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1 Introduction 

Proteins are ubiquitous cellular molecules with diverse functions. The impeccable 

transcription, the errorless translation and the correct folding are based on the nucleotide 

sequence of the DNA and crucial for the correct fulfilment of their tasks. 

In the past 20 years, the molecular structure and the misfolding of certain proteins has gained 

importance in the aetiology of several human degenerative diseases, such as Parkinson’s 

disease, Alzheimer’s disease and Huntington’s disease (Selkoe 1996; Hardy 2001; Soto 2001; 

Moreno-Gonzalez and Soto 2011). This awareness is putatively due to genetic studies, making 

yeast containing the homologues of disease-causing proteins an ideal model organism 

(Coughlan and Brodsky 2005; Moreno-Gonzalez and Soto 2011). Furthermore, the mere 

exchange of single or multiple nucleotides in proteins has been associated with various 

illnesses, such as adult onset neuronal ceroid lipofuscinosis (ANCL) (Burgoyne and Morgan 

2015), certain telomere biology disorders (TBDs) (Sarek et al. 2015) and the Chediak Higashi 

syndrome (CHS) (Barbosa et al. 1996; Nagle et al. 1996; Perou et al. 1996; Cullinane et al. 

2013). Besides the analysis of the molecular structure of proteins, i.e. the primary, secondary, 

tertiary and quaternary structure, their exact function and localisation are essential for the 

correct understanding of the pathogenesis of these diseases.	

 

1.1 Clinical relevance of BEACH domain-containing proteins 

Although their precise role is currently unknown, BEACH domain-containing proteins 

(BDCPs) tend to play an important role in diverse cellular mechanisms, such as membrane 

dynamics, vesicular trafficking or receptor signaling (Jogl et al. 2002; Cullinane et al. 2013). In 

plants of the species Arabidopsis, BDCPs are putatively involved in the protection against 

diseases (Teh et al. 2015). Mutations of human BDCPs cause a variety of neurological and 

immunological disorders, such as the CHS mentioned before (Barbosa et al. 1996; Nagle et al. 

1996; Perou et al. 1996; Cullinane et al. 2013), the generalised autoimmunity syndrome 

(Lopez-Herrera et al. 2012) or the gray platelet syndrome (Albers et al. 2011; Gunay-Aygun et 

al. 2011; Kahr et al. 2011). Additionally, autism (Castermans et al. 2003), systemic lupus 

erythematosus (Zhao et al. 2012), glioma (Chen et al. 2004) and cancer growth (Wang et al. 

2004) have been associated with this group of proteins.  

In order to give a general overview of this largely unknown group of BDCPs, the following 

paragraphs focus on its already identified members and their various domains. 
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1.2 BDCPs in humans and yeast 

There are currently nine BDCPs known in humans: besides the prototype member LYST 

(lysosomal trafficking regulator), NBEA (neurobeachin), NBEAL1 (neurobeachin-like 1), 

NBEAL2 (neurobeachin-like 2), LRBA (lipopolysaccharide-responsive, beige-like anchor 

protein), WDFY3 (WD and FYVE zinc finger domain-containing protein 3, often called 

ALFY: autophagy-linked FYVE-containing protein), WDFY4 (WD and FYVE zinc finger 

domain-containing protein 4), NSMAF (neutral sphingomyelinase activation-associated factor, 

formerly known as FAN: factor associated with N-SMase activation) and WDR81 (WD repeat 

protein 81) were identified in humans (Cullinane et al. 2013). Amongst others, lysosomal size 

(Ward et al. 2003; Möhlig et al. 2007), apoptosis (Adam-Klages et al. 1996) and synapse 

formation (Su et al. 2004; Medrihan et al. 2009) are affected by changes in these proteins. 
 

However, Bph1 (beige protein homolog 1) is the only BDCP known in yeast, making yeast a 

suitable model organism to determine the basic role of BDCPs. BPH1 is a non-essential gene, 

suggesting that its loss does not significantly affect yeast or that there are redundant 

mechanisms in play. Nevertheless, its deletion has been shown to affect the sorting of 

vacuolar proteins (Shiflett et al. 2004).   

The BPH1 gene encodes a protein with different domains at the C-terminal end while the N-

terminal end is not homologous to any known domain. The BEACH domain is surrounded 

by other conserved domains known as the domain of unknown function 1088 (DUF 1088), 

the Pleckstrin homology (PH) and the WD40 repeat domain (WD40) as shown in Figure 1. 

 

 

	
Figure 1: Conserved components of Bph1. Schematic illustration of the domains present at the C-terminal end 

of the BPH1 gene: DUF 1088 (grey), PH domain (beige), BEACH domain (purple), 5x WD40 repeat domain 

(pink). (*) number of amino acids. DUF 1088: amino acids 1285-1304. PH: amino acids 1368-1487. BEACH 

domain: amino acids 1544-1839. WD40 (1): amino acids 1926-1965. WD40 (2): amino acids 1975-2015. 

WD40 (3): amino acids 2016-2054. WD40 (4): amino acids 2071-2111. WD40 (5): amino acids 2128-2167. 
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Intriguingly, the domains shown in Figure 1 are also present in the human BDCPs (Table 1). 

Especially the protein domains PH and WD40 are present in virtually all human BDCPs 

(Cullinane et al. 2013). 

For the sake of completeness, an ARM region has been identified in LRBA and an FYVE 

region in WDFY3 (but not in WDFY4 in spite of its name). Instead of a PH region, a GRAM 

region has been identified in NSMAF, both of which are membrane-associated (Cullinane et 

al. 2013).	
 
Table 1: Comparison of domains found in BDCPs. 

Protein Domains 

 

DUF 1088 

 

PH 

 

BEACH 

 

WD40 

ConA-

like lectin 

domain 

 

Other 

LYST - + + + (7) +  

NBEA + + + + (5) +  

NBEAL1 - + + + (2) +  

NBEAL2 - + + + (5) +  

LRBA + + + + (6) + ARM 

WDFY3 - + + + (5) + FYVE 

WDFY4 - + + + (5) -  

NSMAF - - + + (6) - GRAM 

WDR81 - - + + (5) -  

Bph1 + + + + (5) -  

(+) : is present. (-) : cannot be found. WD40: (x): x = number of repeats.  

Modified from Cullinane et al. 2013, Figure 2. 
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1.2.1 BEACH domain 

The abbreviation “BEACH” derives from the beige and Chediak-Higashi syndrome, beige 

(bg) being the murine model carrying a mutation on the LYST gene (Barbosa et al. 1996). The 

Chediak-Higashi syndrome is an autosomal recessive disease provoked by a frame-shift 

mutation in LYST, one of the nine human BDCPs. Besides partial oculocutaneous albinism, 

symptoms include neutropenia, thus resulting in recurring infections and faulty bone marrow 

precursor cells leading to a platelet storage pool deficiency. CHS often results in death during 

the first seven years, or otherwise neurologic impairments later on (Novak et al. 1985; Ward et 

al. 2002; Westbroek et al. 2007; OMIM Entry - # 214500). 
 

The BEACH domain (BD) is a highly conserved region consisting of around 300 amino acids. 

Its hydrophobic core is unusually organised while being surrounded by α-helices but without 

any secondary structure in the core itself. This is in contrast to most protein structures with 

secondary structure elements dominating the hydrophobic core. The inner part of the BD is 

formed by extended segments that interact mainly via side chains of highly conserved residues 

(Jogl et al. 2002; Cullinane et al. 2013). 

 

1.2.2 WD40 repeat domain 

Proteins containing WD40 repeats are endowed with the ability to scaffold protein-protein 

interactions for multiprotein complexes (Li and Roberts 2001; Cullinane et al. 2013). The 

β-subunit of the heterotrimeric GTP-binding protein (G protein) was first identified to 

contain the WD40 repeat (Fong et al. 1986). Nowadays, it is also recognized in the cell 

division control protein 4 (CDC4), α- and β-COP proteins and the microtubule-associated 

protein (MAP), amongst others. Consequently, WD40 repeats have heterogeneous functions, 

such as the involvement in signal transduction, vesicular trafficking, cytoskeletal assembly and 

cell cycle control (Smith et al. 1999; Li and Roberts 2001). 

While each WD40 repeat is flanked by a glycerine-histidine (GH) dipeptide at the N-terminus 

and a tryptophan-aspartic acid (WD) dipeptide at the C-terminus, the number of copies 

usually varies between 4 and 16 (Neer et al. 1994; Li and Roberts 2001). Although first 

thought to be exclusively present in eukaryotes (Neer et al. 1994), it is known today to also 

occur in prokaryotes. Interestingly, 136 WD repeat-containing proteins are found in humans 

and 56 in Saccharomyces cerevisiae (S. cerevisiae) (Venter et al. 2001). Furthermore, genes containing 

WD40 repeats are linked to human diseases, such as lissencephaly or the Cockayne syndrome 

(CS) (Henning et al. 1995; Nigro et al. 1997). 
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1.2.3 Pleckstrin homology and DUF domain 

Pleckstrin homology (PH) domains are the 11th most common class of domains in the human 

proteome (Lemmon 2007) and involved in different cellular regulatory pathways. Being first 

recognized in pleckstrin, a substrate of protein kinase C in platelets, it is also found in 

phospholipases, GTPase-regulating proteins and cytoskeletal proteins (Bottomley et al. 1998; 

Blomberg et al. 1999).  

Compared to other PH domains, the structure within NBEA (used as a reference for BDCPs) 

is virtually identical, consisting of seven β-sheets stacked like a sandwich and an α-helix at one 

open side near the C-terminus. Nevertheless, its amino acid sequence differs significantly. 

Protein binding assays using the purified PH domain and the purified BEACH domain of the 

human protein FAN show a strong protein-protein interaction between the two domains. 

Solely mutations within the PH-BEACH interface significantly impair the interaction of both 

domains in contrast to mutated residues outside this interface. Therefore, both domains can 

potentially be seen as a “single unit” with a surface in between to bind a partner (Jogl et al. 

2002).  

After the creation of mutants containing only certain domains of the protein FAN 

(BEACH-WD40 and PH-BEACH-WD40), their effects in FAN-/- mouse fibroblasts were 

analysed. The phenotype in signal transduction could only be rescued by the mutants 

containing the PH-BEACH-WD40 construct, suggesting that the PH domain plays a crucial 

role in the successful accomplishment of FAN´s function (Kreder et al. 1999; Jogl et al. 2002). 
 

