 % (w/v) 5 % (w/v) 

Tris-HCl pH 8.8 1.88 M 370 mM - 

Tris-HCl pH 6.8 625 mM - 120 mM 

ddH2O - 45 % (v/v) 62 % (v/v) 

SDS 10 % (w/v) 0.1 % (w/v) 0.1 % (w/v) 

ammonium persulfate 

(APS) 

10 % (w/v) 0.06 % (w/v) 0.09 % (w/v) 

N,N,N´,N´-tetramethyl-

ethylenediamine (TEMED) 

~99 % (v/v) 0.01 % (w/v) 0.01 % (w/v) 
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6.2.8. Primary and secondary antibodies 

 

Tab. 6.11: Primary and secondary antibodies. 

Abbreviations: AB: Abcam, Cambridge, United Kingdom, ME: Merck, Darmstadt, Germany, 

NEB: New England Biolabs Inc., Frankfurt, Germany, SI: Sicgen, Cantanhede, Portugal, 

TF (IN): Invitrogen, now Thermo Fisher Scientific, Schwerte, Deutschland. 

Primary antisera 

Epitope Host Conjugate Application Type Product No., 

supplier 

anti-GST goat - 1:2,000 polyclonal #27-4577-01, ME 

anti-MBP mouse - 1:10,000 monoclonal #E8032S, NEB 

anti-GFP rabbit - 1:2,000 polyclonal #A-11122, TF 

(IN) 

anti-mCherry goat - 1:2,500 polyclonal #AB0040-200, SI 

anti-H3 rabbit - 1:5,000 polyclonal #H0164, ME 

anti-H3K9ac rabbit - 1:5,000 polyclonal #ab4441, AB 

anti-H3K14ac rabbit - 1:5,000 polyclonal #07-353, ME 

Secondary antisera 

Epitope Host Conjugate Application Type Product No., 

supplier 

anti-goat rabbit HRP 1:7,500 polyclonal #A5420, ME 

anti-goat rabbit AP 1:30,000 polyclonal #A4187, ME 

anti-mouse goat HRP 1:5,000 polyclonal #AP130P, ME 

anti-mouse goat AP 1:30,000 polyclonal #A3562, ME 

anti-rabbit goat HRP 1:7,000 polyclonal #A6154, ME 
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6.2.9. Specification of software and online tools 

 

Tab. 6.12: Used software and online tools and their applications. 

Software Application Supplier 

Chromas (version 2.6.6) DNA sequence analysis Technelysium Pty Ltd, South 

Brisbane, Australia 

EndNote X9.3.3         

(Bld 13966) 

reference management Clarivate Analytics, Philadelphia, 

PA, USA 

FusionCapt Advance 

Solo 7 

(version 17.01) 

chemiluminescence 

detection of Western 

Blots 

Vilber Lourmat Deutschland 

GmbH, Eberhardzell, Germany 

ImageJ 1.51s (Fiji) image processing and 

analysis 

Wayne Rasband National Institutes 

of Health, USA 

(http://imagej.nih.gov//ij), 

(Schindelin et al., 2012) 

LinRegPCR 

(version 2018.0) 

analysis of qPCR data J. M. Ruijter, Department of 

Anatomy, Embryology & 

Physiology, Academic Medical 

Center, Amsterdam, Netherlands 

Based on: 

(Ruijter et al., 2009; Tuomi et al., 

2010; Ruijter et al., 2014) 

Microsoft Home and 

Student 2016, Microsoft 

Office 365 (PowerPoint, 

Excel, Word) 

figures, data analysis, 

text editing 

Microsoft Corporation, Redmond, 

WA, USA 

Quantum-Capt (version 

15.15) 

detection of UV signals 

in agarose gels 

Vilber Lourmat Deutschland 

GmbH, Eberhardzell, Germany 

R for Windows (version 

4.1.0) and R Studio 

(version 1.4.1106) with 

multcomp package 

ANOVA R Studio, PBC, Boston, MA, USA 

(Hothorn et al., 2008) for multcomp 

Rotor-Gene Q Series 

Software 

(versions 2.1.0 (Build 9) 

and 2.3.5 (Build 1)) 

measurement and 

analysis of qPCR data 

Qiagen, Hilden, Germany 
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Software Application Supplier 

Spectra Manager for 

Windows 95/NT 

(version 1.53.01 (Build 

1), including Spectra 

Analysis and Spectrum 

Measurement) 

CD spectroscopy JASCO Deutschland GmbH, 

Pfungstadt, Germany 

TINA 2.0 Software  quantification of 

radiolabeled signals 

(Raytest, Straubenhardt, Germany) 

ZEN 2.3 SP1 FP3 

(black) (version 

14.0.18.201) 

microscopy Carl Zeiss, Jena, Germany 

Online tool Application Supplier 

Arabidopsis eFP 

Browser 

elucidating gene 

expression after auxin 

treatment 

http://bar.utoronto.ca/efp/cgi-

bin/efpWeb.cgi?dataSource=Hormone 

(Winter et al., 2007) 

BH-search analyses identification of basic 

hydrophobic stretches 

in amino acid 

sequences 

(Brzeska et al., 2010) 

BoxShade 

(version 3.21) 

sequence alignment K. Hofmann, M. Baron, 

ExPASy Bioinformatics Resource 

Portal, SIB Swiss Institute of 

Bioinformatics, Lausanne, Switzerland 

Clustal Omega sequence alignment (Madeira et al., 2019) 

cNLS Mapper identification of putative 

NLS sequences 

(Kosugi et al., 2008, 2009a, 2009b) 

InterPro identification of protein 

domains 

European Bioinformatics Institute, 

Cambridge, United Kingdom, (Blum et 

al., 2021) 

Multalin sequence alignment (Corpet, 1988) 

NCBI Gene Database gene sequences for 

cloning 

National Center for Biotechnology 

Information, U.S. National Library of 

Medicine, Rockville Pike, Bethesda, 

MD, USA 

NCBI Protein Database identification of protein 

domains 

National Center for Biotechnology 

Information, U.S. National Library of 

Medicine, Rockville Pike, Bethesda, 

MD, USA 
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Online tool Application Supplier 

Primer-BLAST design of 

oligonucleotides for 

qPCR 

National Center for Biotechnology 

Information, U.S. National Library of 

Medicine, Bethesda, MD, USA 

(Ye et al., 2012) 

PROSITE identification of protein 

domains 

ExPASy Bioinformatics Resource 

Portal, SIB Swiss Institute of 

Bioinformatics, Lausanne, Switzerland 

(Sigrist et al., 2002, 2013) 

ProtParam calculation of molecular 

masses of proteins for 

calculation of mean 

residue weight ellipticity 

[Θ]MRW 

ExPASy Bioinformatics Resource 

Portal, SIB Swiss Institute of 

Bioinformatics, Lausanne, Switzerland 

(Gasteiger et al., 2005) 

SeqNLS identification of putative 

NLS sequences 

Department of Computer Science and 

Engineering, University of South 

Carolina, SC, USA 

(Lin et al., 2012) 
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