The DUF 1088 domain is only present in two of the human BDCPs, NBEA and LRBA, with 

a currently unknown function (Cullinane et al. 2013). 

 

 

1.3 Secretory pathway 

BDCPs are presumably involved in vesicular trafficking (Jogl et al. 2002; Cullinane et al. 2013). 

The intracellular transport by vesicular trafficking is evolutionarily conserved in both lower 

and higher eukaryotes, such as S. cerevisiae and mammals (Dunphy et al. 1986). Newly 

synthesized secretory proteins are transferred between internal compartments, such as the 

endoplasmic reticulum, the Golgi complex and secretory granules, before reaching their target 

(Palade 1975; Bonifacino and Glick 2004).  

 



1 Introduction 6 
	
Having transited the ER, proteins either remain there or are transported to the Golgi 

apparatus via vesicles. Starting from the Golgi apparatus, membrane proteins are transported 

to their final destinations, such as the plasma membrane, the vacuole or lysosomes. This 

sequence of events called the “secretory pathway” was discovered by George Palade and 

earned him the Nobel Prize in Physiology or Medicine in 1974 (Palade 1975; Feldmann 2012, 

p. 207).  

The secretory pathway can be divided into an early and a late component: while the early one 

includes the transport within the Golgi complex and between the Golgi complex and the ER 

(Popoff et al. 2011), the late secretory pathway characterises the transport from the Golgi 

apparatus to other organelles, such as the vacuole (the yeast equivalent of lysosomes) or the 

plasma membrane. Besides direct pathways between the cytoplasm and the vacuole, the 

transport of newly synthetized proteins from the Golgi apparatus to the vacuole is mainly 

done via the carboxypeptidase Y (CPY) and the alkaline phosphatase (ALP) pathways (Burd et 

al. 1998). 

 

1.3.1 ER and Golgi complex  

The endoplasmic reticulum is next to the Golgi complex substantial for the modification and 

trafficking of proteins within the secretory pathway (Ellgaard et al. 1999).  

In S. cerevisiae, the ER can generally be divided into a cortical (peripheral) ER and a nuclear ER 

while the cortical ER is thought to be more comparable to the ER of higher eukaryotes 

(Preuss et al. 1991; Prinz et al. 2000; Martin et al. 2005). Consisting of an interconnected 

reticulation of membranous tubules and sheet-like cisternae (Palade 1956), the ER is 

responsible for the production of, the chaperone-assisted folding of and the modification of 

transmembrane-proteins, lipids and secretion proteins. Furthermore, it is responsible for 

retrieving misfolded, wrongly modified or incompletely assembled subunits of proteins 

complexes called retrograde transport (Feldmann 2012, p. 17f, p. 207). After being produced 

at the ribosomes, proteins translocate while still being attached to the ribosome 

(cotranslational) or after complete translation and release from the ribosome (post-

translational) (Feldmann 2012, p. 208; Rapoport 2007). 
 

Besides the ER, the Golgi complex (or Golgi apparatus) plays a crucial role in intracellular 

membrane trafficking in eukaryotes (Popoff et al. 2011). The parallel stacked compartments of 

membrane cisternae can be divided into the cis-Golgi network (CGN) closest to the ER, 

merging into the medial Golgi network containing the internal cisternae, and the trans-Golgi 
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network (TGN) at the averted side of the ER. Golgi vesicles carrying the cargo pass the 

organelle from the CGN to the medial Golgi network to the TGN. The Golgi complex is 

responsible for the sorting and modification of proteins, such as the phosphorylation of 

oligosaccharides directed to the vacuole or the glycosylation of proteins (Feldmann 2012, 

p. 18).	
 

1.3.2 Vesicular transport involved in the secretory pathway  

Within the secretory pathway, vesicular carriers play a crucial role in the communication of 

intracellular organelles. In general, the process of vesicular transports consists of vesicle 

budding, transport, tethering and fusion (Bonifacino and Glick 2004). Cargo recognition, 

membrane deformation and vesicle formation are facilitated by molecular coats (Cai et al. 

2007a) which are also involved in directing a vesicle to its designed target membrane (Cai et al. 

2007b). 

In yeast, various kinds of vesicles were identified as illustrated in Figure 2. Starting from the 

ER, the anterograde transport to the CGN is mediated by coat protein complex II-coated 

vesicles (COPII-coated vesicles) (Lee et al. 2004). The heptameric coat protein complex I 

(COPI) plays a crucial role in the retrograde trafficking of ER residents from the Golgi 

apparatus to the ER and in the recycling process of proteins or of improperly assembled 

protein complexes, while also being involved in the transport of cargo within the Golgi 

apparatus (Rabouille and Klumperman 2005; Beck et al. 2009).  

Besides COPI and COPII, the retromer complex, clathrin-coated vesicles and the exomer 

complex are also part of the vesicular transport of cargo between different membrane-

enclosed organelles. The multimeric complex called retromer plays a paramount role in the 

retrograde transport from the endosomes to the TGN while consisting of different subunits 

of vacuolar sorting proteins (Seaman 2005; Bonifacino and Rojas 2006; Verges 2007; 

Bonifacino and Hurley 2008). Within the late secretory pathway, clathrin-coated vesicles and 

the exomer complex are involved in transporting cargo from the TGN to the plasma 

membrane (McMahon and Mills 2004; Wang et al. 2006). 
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Figure 2: Vesicular carriers involved in the intracellular transport of cargo. Schematic illustration of a yeast 

cell and its organelles. E: endosome, ER: endoplasmic reticulum, PM: plasma membrane. Vesicles: COPII: coat 

protein complex II-coated vesicle (dark green), COPI: coat protein complex I-coated vesicle (red), Cla: clathrin-

coated vesicle (pink), Exo: exomer complex (grey), Retro: retromer complex (brown).  

 

The exact function of BDCPs in vesicular trafficking is currently unknown. Nevertheless, 

COPI and Neurobeachin, a human BDCP, share proximate recruitment sites (Wang et al. 

2000). Additionally, the α- and β′-COPI subunits contain the WD40 repeat domain present in 

Bph1 and all human BDCPs (Li and Roberts 2001; Eugster et al. 2004). A regulator of the 

recruitment of COPI called ARF1 (ADP-ribosylation factor 1) has been shown to interact 

with the PH domain of two proteins called the four-phosphate-adaptor protein 1 and 2 

(FAPP1 and FAPP2) which are essential for the transport of cargo to the plasma membrane 

(Donaldson et al. 1992; Godi et al. 2004; D’Souza-Schorey and Chavrier 2006). 
 

The vacuolar protein sorting 35p (Vps35p) is a subunit of the retromer complex and 

responsible for identifying cargo for retrieval (Nothwehr et al. 2000). Interestingly, 

Neurobeachin and Vps35p both interact with the postsynaptic inhibitory glycine receptors 

(GlyRs) (del Pino et al. 2011). GlyRs are chloride channels consisting of two α- and three β-

subunits (Grudzinska et al. 2005), while being present in various areas of the brain, such as the 

hippocampus, the amygdala, the substantia nigra, the striatum and the cerebellum (Dumoulin 

et al. 2001; McCool and Farroni 2001; Sergeeva and Haas 2001; Chattipakorn and McMahon 

2002; Mangin et al. 2002). As NBEA and Vps35p interact with GlyRβ, they are presumably 

involved in the anterograde and retrograde post-Golgi trafficking of GlyRs and potentially 

other neurotransmitter receptors (del Pino et al. 2011).	
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1.4 ER retrieval signals 

After having been released from the ER, wrongly modified or incompletely assembled 

subunits of protein complexes as well as ER resident proteins are recycled back to the ER 

(retrograde transport). Retrieval signals play an essential role during this process (Nilsson and 

Warren 1994). LRKR (Zerangue et al. 1999), KLRRRRI and NVRNRRK (Zerangue et al. 

2001) are examples for arginine-based ER localisation signals which interact with COPI 

resulting in the retrograde transport of cargo, while 14-3-3 proteins are presumably involved 

in forward transport (Yuan et al. 2003; Heusser et al. 2006; Michelsen et al. 2006; Michelsen et 

al. 2007). Besides arginine-based ER localisation signals, the well characterized C-terminal 

di-lysine signal KKXX also binds to a subunit of COPI resulting in the retrieval of cargo 

(Eugster et al. 2000; Stornaiuolo et al. 2003; Eugster et al. 2004).  
 

Consisting of the amino acids lysine (K), aspartic acid (D), glutamic acid (E) and leucine (L) at 

the C-terminal end, the KDEL sorting motif is a highly important retrieval signal present in 

mammals (Munro and Pelham 1987). The HDEL sorting motif in yeast - homologous to the 

KDEL sorting motif - is a seven transmembrane-domain protein containing the amino acid 

histidine (H) instead of lysine (K) and also binding to the KDEL receptor (Munro and Pelham 

1987; Capitani und Sallese 2009). 

The mechanism of HDEL as an ER retrieval signal shall be explained in more detail using 

Kar2 and Pdi1 as exemplary proteins in yeast. Kar2 and Pdi1 (protein disulphide isomerase 1) 

are soluble luminal ER resident proteins containing the HDEL sorting motif. Kar2 and Pdi1 

that have escaped to the Golgi complex are retrieved back to the ER via COPI-coated vesicles 

(Munro and Pelham 1987; Tachikawa et al. 1991; Noiva and Lennarz 1992; Capitani and 

Sallese 2009), resulting in an intact secretory pathway. The secretion of these two proteins into 

the extracellular space implies an impaired secretory pathway due to an impaired ER retrieval 

system. 

 

 

1.5 Saccharomyces cerevisiae as a model organism 

Besides being commercially used for example for baking bread or brewing beer (Sicard and 

Legras 2011), S. cerevisiae is an extensively used model organism for dissecting the molecular 

functions of many proteins. According to Botstein and Fink, “... yeast has graduated from a 

position as the premier model for eukaryotic cell biology to become the pioneer organism that 

facilitated the establishment of the entirely new fields of study called “functional genomics” 



1 Introduction 10 
	
and “systems biology”” (Botstein and Fink 2011). Just as bacteria, yeast is a relatively cheap 

microorganism, easy to cultivate at steady environmental parameters and with a rapid 

proliferation time. Its non-pathogenicity enables the experiments to be carried out in 

S1-laboratories with minor safety precautions. Furthermore, yeast is amenable to biochemical 

and genetic approaches. Being unicellular eukaryotes, S. cerevisiae and mammals share the same, 

mostly highly conserved cellular fundamentals, such as cytoskeletal organization and secretion 

systems. This homology and the ease of manipulation, for example of gene deletions or 

insertions of specific mutations, make it a virtually ideal model organism to study the function 

of proteins at their cellular and molecular levels. In yeast, functional complementation is an 

effective and fairly easy tool to reveal the responsible domain(s) critical for a protein’s 

function. The ease of isolating cell components of S. cerevisiae additionally advances the 

discovery of their functional importance. Although yeast can be used as a relevant reference 

for human genes, the subsequent confirmation in higher eukaryotes is mandatory (Botstein 

and Fink 1988; Sherman 2002; Feldmann 2012, p. 1f). 

 

 

1.6 Aims of this study 

BEACH domain-containing proteins putatively play a role in cellular processes, such as 

vesicular trafficking, receptor signaling or membrane dynamics (Jogl et al. 2002; Cullinane et 

al. 2013). Nevertheless, little is known about their exact function, their interaction partners 

and the precise aetiology of BDCP-associated diseases.  

The investigation of the localisation, the function of a “typical” BDCP in vesicle trafficking 

and its effect on membrane dynamics were chosen to be a major aim of this thesis. Since 

multiple BDCPs are present in mammals, Bph1, the only BDCP present in yeast, was selected 

to be focused on.  

As a PH-BEACH-WD40 construct was able to rescue a transduction phenotype in FAN-/- 

mouse fibroblasts (Kreder et al. 1999; Jogl et al. 2002), we addressed the question whether 

these domains were also capable of rescuing the growth phenotype of yeast in the presence of 

100 mM potassium acetate (pH 4.0) or 40 µg/ml Calcofluor white observed by Shiflett et al. 

(2004). With the use of functional complementation experiments, the importance of the 

surrounding protein domains and their interplay with the BD were investigated in order to 

contribute to a better understanding of this important but poorly understood group of 

proteins.  
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2 Materials  

2.1 Equipment 

Table 2: Equipment. 

 Name Manufacturer 

Electroporator Gene Pulser II BioRad 

SDS - PAGE gadget Multiple Gel Caster,  

Mighty Small 250 

Hoefer 

Western blot gadget Mighty Small Transfer System 

T22 

Amersham Biosciences 

Benchtop centrifuge,  

Eppendorf 

Biofuge pico Heraeus 

Ultracentrifuge 4K15 Sigma 

PCR machine Thermocycler PTC-200 MJ Research 

NanoDrop 

spectrophotometer 

NanoDrop 2000c ThermoScientific 

Western blot detection Odyssey Imaging System LI-COR Biosciences 

Agarose gel electrophoresis 

gadget 

PowerPac Basic BioRad 

Agarose gel detection GelStick Intas 

Spectral photometer BioMate5 ThermoScience 

Microscope (1) Delta vision  Applied precision 

Microscope (2) Imaging Machine 03-dual Acquifer 

Microplate reader Synergy HT BioTek 
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2.2 Kits and reagents 

Table 3: Kits and reagents. 

Name Source 

Calcofluor White F3543, Fluorescent  

Brightener 28 

Sigma Aldrich 

ECLTM Western Blotting Detection Reagents Amersham Bioscience  

(catalogue numbers RPN2106/8/9; 

 RPN2209; RPN2134)  

FM 4-64 ThermoFisher Scientific T-3166 

High Pure PCR Product Purification Kit Roche  

(catalogue number 11732676001) 

Hybond® ECLTM nitrocellulose membranes Amersham Bioscience  

(catalogue number RPN3032d)  

NucleoSpin® Plasmid Miniprep Kit Machery-Nagel  

(catalogue number 740588.250) 

Page Ruler Prestained Protein Ladder ThermoFisher Scientific  

(catalogue number 26616) 

YeaStar TM Genomic DNA Kit Zymo Research  

(catalogue number D2002) 

 

 

2.3 Chemicals and reagents 

Table 4: Chemicals and reagents. 

Labeling Concentration Content 

Acrylamide 30 % (w/v) Acrylamide 4 K 292.2 g/l, 

Bisacrylamide 4 K 7.8 g/l 

Agarose gel 200 ml 

2.0 g 

30 µl 

1x TAE buffer  

agarose 

DNA dye 
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Labeling Concentration Content 

Ammonium persulfate 10 % 10 % (w/v) ammonium persulfate powder 

Ampicillin stock solution 100 mg/ml ampicillin sodium salt in H20, 

sterile filtration, storage of  

aliquots at -20 °C 

Blocking solution for Western blots 1x 

5 % (w/v) 

0.02 % (v/v) 

TBS in H20 

milk powder 

Igepal CA-630 

DNA loading buffer 6x 30 % (v/v) 

0.2 % (w/v) 

glycerol 

bromophenol blue 

FM 4-64 16 mM FM 4-64 in DMSO 

Lithium acetate 10x (1M) 102 g/l lithium acetate  

H20 ad 1 l, sterile filtration 

Lithium acetate mix 1x 

1x 

8x 

10x TE pH 7.5 

10x lithium acetate pH 7.5 

H20 

PBS 1x 140 mM 

3 mM 

8 mM 

1.5 mM 

NaCl 

KCl 

Na2HPO4 

KH2HPO4 pH 7.4   

H20 ad 1 l  

PEG stock solution (50 %) 500 g/l PEG 4000  

in H20, sterile filtration 

PEG mix 8x 

1x 

1x 

50 % PEG 

10x TE pH 7.5 

10x lithium acetate 

Ponceau S stock solution 10x 20 g/l 

300 g/l 

300 g/l 

Ponceau S  

TCA 

sulfursalicylic acid 

in H20 

SDS 10 % 100 g/l sodium dodecyl sulphate 



2 Materials 14 
	

Labeling Concentration Content 

SDS loading buffer protein gel 5x 250 mM 

10 % (w/v) 

0.5 % (w/v) 

50 % (v/v) 

Tris pH 6.8 (HCl) 

SDS 

bromophenol blue 

glycerol 

SDS running buffer protein gel 5x  250 mM 

125 mM 

0.1 % (v/v) 

glycine 

Tris 

10 % SDS 

H20 ad 1 l, pH to 8.3 

SDS sample buffer 50 mM 

2 % (w/v) 

0.1 % (w/v) 

10 % (v/v) 

100 mM 

Tris pH 6.8 (HCl) 

SDS 

bromophenol blue 

glycerol 

DTT 

TCA precipitated samples: 

1M Tris pH 7.4 (HCl) to adjust 
pH  

SOC media for bacteria 20 g/l 

5 g/l 

0.5 g/l 

2.5 mM 

 

10 mM 

20 mM 

tryptone 

yeast extract 

NaCl 

KCl 

H20, after autoclaving: 

MgCl2 

glucose 

Sodium azide 200 mM NaN3 

T4 ligase buffer 50 mM 

10 mM 

1 mM 

1 mM 

50 mg/ml 

Tris pH 7.6 (HCl) 

MgCl2 

ATP 

DTT 

PEG 8000 

H20, storage of aliquots at -20 °C 

TAE buffer 20x 

(DNA gel running buffer) 

800 mM 

200 mM 

20 mM 

Tris pH 7.5 (HCl) 

sodium acetate 

EDTA pH 8.0 
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Labeling Concentration Content 

TBS 10x 240 mM 

1.36 M 

30 mM 

Tris pH 7.4 (HCl) 

NaCl 

KCl 

H20 ad 1 l 

TCA 50 % 50 % (w/v) TCA powder 

TE 10x 100 mM 

10 mM 

Tris pH 7.5 (HCl) 

EDTA 

pH to 7.5 (HCl) 

Transfer buffer 10x 1.92 M 

250 mM 

glycine 

Tris 

 

 

2.4 Liquid media and plates  

Table 5: Liquid media and plates for bacteria. 

BACTERIA - liquid media 

Labeling Concentration Content 

LB liquid media 15 g/l 

5 g/l 

5 g/l 

tryptone 

yeast extract 

NaCl 

 H20 ad 1 l, sterile filtration 

BACTERIA - agar plates 

Labeling Concentration Content 

LB agar 15 g/l 

5 g/l 

5 g/l 

15 g/l 

80 µg/ml 

tryptone 

yeast extract 

NaCl 

agar, autoclaved 

ampicillin 

H20 ad 1 l 
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Table 6: Liquid media and plates for yeast. 

YEAST - liquid media 

Labeling Concentration Content 

SC (1) 6.7 g/l 

0.61 g/l 

 

20 g/l 

10 mg/l 

yeast nitrogen base 

amino acid mix -Ade -His  

-Leu -Met -Trp  

glucose  

L-adenine, L-histidine, 

L-leucine, L-methionine, 

L-tryptophan 

H20 ad 1 l, sterile filtration 

SC (2) 1.7 g/l 

 

1 g/l 

0.61 g/l 

 

20 g/l 

10 mg/l 

yeast nitrogen base  

-ammonium sulphate  

mono sodium glutamate 

amino acid mix -Ade -His  

-Leu -Met -Trp  

glucose  

L-adenine, L-histidine, 

L-leucine, L-methionine, 

L-tryptophan 

H20 ad 1 l, sterile filtration 

SC - Ura (1) 6.7 g/l 

0.55 g/l 

 

20 g/l 

10 mg/l 

yeast nitrogen base 

amino acid mix -Ura -Ade  

-His -Leu -Met -Trp  

glucose  

L-adenine, L-histidine, 

L-leucine, L-methionine, 

L-tryptophan 

H20 ad 1 l, sterile filtration 
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Labeling Concentration Content 

SC - Ura (2) 1.7 g/l 

 

1 g/l 

0.55 g/l 

 

20 g/l 

10 mg/l 

yeast nitrogen base  

-ammonium sulphate  

mono sodium glutamate 

amino acid mix -Ura -Ade  

-His -Leu -Met -Trp  

glucose  

L-adenine, L-histidine, 

L-leucine, L-methionine, 

L-tryptophan 

H20 ad 1 l, sterile filtration 

YPAD  10 g/l 

20 g/l 

40 g/l 

20 g/l 

Bacto yeast extract 

Bacto peptone 

adenine sulphate 

glucose 

H20 ad 1 l, autoclave  

Yeast glycerol stock 400 µl 

400 µl 

yeast overnight culture 

30 % glycerol 

YEAST - agar plates 

Labeling Concentration Content 

SC plates  6.7 g/l 

0.61 g/l 

 

20 g/l 

10 mg/l 

 

 

15 g/l 

 

50 % (v/v) 

50 % (v/v) 

yeast nitrogen base 

amino acid mix -Ade -His  

-Leu -Met -Trp  

glucose  

L-adenine, L-histidine, 

L-leucine, L-methionine, 

L-tryptophan 

Bacto agar 

H20 ad 1 l 

Bacto agar, autoclaved 

yeast media, sterile filtration 
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Labeling Concentration Content 

YPAD plates 10 g/l 

20 g/l 

40 g/l 

20 g/l 

15 g/l 

 

50 % (v/v) 

50 % (v/v) 

Bacto yeast extract 

Bacto peptone 

adenine sulphate 

glucose 

Bacto agar 

H20 ad 1 l 

Bacto agar, autoclaved 

yeast media, sterile filtration 
 

 

2.5 Yeast and bacteria strains 

Table 7: Yeast and bacteria strains. 

YEAST 

Name Genotype Source 

BY4741 MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0	

EUROSCARF 

BY4741 Δbph1 MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0;	

bph1::KanMX	

Systematic knockout 

collection, EUROSCARF 

BY4741 Bph1-GFP MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0;		

BPH1-GFP	HIS	

(Huh et al. 2003) 

 

BY4741 Bph1-TAP MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0;		

BPH1-TAP	Ura3	

generated during thesis 

BY4741 Derd1 MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0;	

ERD1::KanMX	

Systematic knockout 

collection, EUROSCARF 

β´-COP-TAP (Sec27-TAP) 

	
MATa;	his3D1;	leu2D0;	

met15D0;	ura3D0;	

SEC27-TAP	URA	

(Arakel et al. 2016) 
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BACTERIA	

Name Genotype	 Source 

DH5-α competent cells F–	Φ80lacZΔM15	Δ(lacZYA-	

argF)	U169	recA1	endA1	

hsdR17	(rK–,	mK+)	phoA	

supE44	λ–	thi-1	gyrA96	

relA1	

ThermoFisher Scientific 

 

 

2.6 Primers 

The primers were produced by Sigma Aldrich and named after their starting point within the 

BPH1 gene. The base pair sequence is read in the 5´- 3´ direction. 

 
Table 8: Primers. FP: forward primer; RP: reverse primer. 

Name Sequence  

Bph1-750-5´-Flank-FP TACTCGTACGGGTGATGAAGGTAGTGACTT 

Bph1-1250-RP AGGTATAGTTATTGAGTTCGCATAAGTCAT 

KanMX-RP CGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTG 
ACC 

Bph1-1001-FP ATGAATTCAATTATTAATGCTGCTTCGAAA 

Bph1-2014-RP ATCATGGATCCCAGTTCACAAGTGCTTAAT 

Bph1-3988-FP CAAATTTCGACCTGATACGTCACAGATAGT 

Bph1-5007-RP TTCCACTTTCTCTCCTTTGTCTGTTACCAC 

Bph1-7205-FP GACTTCACTAAGTTAGACGCAGGTTACAGA 

BD-BamHI-FP CGCGGATCCGCGTCAGCGAACAACAGCCTAATAGATG 
GATTT 

BD-ClaI-RP CCATCGATGGCTAGGCTATTTTTTCCGGATGAGGTTC 
CTGAAA 

BD-HindIII-RP AGCCTTATCAGATATGAAGATACTATCATA 
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Name Sequence  

BD-EcoRI-RP  CCGGAATTCCGGCTAGGCTATTTTTTCCGGATGAGGT 
TCCTGAAA 

BD-5xWD40-ClaI-RP CCATCGATGGCTAGTACCAAATAGCTAATCTGCCATCT 
AA 

BamHI-5xWD40-FP CGCGGATCCGCGATGAAGCCAATATTTGAGAAGACAA 
TCTTT 

5xWD40-XmaI-RP TCCCCCCGGGGGGACTAGTACCAAATAGCTAATCTGC 
CATCTAA 

BamHI-PH-FP CGCGGATCCGCGATGGAGACTCTTGAGTCGGAGCCA 
GTTGGA 

WD40-1-EcoRI-RP TGAAACCGAATGCTTATCTTTACGATATTT 

BamHI-Bph1-DUF1088-FP CGCGGATCCGCGTCAAATCCAAATTCGTCCTGCAAGT 
GGTCA 

Bph1-TAP-FP GAAGTGATTGCGGGAACATTAGATGGCAGATTAGCT 
ATTTGGTACAAGAGAAGATGGAAAAAGAATTTC 

Bph1-Flank-KanMX4-TAP- 
RP 

CTACAAAAATTGAATCATTTAAAGAAAGGCGTTACGA 
TGTGATGCTTAGAAAAACTCATCGAGCATCAA 

Xba1-TAP-FP GCTCTAGAGCATGAACAAATTCAACAAAGAACAACAA 
AAC 

BamHI-TAP-RP CGCGGATCCGCGGCCGCCGCCGCCCTGAAAATAAAGG 
TTTTCTCCTGACATGGC 

GFP-RP CCGGAATTCCGGTCACTTGTACAGCTCGTCCATGCCG 
AG 

RET2-BamHI-FP CGCGGATCCATGGTGGTTTTGGCTGC 

RET2-long-5B3A-His-EcoRI- 
RP 

CCGGAATTCCGGTCAGTGATGGTGATGGTGATGGCC 
CATTGACACGATTTCGTCGAA 

XmaI-RET2-RP TCCCCCCGGGGGGACTATTGGACAAGATATTCATCTG 
ATTTCAA 

β´-TAP-Flank-FP GCTGAAGTTGAGGACAGCGAGTTTAAAGAA 

β´-TAP-Flank-RP GTTTGCGCGCAAAGTTTCAAGTCACGTTCATTTTCA 

MET25 GGTGGCACCTTGTCCAATTG 

P416-R2 CCGCTCGAGTTATTGCTTGTTCTCATTGTC 
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2.7 Plasmids 

Table 9: Plasmids. 

Name Source 

AD 1470 pYM 13 Janke Yeast 2004 

pQE60 Schwappach lab 

p416-Met25 (G303) (Mumberg et al. 1994) 

p416-2xZZ-Met25 generated during thesis 

p416-2xZZ-BD generated during thesis 

p416-2xZZ-5xWD40 generated during thesis 

p416-2xZZ-BD-5xWD40 generated during thesis 

p416-2xZZ-PH-BD-5xWD40 generated during thesis 

p416-2xZZ-DUF-PH-BD-5xWD40 generated during thesis 

LRKR (monomeric) 

(M650, p416 PMP2 YFP 36T) 

(Michelsen et al. 2006) 

LRKR (coiled-coil) 

(M628, p416 PMP2 ccYFP 36T) 

(Michelsen et al. 2006) 

KLRRRRI (Michelsen et al. 2006) 

NVRNRRK (Michelsen et al. 2006) 

KKXX (Michelsen et al. 2006) 
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2.8 Enzymes 

Table 10: Enzymes. 

ENZYMES 

Name Source 

Expand High Fidelity DNA Polymerase, 

Expand High Fidelity PCR System, 

thermostable 

Roche 

T4 DNA Ligase Fermentas 

T4 DNA Polymerase Fermentas  

RESTRICTION ENZYMES 

Name Source 

BamHI Fermentas, New England BioLabs 

EcoRI Fermentas, New England BioLabs 

HindIII Fermentas, New England BioLabs 

BSU151 Fermentas, New England BioLabs 

ClaI Fermentas, New England BioLabs 

XmaI Fermentas, New England BioLabs 

XbaI Fermentas, New England BioLabs 
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2.9 Antibodies 

Table 11: Antibodies. 

PRIMARY ANTIBODIES 

Name Animal species Dilution Source 

14-3-3 γ (c-16) rabbit 1:1000 Santa Cruz 

α-GFP (B-2) mouse 1:1000 Santa Cruz 

α-PDI rabbit 1:1000 Prof. Maya Schuldiner 

α-PGK1 mouse 1:1000 Molecular Probes 

Anti-GFP mouse 1:1000 NeuroMab 

BMH1/2 rabbit 1:1000 Custom-made 

CPY mouse 1:1000 Prof. Maya Schuldiner 

GFP N86/8 mouse 1:50 NeuroMab 

RET-2 rabbit 1:1000 Dr. Hans Dieter 

Schmitt 

TGN 38 rabbit 1:500 Santa Cruz 

SECONDARY ANTIBODIES 

Name Animal species Dilution Source 

HRP mouse 1:5000 Jackson 

ImmunoResearch 

Laboratories Inc. 

IRDye 680LT Donkey 

anti-Rabbit IgG (H+L) 

donkey 1:5000 LI-COR Biosciences 

IRDye 800CW Donkey 

anti-Goat IgG (H+L) 

  

donkey 1:5000 LI-COR Biosciences 
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Name Animal species Dilution Source 

IRDye 800CW Donkey 

anti-Mouse IgG (H+L)  

donkey 1:10000/ 

1:5000/ 

1:4000 

LI-COR Biosciences 

 

IRDye 800CW Donkey 

anti-Rabbit IgG (H+L) 

donkey 1:5000/ 

1:4000 

LI-COR Biosciences 
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3 Methods 

3.1 Molecular biological techniques 

3.1.1 Cloning 

In general, the proteome of yeast can easily be manipulated, for example by means of 

expression plasmids. Multiple steps were required to generate a plasmid containing a specific, 

either complete or partial, gene: To construct a suitable vector and the favoured inserts, the 

gene was amplified using PCR and the vector was purified. Afterwards, both reagents were cut 

by the same restriction enzymes and their complementary sticky ends were connected, a 

process called ligation. After transferring the DNA into competent bacteria using 

electroporation, the correctly transformed bacteria were selected. The new constructs were 

purified and their DNA sequences confirmed using sequencing, before the plasmids were 

transformed into S. cerevisiae. 

 

3.1.2 Purification of genomic DNA from yeast cells 

The YeaStar TM Genomic DNA Kit was used to extract genomic DNA from yeast cells. 1 ml 

of an overnight culture (~1-5x107 cells) were spun down at 5.000 rpm for 2 min. Then, 120 µl 

of YD digestion buffer and 1 µl of R-Zymolase (RNAse A+Zymolase) were added to the 

pellet and mixed thoroughly; the resuspension was incubated for 30 min at 37 °C. Next, 

120 µl of YD lysis buffer were added. Before vortexing the sample for 1 min, 250 µl of 

chloroform were added under the hood. Following the centrifugation at 10.000 rpm for 2 min, 

the supernatant was transferred onto a Zymo-spin III column and was spun down. The 

genomic DNA located on the matrix of the column was subsequently washed twice with 

300 µl of DNA wash buffer. Finally, the DNA was eluted with 60 µl of water or TE. After a 

one-minute incubation and a one-minute centrifugation, the genomic DNA has been 

successfully purified from the yeast cells. The final DNA concentration was measured using 

the NanoDrop spectrophotometer and averaged around 100 ng/µl. 
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3.1.3 PCR 

Polymerase chain reaction (PCR) is a well-established method to amplify certain 

DNA sequences (Mullis et al. 1986). It can be divided into three steps called denaturation, 

annealing and elongation. After denaturing the double-stranded DNA by heating to 94-95 °C, 

the primers anneal to the single-stranded DNA. These primers are the starting point for the 

heat-resistant Expand Polymerase. This enzyme completes the DNA strands by adding 

dNTP’s to the primers using the single-stranded DNA as a template (Mülhardt 2009, p. 84f). 

The required primers were delivered lyophilized. After suspending them in Milli-Q water at 

55 °C, they were diluted to reach a final concentration of 10 µM. The composition of the PCR 

mix is shown in Table 12. Two different PCR programs were used differing in temperature 

and duration, one for a standard PCR (repeat of 95 °C for 2:20 min/48 °C for 0:40 min/72 °C 

for 1:30 min, 26 cycles, 72 °C for 2:00 min, cool down to 4 °C) and one for a long template 

PCR (repeat of 94 °C for 2:40 min/48 °C for 0:30 min/68 °C for 4:00 min, 11 cycles, repeat 

of 94 °C for 0:15 min/48 °C for 0:40 min/68 °C for 5:30 min, 14 cycles, 68 °C for 7:00 min, 

cool down to 4 °C).	

 
Table 12: Composition of a PCR reaction.  

Components Quantity [µl] 

10x PCR buffer 5 

dNTP’s 4 

Primer 1 3 

Primer 2 3 

Template 1-2 

DNA Polymerase 0.5-1 

H20 32-33.5 

Total reaction volume 50 

The added amount of template was dependent on the 

template’s concentration and the added amount of 

DNA Polymerase was dependent on the enzyme’s 

effectiveness. 
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3.1.4 Agarose gel electrophoresis 

In general, gel electrophoresis methods are subdivided into a vertical and a horizontal form. 

Gels containing polyacrylamide are used for the vertical electrophoresis in order to separate 

protein components according to their size (see 3.2.1 SDS-PAGE). The horizontal 

electrophoresis uses gels containing agarose for the separation of DNA fragments according 

to their size. The samples were supplemented with 6x loading dye and electrophoresed 

alongside a standard (GeneRuler DNA standard 1Kb) as a reference. Small gels were run at 

90 V, big gels at 180-200 V. Due to the prior adding of the non-toxic agent Safeview 

(molecular formula: C21H28N4) to the gels, the generated bands could be visualized under 

ultraviolet light. 

 

3.1.5 Purification of agarose gels 

Using UV light, bands with the correct number of base pairs were excised from the gel and 

transferred into tubes. In order to obtain the purified DNA, the High Pure PCR Product 

Purification Kit was used. After 400 µl of the binding buffer (Guanidinium thiocyanate) were 

added, the samples were incubated at 55 °C for 10 min, while being vortexed every two 

minutes. 200 µl of isopropanol were added to the dissolved samples, before they were 

transferred to Spin Filter columns and centrifuged at 13.000 rpm for 1 min. Following the 

removal of the flow-through, the columns were washed twice with first 500 µl and then 200 µl 

of the washing buffer. After each washing step, the columns were centrifuged (13.000 rpm, 

first time: 1 min, second time: 2 min). Subsequently, 50 µl of the elution buffer were added 

and the samples incubated for 3 min at room temperature. Finally, the DNA was eluted into 

fresh tubes using centrifugation (13.000 rpm, 1 min). 

 

3.1.6 Restriction enzyme digest 

The choice of suitable restriction enzymes with exactly one recognition site in the ORF of the 

DNA segment and one recognition site in the ORF of the plasmid is essential to successfully 

transfer a DNA segment into a plasmid. Suitable sticky ends are preferred for a successful 

ligation. After all the components listed in Table 13 were added and mixed, the vector mix 

and the DNA segment mix were incubated at 37 °C for 1 h. Afterwards, 1 µl of Calf Intestine 

Alkaline Phosphatase were added to the vector mix in order to remove the phosphates from 

the cut ends of the DNA, and the sample additionally incubated at 37 °C for 10 min. Both 

reactions were loaded onto an agarose gel and repurified. 
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Table 13: Components of the restriction enzyme digest. 

Components Vector mix DNA segment mix 

Restriction enzyme 1 1 µl 1 µl 

Restriction enzyme 2 1 µl 1 µl 

Buffer (10x) 3 µl 7 µl 

Vector DNA 1.5 µl --- 

PCR product (DNA segment) --- 50 µl 

H2O 23.5 µl 11 µl 

Total reaction volume 30 µl 70 µl 

 

3.1.7 Ligation 

During ligation, a specific DNA segment was integrated into a plasmid. The reaction 

proceeded at 18 °C (12-16 h) and a subsequent heating step was used to inactivate the enzyme 

(65 °C, 10 min).  

 
Table 14: Components of the ligation mix. 

Components Ligation Ligation control 

Vector 8 µl 8 µl 

Insert 18 µl --- 

T4 DNA Ligase buffer 3 µl 3 µl 

T4 DNA Ligase 1 µl 1 µl 

H2O --- 18 µl 

Total reaction volume 30 µl 30 µl 

 

3.1.8 Electroporation 

In order to amplify a plasmid, it was inserted into bacteria using electroporation (400 Ω, 

25 µF, 2.5 V). First, 2 µl of the ligation were added to the competent bacteria strain DH5-α. If 

the salt concentration was too high, the samples were diluted with 5 µl MQ H2O and the 
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added amount of ligation reduced to 1 µl. For a retransformation, 1 µl of a 1:25 dilution of the 

purified plasmid were sufficient. The electroporation was performed using the Gene Pulser II. 

Subsequently, the bacteria were treated with 1 ml SOC. After incubation at 37 °C for 1 h, the 

bacteria were spun down briefly at 3.000 rpm and the supernatant was reduced to 100-200 µl 

(for transforming a ligation), or 75-100 µl of the sample were directly used for retransforming 

a plasmid. The bacteria were streaked onto plates containing 0.1 mg/ml ampicillin. Only 

bacteria with the plasmid containing a resistance gene were able to tolerate the presence of the 

antibiotic Amp. The bacteria were cultivated overnight at 37 °C (≥12 h). 

 

3.1.9 Purification of bacterial plasmids 

After transferring single colonies of bacteria into liquid media and cultivating them overnight 

at 37 °C (≥12 h), the plasmids were purified using the NucleoSpin® Plasmid Miniprep Kit. 

The samples were centrifuged (13.000 rpm, 1 min), before the pellets were dissolved in 250 µl 

A1-resuspension buffer. 250 µl of A2-lysis buffer were added and the solutions carefully 

mixed before being incubated at rt for 5 min. 300 µl A3-neutralization buffer were used to 

stop the reactions. After the centrifugation of the samples at 13.000 rpm for 1 min, the 

supernatants were transferred to the Spin Filter columns. The centrifugation and the disposal 

of the flow-through was followed by the washing of the columns with 600 µl A4-wash buffer. 

Then, they were centrifuged twice at 13.000 rpm for 1-2 min. Finally, the DNA was eluted 

with 50 µl of AE elution buffer and the DNA concentration measured using the NanoDrop 

spectrophotometer. 

 

3.1.10 Sequencing 

The sequencing of DNA was done by GATC Biotech AG (Konstanz, HRB 381757) 

according to Sanger et al. (1975). CLUSTALW (Multiple Sequence Alignment) was used to 

compare GATC sequencing results to template sequences created using SeqBuilder of the 

Lasergene Suite. 

 

3.1.11 Yeast transformation 

In order to enable the uptake of certain plasmids into yeast cells, transformations with lithium 

acetate and PEG were performed, following a protocol by Ito et al. (1983). 750 µl of an 

overnight culture of yeast cells (incubation at 30 °C for ≥12 h) were centrifuged at 2.000 rpm 
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for 5 min. After the removal of the supernatants and the washing of the yeast cells with 1 ml 

of MQ H2O, the samples were centrifuged again (2.000 rpm, 5 min). The pellets were then 

resuspended in 200 µl of the lithium acetate mix, and 2.5 µg of the plasmid DNA were added. 

As a negative control, MQ H2O was added to one of the samples instead of the plasmid. All 

samples were mixed thoroughly. After the addition of 18 µl of the carrier DNA (10 mg/ml) 

and 1.2 ml of the PEG mix, the tubes were vortexed until the pellets were dissolved. Then, 

they were incubated at 42 °C for 30 min and at rt for 1 h. Subsequently, the samples were 

centrifuged (1.000 rpm, 1 min) and the supernatants discharged. 100 µl of MQ H2O were used 

to dissolve the pellets. Finally, the solutions were pipetted onto selective agar plates and 

streaked. The plates were incubated at 30 °C for ~72 h. 

 

 

3.2 Protein analysis techniques 

3.2.1 SDS-PAGE 

Separating proteins effectively according to their size was done using the sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE), a form of vertical electrophoresis 

first described by Laemmli (1970).  

 
Table 15: Composition of SDS-PAGE gels. 

Components Stacking 

gel 

Running gel 

6 % 10 % 12 % 13.5 % 

H2O 6.8 ml 2.6 ml 1.9 ml 1.6 ml 1.4 ml 

30 % acrylamide mix 1.7 ml 1.0 ml 1.7 ml 2.0 ml 2.25 ml 

1.0 M Tris (pH 6.8) 1.25 ml - - - - 

1.5 M Tris (pH 8.8) - 1.3 ml 1.3 ml 1.3 ml 1.25 ml 

10 % SDS 100 µl 50 µl 50 µl 50 µl 50 µl 

10 % APS 100 µl 50 µl 50 µl 50 µl 50 µl 

TEMED 10 µl 4 µl 2 µl 2 µl 2 µl 

Volume in total 10 ml 5 ml 5 ml 5 ml 5 ml 
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The SDS-PAGE gels consisted of a stacking gel and a running gel (Table 15). The stacking gel 

with its pockets was responsible for the simultaneous entrance of proteins into the 

running gel. While larger proteins took longer to run through the gel, smaller ones ran faster. 

Until the samples reached the running gel (which was visualised by means of the ladder 

separating into individually migrating bands), the gels ran at 15 mA per gel, afterwards the 

current was increased to 30 mA per gel. 

 

3.2.2 NaOH lysis of yeast cells 

The extraction of proteins from yeast cells was a prerequisite for further analysis. Between 

300 µl and 2 ml of an overnight culture were spun down, depending on the density of the 

culture. After the removal of the supernatants, the pellets were resuspended in 200 µl of 

100 mM NaOH and incubated for 10 min. Meanwhile, the OD600 of 1:100 diluted samples 

were measured in order to calculate the required amounts of 1xSDS sample buffer 

(normalization to cell density). Before adding the calculated amounts of 1xSDS sample buffer, 

the resuspensions were centrifuged at 12.500 rpm and the supernatants removed. Then, the 

shaking samples were incubated at rt for 1 h, before being loaded onto a gel to perform 

SDS PAGE. 

 

3.2.3 TCA lysis of yeast cells 

After the cultivation of yeast cells to stationary phase, the OD600 of the samples (1:10 dilution) 

were measured. 2 ml of the least dense sample were used and the amount of the other samples 

calculated accordingly to equalize the number of cells. After centrifugation (2.000 rpm for 

5 min or 10.000 rpm for 1 min), 1 ml of 250 mM NaOH and 12 µl of β-mercaptoethanol were 

used to dissolve the pellets. The samples were then incubated on ice for 10 min, before 160 µl 

of 50 % trichloroacetic acid (TCA) were added and the samples incubated at 4 °C for 30 min. 

Following the centrifugation (13.000 rpm, 4 °C, 1 min), the supernatants were removed and 

the pellets washed twice with 1 ml acetone. In order to remove the acetone, the tubes were 

dried at 37 °C. Following the resuspension of the pellets in 30 µl of 1x SDS sample buffer 

(including DTT) and the incubation of the samples at 55 °C for 5 min, 10-15 µl of the samples 

were loaded onto a gel to perform SDS-PAGE. 
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3.2.4 Western blotting 

In order to detect proteins by means of antibodies, the transfer of proteins to a membrane 

called Western blotting was performed using the Mighty Small Transfer System T22. After 

placing the gel and the membrane between blotting paper inside the cassette into transfer 

buffer, the Western blot was run at 60 V, 1 A for 80 min. Eventually, the successful transfer 

of proteins onto the membrane was confirmed with Ponceau staining. 

 

3.2.5 Blocking and antibody detection  

Membranes were washed in 5 % milk at rt three times 10 min in order to get rid of the 

Ponceau staining and to block unspecific binding sites. After adding the primary antibody in 

milk, the membranes were incubated at 4 °C overnight. Next, the blots were washed with 

5 % milk four times 10 min, before adding the secondary antibody. This antibody was 

incubated at rt for 1-2 h depending on the subsequent procedure: If the blots were detected 

using the Odyssey Imaging System, the membranes were incubated for at least two hours, 

whereas one hour was sufficient for the HRP antibody. Next, the blots were washed with 

1xTBS five times 8 min. Membranes that were scanned using the Odyssey Imaging System 

were directly placed onto the scanner, whereas membranes detected by means of 

immunofluorescence were treated as follows: 1 ml of HRP Substrate Peroxide Solution and 

1 ml of HRP Substrate Luminol Reagent were mixed and added to each membrane. After an 

incubation time of 2 min, the dry blots were placed onto an X-ray film and developed the next 

day (after ≥15 h). 

 

3.2.6 TAP tagging 

Rigaut et al. established the tandem affinity purification (TAP) tag to purify proteins while 

maintaining close-to-physiological expression levels in yeast (1999). Since then, TAP tagging 

has been advanced to also being suitable for protein purification in mammalian cells 

(Bürckstümmer et al. 2006; Gloeckner et al. 2009).  

In general, a TAP tag consists of a Calmodulin binding peptide (CBP) and two IgG binding 

domains of Staphylococcus aureus protein A, both being linked to a TEV protease cleavage site 

(Figure 3A). After transferring the lysate containing the TAP tag fused to either the C- or the 

N-terminus of the protein of interest to an IgG Sepharose affinity column, the protein A 

binds to the matrix. Cutting the TEV protease cleavage site by a TEV protease results in the 

elution of the protein and the CBP. In order to separate the protein from the CBP, a 
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Calmodulin Sepharose affinity column is used in the presence of calcium and EGTA (Puig et 

al. 2001; Katzmann and Wendland 2005, p. 197-199).  

Today, TAP tagging in combination with mass spectrometry has become “a standard 

approach for identification and characterization of multi-protein complexes” (Li 2011).	
 

 

	
Figure 3: Schematic illustration of a TAP tag. A: Components of a TAP-tag: Calmodulin binding peptide 

(CBP) with its Calmodulin binding site, TEV protease cleavage site and 2x Protein A. B: Integration of the 

TAP tag into the genomic DNA next to the BPH1 gene. 

 

In order to analyse the cellular interaction partners of Bph1, TAP tagging was chosen as a 

suitable method (Bailey et al. 2012). The BY4741 wild type yeast strain was transformed with a 

PCR fragment containing a TAP tag and a KanMX cassette (see 3.1.11 Yeast transformation). 

Overhangs complementary to the intended site of homologous recombination should secure 

the integration of the PCR fragment into the genomic DNA next to the BPH1 gene. The gene 

conferring resistance to geneticin (KanMX, Wach et al. 1994) was used as a selection marker 

in order to identify the successfully transformed colonies: only yeast cells containing the 

TAP tag and the KanMX resistance gene were expected to grow on agar plates containing 

geneticin. 

 

 

3.3 Experiments with live yeast cells 

3.3.1 Cultivation of yeast cells 

Yeast cells stored in glycerol at -80 °C were streaked onto YPAD media plates and grown at 

30 °C for 3 d. Afterwards, they were restreaked every three weeks. Until use, they were stored 

at 4 °C. All experiments were performed with yeast cells grown in liquid YPAD or SC media. 
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Single colonies were cultivated at 30 °C overnight (≥12 h). When lacking one or more amino 

acids, the SC media also functioned as a selection marker: yeast cells were required to produce 

a metabolic amino acid themselves, for example uracil in the presence of a plasmid containing 

the metabolic gene URA3. 

 

3.3.2 Microscopy and live stain of vacuolar membranes 

Images of living yeast cells were taken at rt using the Delta Vision microscope system 

(100×/1.40 Uplan Apo objective, excitation 475/28 emission 523/36 [GFP], excitation 

542/27 emission 594/45 [FM 4-64]). The SOFTWorx software was used to collect the images. 
 

For vacuolar staining, overnight cultures were diluted in 2 ml of media (OD600 in 1:10 

dilution ~0.2) in the presence of 10 µl 400 µM FM 4-64 (Vida and Emr 1995). The cells were 

incubated at 30 °C for 4-6 h to start active growth again. 
 

For glucose starvation, yeast cells were grown to an OD600 of 0.6-0.8 in SC+D liquid media. 

Then, they were washed with 10 ml SC-D media and resuspended in SC-D media, before 

being incubated for 1-1.5 h and analysed with fluorescence microscopy. 

 

3.3.3 Growth assays on agar plates 

After the preparation of agar plates containing different concentrations of potassium acetate 

or Calcofluor white (CW), yeast cells were grown to stationary phase (≥12 h) and diluted to an 

OD600 of 0.2. A ten-fold dilution series was established (OD600 0.2, OD600 0.02, OD600 0.002 

and OD600 0.0002). Between 3.5 µl and 10 µl of the samples were spotted onto the plates, 

always including a control plate to confirm the equal growth of yeast strains on media without 

any supplements. The plates were then incubated at 30 °C for up to 4 d before being scanned. 

 

3.3.4 Growth assays in liquid media  

After the cultivation of yeast cells overnight (≥12 h), they were diluted into fresh media to an 

OD600 of 0.1 in a total volume of 200 µl. The microplate reader measured the OD within each 

well of a 96-well microplate every 20 min for 50 h. Afterwards, the growth of yeast cells was 

evaluated by means of growth curves. Additionally, their doubling time was calculated.	
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3.3.5 Kar2/Pdi1 and CPY secretion assays 

Yeast cells with an intact secretory pathway secrete hardly any ER resident proteins into the 

surrounding media due to a correctly functioning retrieval system. In contrast, yeast cells with 

an impaired retrieval system release a significant amount of ER resident proteins (Capitani and 

Sallese 2009). Kar2/Pdi1 and CPY secretion assays are an established method to evaluate the 

secretory pathways.  

The Δerd1 yeast strain, a known example for an impaired HDEL retrieval system, was used as 

a positive, and the BY4741 wild type yeast strain as a negative control (Hardwick et al. 1990). 

In the interest of comparability, the results were normalised to the maximum secretion of 

Δerd1 yeast cells. The yeast strains were either grown in nonselective YPAD liquid media or in 

selective SC liquid media (to select yeast cells containing the plasmids) to stationary phase 

(30 °C, ≥12 h). After measuring the OD600 of the samples, the dilution to an OD600 of 0.5 in a 

total volume of 5 ml led to the equalisation of number of cells. The yeast cells were cultivated 

in fresh YPAD media at 30 °C for an additional two hours, before they were spun down, 

washed with 5 ml of MQ H2O and resuspended anew in YPAD to an OD600 of 0.5. Again, the 

yeast cells were grown at 30 °C for 2 h. Afterwards, 1.5 ml of each sample were spun down 

(5.000 rpm, 5 min). From thereon, 1.35 ml were precipitated on ice for 20-30 min after 450 µl 

of TCA were added. The remaining 150 µl were used to solubilise the cells in the presence of 

NaOH (see 3.2.2 NaOH lysis of yeast cells). Following the TCA precipitation, the pellets were 

isolated and washed twice with 1 ml of acetone. The removal of acetone took place after 

centrifuging the samples (4 °C, 15.000 rpm, first time: 30 min, second time: 15 min) and 

heating the pellets for ~25 min. 30-42 µl of 1x SDS loading buffer were added to the samples, 

using 1 M Tris/HCl to neutralize the pH. Afterwards, the samples were mixed at 14.000 rpm 

for ~20 min and then loaded onto a 10 % SDS-PAGE gel. Following SDS-PAGE and 

Western blotting, the amounts of secreted proteins were analysed using antibodies against 

Pdi1 and CPY. 

 

3.4 Analysis and statistics 

The experiments were performed in biological triplicates. The calculation of average numbers 

and of standard deviations was performed using Microsoft Excel. The Student’s t-test was 

used for statistical analysis, p<0.05 was considered to be statistically significant. 
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4 Results  

4.1 Confirmation of Δbph1 and Bph1-GFP 

The yeast strains BY4741 wild type, BY4741 Δbph1 and BY4741 Bph1-GFP were used for the 

following experiments. The two strains BY4741 Δbph1 from the systematic knockout 

collection and Bph1-GFP, having linked the green fluorescent protein (GFP) to Bph1, were 

provided by Euroscarf1. Their genomic differences are schematically demonstrated in Figure 

4B: Instead of the BPH1 gene, the knockout contained a KANMX4 gene, a resistance gene 

against geneticin first constructed by Wach et al. (1994). 

The verification of the three strains was done using PCR (Figure 4A). The first set of primers 

(red; RET2-BamHI-FP and XmaI-RET2-RP) was chosen as a positive control: the bands 

marked with the red star proved the successful purification of genomic DNA from all three 

strains. The second pair of primers (green; Bph1-750-5`-Flank-FP and Bph1-1250-RP) lay 

within the BPH1 gene and therefore the band was missing in the knockout strain. 

 

 

	
Figure 4: Amplification of BY4741, Δbph1 and Bph1-GFP. A: The yeast strains were cultivated in liquid 

media at 30 °C for ≥12 h. The genomic DNA was purified and the PCRs (repeat of 95 °C for 2:20 min/48 °C 

for 0:40 min/72 °C for 1:30 min, 26 cycles, 72 °C for 2:00 min, cool down to 4 °C) set up. The following sets of 

primers were used: (*) RET2-BamHI-FP/XmaI-RET2-RP. (*) Bph1-750-5´-Flank-FP/Bph1-1250-RP. 

(*) Bph1-750-5´-Flank-FP/KanMX-RP. (*) Bph1-7205-FP/GFP-RP. Afterwards, the samples were loaded onto 

an agarose gel and a horizontal gel electrophoresis was performed. The expected fragment sizes are: (*) 1641 bp, 

(*) 500 bp, (*) 490 bp, (*) 895 bp. B: Schematic diagram of the genomic differences comparing the yeast strains 

BY4741 wild type to BY4741 Δbph1 and to BY4741 Bph1-GFP. 

																																																								

1	Euroscarf. World Wide Web URL: http://www.euroscarf.de/search.php?name=Order; accessed on 02.04.2016 
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The third set of primers (blue; Bph1-750-5´-Flank-FP and KanMX-RP) was chosen to detect 

the Δbph1 knockout strain, as the second primer was complementary to a DNA sequence 

present in the KANMX4 gene. 
 

Surprisingly, bands of smaller size could also be detected in the wild type and the Bph1-GFP 

strain, albeit fainter. After the repeat of these two PCRs using only one primer 

(Bph1-750-5´-Flank-FP, twice the amount), and BY4741 and Bph1-GFP as templates, the 

bands were detectable again, hence proving to be caused by unspecific binding of the primer 

to a second site. The fourth combination of primers (orange; Bph1-7205-FP and GFP-RP) 

annealed to a region inside the GFP gene, consequently resulting in an amplification product 

of the Bph1-GFP strain.  
 

Next, BY4741 Δbph1 was confirmed to be a true knockout strain, not containing partial 

stretches of the actual BPH1 gene. Three primer pairs covering the entire ORF of BPH1 were 

chosen, using the BY4741 wild type as a positive control (Figure 5). 

 

 

	
Figure 5: Confirmation of the Δbph1 knockout using PCR.	 The yeast strains were cultivated in liquid media 

at 30 °C for ≥12 h. The genomic DNA was purified and the PCRs (repeat of 95 °C for 2:20 min/48 °C for 

0:40 min/72 °C for 1:30 min, 26 cycles, 72 °C for 2:00 min, cool down to 4 °C) set up. The following sets of 

primers were used: (*) Bph1-1001-FP/Bph1-2014-RP. (*) Bph1-3988-FP/Bph1-5007-RP (*) Bph1-7205-FP/ 

BD-5xWD40-ClaI-RP. Afterwards, the samples were loaded onto an agarose gel and a horizontal gel 

electrophoresis was performed. The expected fragment sizes are: (*) 1014 bp, (*) 1020 bp, (*) <500 bp. 

 

 

4.2 Construction of Bph1 domain constructs 

Bph1 (beige protein homolog 1) is the only BEACH domain-containing protein known in 

yeast, being homologous to CHS/Beige protein (Shiflett et al. 2004; Cullinane et al. 2013). 
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While the N-terminal end is not conserved, Bph1 consists of different protein domains at the 

C-terminal end called BEACH domain, 5xWD40 repeat domain, Pleckstrin homology (PH) 

domain and domain of unknown function 1088 (DUF 1088, Figure 6A). 

In order to identify the domain(s) responsible for the function of Bph1, five constructs 

containing isolated fragments of the BPH1 gene were designed: One construct only consisted 

of the 5xWD40 repeat domain, one construct only of the BEACH domain. The third 

construct contained both, the BEACH domain and the 5xWD40, while the PH and the 

PH-DUF 1088 were added to the fourth and the fifth construct, respectively (Figure 6B/C). 
 

 

	
Figure 6: Design of the constructs containing isolated fragments of the BPH1 gene. A: Schematic 

illustration of the C-terminal end of the BPH1 gene. (*): number of amino acids. B: Construction of the five 

constructs: 1. DUF-PH-BD-5xWD40, 2. PH-BD-5xWD40, 3. BD-5xWD40, 4. BD, 5. 5xWD40. All constructs 

additionally have a 2xProtein A-TEV fused to their N-terminal end. C: Illustration of the individual domains 

present within the BPH1 gene, and in addition the 2xProtein A-TEV. 

 

The vector used to insert the constructs into living yeast cells was also created during this 

thesis. Besides a gene for ampicillin resistance as a selection marker in bacteria and an 

URA3 gene as a selection marker in yeast, it additionally contained a MET25 promoter, two 

Protein A moieties, a TEV protease cleavage site and a CYC1 terminator. 

 

 

4.3 Expression levels of Bph1 domain constructs 

The antibodies 14-3-3 γ, TGN 38 and IRDye 800CW Donkey anti-Rabbit IgG were used to 

confirm the presence of the constructs (Figure 7). After the scanning of the membranes using 
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the Odyssey Imaging System, the signal intensities of the constructs were variable despite 

being expressed under the same promoter MET25. As shown in Figure 8, the constructs 

could sometimes not be detected by means of antibodies altogether. 

 

	
Figure 7: Expression of the Bph1 domain constructs in the Δbph1 strain (1). After the transformation of 

the Δbph1 yeast strain with the constructs, the yeast cells were cultivated in liquid media at 30 °C for ≥12 h. The 

cells were lysed using NaOH. After SDS-Page and Western blotting, the membranes were incubated with the 

primary antibody (≥8 h) and with the secondary antibody (≥2 h) and then scanned using the Odyssey Imaging 

System. The 14-3-3 γ antibody was used to detect the Protein A fused to the constructs, while α-PGK1 was used 

as a loading control. 

 

	
Figure 8: Expression of the Bph1 domain constructs in the Δbph1 strain (2).	 After the transformation of 

the Δbph1 yeast strain with the constructs, the yeast cells were cultivated in liquid media at 30 °C for ≥12 h. The 

cells were lysed using NaOH. After SDS-Page and Western blotting, the membranes were incubated with the 

secondary antibody IRDye 800CW Donkey anti-Rabbit IgG (≥8 h) for Protein A detection and with the 

antibodies α-PGK1 (≥8 h) and IRDye 800CW Donkey anti-Mouse IgG (≥2 h) for the α-PGK1 detection as a 

loading control. Then, they were scanned using the Odyssey Imaging System. 
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An alternate approach of lysis using TCA did not decrease the expression variability of the 

plasmids. Therefore, yeast cells containing a highly replicated vector were selectively 

cultivated. However, the antibody detection at a later point in time was inconsistent compared 

to the former strong expression levels. 

 

 

4.4 Verification of growth phenotypes for functional complementation 

Functional complementation is a well-established method to identify the domain(s) 

responsible for a protein’s function. The Δbph1 knockout strain is reportedly sensitive to 

Calcofluor white (CW) and to organic acid (Shiflett et al. 2004). 

 

4.4.1 Impact of Calcofluor white 

Calcofluor white, a negatively charged fluorescent dye, was primarily used to bleach fabric or 

paper. Having a high binding capacity to chitin and cellulose, CW resulted in the disturbance 

of microfibril assembly and hindered cellulose crystallization in Acetobacter xylinum (Benziman 

et al. 1980). While having a similar effect on the microfibrils of Saccharomyces cerevisiae and 

therefore affecting their cell wall stability, Calcofluor white has also been identified to 

substantially stimulate the chitin synthesis and prevent complete separation of budding yeast 

cells (Benziman et al. 1980; Roncero and Durán 1985; Shiflett et al. 2004). 
 

Shiflett et al. (2004) created a Δbph1 knockout yeast strain in the genetic background of FY22 

and compared the wild type and knockout yeast strain in their experiments. The spotting of 

both yeast strains on plates containing 40 µg/ml Calcofluor white showed that the wild type 

was able to tolerate the fluorescent dye, while the knockout showed diminished growth. 
 

As growth phenotypes in yeast often depend on the genetic background, the confirmation of 

the growth defect in the genetic background of BY4741 was mandatory.  

All plates used for the experiments are summed up in Table 16, an overview of the liquid 

media containing CW is presented in Table 17. The growth of BY4741 and Δbph1 in liquid 

media was evaluated by means of growth curves after measuring the OD every 20 min for 

50 h.  
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Table 16: Impact of Calcofluor white on BY4741 and Δbph1 (plates). 

Plates Concentration of 

Calcofluor white 

Growth of  

BY4741 and Δbph1 

YPAD --- no difference 

20 µg/ml BY4741 > Δbph1 

40 µg/ml BY4741 > Δbph1 

SC - Ura (1) --- no difference 

20 µg/ml no difference 

40 µg/ml no difference 

SC - Ura (2)    

[+KOH à pH 6] 

--- no difference 

20 µg/ml no difference 

40 µg/ml no difference 

SC (2)  

[+100 mM Tris pH 6.8] 

--- no difference 

40 µg/ml BY4741 > Δbph1 

100 µg/ml none 

SC (2)  

[+100 mM Tris pH 7.4] 

--- no difference 

25 µg/ml none 

 
Table 17: Impact of Calcofluor white on BY4741 and Δbph1 (liquid media). 

Liquid media Concentration of 

Calcofluor white 

Growth of  

BY4741 and Δbph1 

SC (2) - Ura 

[+100 mM Tris pH 6.8] 

80 µg/ml BY4741 > Δbph1 

100 µg/ml BY4741 >> Δbph1 

120 µg/ml no difference 

SC (2) - Ura 

[+100 mM Tris pH 7.4] 

 

25 µg/ml poor growth, 

no significant difference 

50 µg/ml none 

100 µg/ml none 
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As shown in Figure 9A/9A´/9A´´, the BY4741 wild type and the Δbph1 knockout yeast strain 

grew equally well on the control plate lacking CW, but showed a growth difference on plates 

containing the fluorescent dye: Being exposed to 40 µg/ml or to 20 µg/ml CW, the knockout 

showed virtually no growth, while the wild type seemed to tolerate it quite well. 

After the confirmation of that phenotype, yeast cells expressing the five constructs 

(DUF-PH-BD-5xWD40, PH-BD-5xWD40, BD-5xWD40, BD, 5xWD40) were spotted on 

YPAD plates containing 20 µg/ml CW and on YPAD plates containing 40 µg/ml CW. The 

BY4741 wild type and Δbph1 knockout yeast strain were used as references, and a standard 

YPAD plate lacking CW as a control plate. After four days of incubation, the YPAD plates 

lacking CW showed equal growth of all seven strains, while the wild type was the only strain 

growing on the plates containing CW.  

In general, the selective pressure to retain a plasmid with an URA3 marker was missing on 

YPAD plates. In order to verify that the constructs retained the plasmids, the media was 

switched to SC media lacking the amino acid uracil to function as a selection marker: the 

retention of the plasmids containing the constructs was necessary for yeast cells to proliferate. 

SC-Ura plates containing 40 µg/ml CW and SC-Ura plates containing 20 µg/ml CW showed 

equal growth of the Δbph1 knockout and of the Δbph1 yeast cells expressing the five 

constructs compared to the BY4741 wild type, suggesting that the fluorescent dye had been 

partially or entirely inactivated by the composition of the media. According to Roncero et al. 

(1988), the effect of Calcofluor white was dependent on the pH, suggesting a pH value 

above 4 and close to 6. Measuring the pH of YPAD and SC-Ura media showed that YPAD 

media had a pH of ~6.6, while SC-Ura media ranged at pH 4.25. By replacing the ammonium 

sulphate with monosodium glutamate, the pH of SC-Ura media was elevated to a pH of 4.8. 

Additionally, KOH was used to increase the pH to 6. The spotting of wild type and knockout 

yeast cells onto these plates containing 40 µg/ml CW or 20 µg/ml CW resulted repeatedly in 

an equal growth of BY4741 and Δbph1 (Figure 9B´/9B´´). Roncero et al. (1988) had noted 

that the pH of YED remained fairly consistent during experiments –most likely due to the 

buffering ability of the yeast extract– while the pH of minimal media dropped down to 2.7. In 

order to ensure a stable pH of the media, SC media was buffered with 100 mM Tris pH 6.8 or 

with 100 mM Tris pH 7.4. The amount of Calcofluor white was adjusted to 100 µg/ml CW or 

to 40 µg/ml CW on plates buffered with 100 mM Tris pH 6.8 and to 25 µg/ml CW on plates 

buffered with 100 mM Tris pH 7.4, respectively. As CW was able to withstand autoclaving 

without any impact (Harrington and Hageage 2003), it had been either added before or after 

the autoclaving process.  
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Figure 9: Growth impact of CW on Saccharomyces cerevisiae on agar plates. BY4741 and Δbph1 yeast 

cells were cultivated in liquid media to stationary phase overnight (30 °C, ≥12 h). Dilutions of 0.2, 0.02, 0.002 

and 0.0002 were spotted onto plates containing different concentrations of CW and incubated at 30 °C for 3 d. A 

plate lacking CW was used as a control plate. A: YPAD control plate. A´: YPAD plate containing 40 µg/ml CW. 

A´´: YPAD plate containing 20 µg/ml CW. B: SC-Ura+KOH control plate. B´: SC-Ura+KOH plate containing 

40 µg/ml CW. B´´: SC-Ura+KOH plate containing 20 µg/ml CW. C: SC (2) +100 mM Tris pH 6.8 control 

plate. C`: SC (2) +100 mM Tris pH 6.8 containing 40 µg/ml CW. D: SC (2) +100 mM Tris pH 7.4 control plate. 

D`: SC (2) +100 mM Tris pH 7.4 containing 25 µg/ml CW. 
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As illustrated in Figure 9C´, SC media buffered with 100 mM Tris pH 6.8 containing 40 µg/ml 

of the fluorescent dye showed an impact on the growth of the Δbph1 knockout strain in 

contrast to the wild type, verifying the results seen on a YPAD plate (Figure 9A´/9A´´). In 

contrast, neither the wild type nor the knockout yeast strain were able to tolerate 100 µg/ml of 

CW when cultivated on SC+100 mM Tris pH 6.8 plates. When being spotted on 

SC+100 mM Tris pH 7.4 plates, the presence of 25 µg/ml CW was able to suppress the 

growth of the wild type and the knockout (Figure 9D´). The comparison of growth between 

BY4741 and Δbph1 shown in Figure 9C´ and Figure 9D´ affirmed the pH dependence of the 

efficiency of Calcofluor white (Roncero et al. 1988). 

 

Besides growth assays on agar plates, wild type and knockout yeast cells were cultivated in 

liquid media containing either 100 mM Tris pH 6.8 buffer or 100 mM Tris pH 7.4 buffer and 

different concentrations of CW (Table 17). A distinct growth difference between BY4741 and 

Δbph1 yeast cells was detected in SC media buffered with 100 mM Tris pH 6.8 containing 

100 µg/ml CW. As illustrated in Figure 10, the wild type reached stationary phase, while the 

knockout had not started multiplying. Again, the efficiency of CW was shown to be 

dependent on the pH, as BY4741 reached stationary phase when cultivated in liquid SC media 

buffered with 100 mM Tris pH 6.8 containing 100 µg/ml CW, while 50 µg/ml CW added to 

SC media buffered with 100 mM Tris pH 7.4 were toxic to wild type yeast cells. 

 

 

	
Figure 10: Growth impact of CW on Saccharomyces cerevisiae in liquid media. BY4741 and Δbph1 yeast 

cells were cultivated in liquid media to stationary phase overnight (30 °C, ≥12 h). Next, the yeast cells were 

diluted into fresh media to an OD600 of 0.1 in a total volume of 200 µl. The plate reader measured the OD every 

20 min for 50 h. Afterwards, the growth of yeast cells was evaluated by means of growth curves. 

A: SC+MSG control media. Equal growth in SC+MSG+100 mM Tris pH 6.8 media had been previously shown. 

B: SC+MSG+100 mM Tris pH 6.8 media containing 100 µg/ml CW.  
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4.4.2 Impact of potassium acetate 

Besides Calcofluor white, Shiflett et al. (2004) also described an impact of organic acid on the 

growth of Δbph1 yeast cells. In order to investigate the effect of different pH and potassium 

acetate levels, they generated gradient plates with one constant variable: either the pH was set 

to 4 and the potassium acetate concentration ranged from 50 mM to 100 mM, or the pH 

varied from 4.0 to 4.5 while the potassium acetate concentration was consistent at 100 mM. 

The FY22 wild type was able to grow under all the investigated conditions, whereas an 

impaired growth of the Δbph1 could be observed. In contrast to the wild type, the knockout 

yeast strain did not grow at all being exposed to a pH of 4 and a concentration of 100 mM 

potassium acetate (Shiflett et al. 2004). 

 
Table 18: Impact of potassium acetate on BY4741 and Δbph1 (liquid media). 

Liquid media  

Growth of  

BY4741 and  

Δbph1 

Final pH 

(acetic acid) 

 

PAc stock solution [1M] 

pH Acetate 

concentration 

[mM] 

Potassium 

concentration 

[mM] 

4.0 4.6 50 24.5 none 

4.25 4.6 50 24.5 no difference 

4.4 4.6 100 49 none 

4.5 4.6 50 24.5 no difference 

4.5 4.6 60 29.4 no difference 

4.5 4.6 80 39.2 no difference 

4.5 4.6 100 49 BY4741 > Δbph1 

4.5 5 50 352 BY4741 > Δbph1 

4.6 4.6 100 49 no difference 

4.75 5 50 352 no difference 

5 5 50 352 no difference 

The PAc stock solution [1M] was titrated to the final pH using acetic acid. PAc: potassium acetate.  
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Again, the reported phenotype had to be confirmed using a different genetic background. 

Liquid media containing various concentrations of potassium acetate at different pH levels 

were prepared to evaluate the growth of BY4741 and Δbph1 (Table 18).		
 

In the presence of 100 mM acetate, 49 mM potassium, pH 4.5 (acetic acid), the doubling time 

of the Δbph1 knockout significantly increased and was –compared to the BY4741 wild type– 

nearly twice as high (Figure 11).  

Analysing the corresponding growth curves of wild type and knockout yeast cells, liquid media 

containing 100 mM acetate, 49 mM potassium, pH 4.5 (acetic acid) resulted in a growth 

difference, while media containing 100 mM acetate, 49 mM potassium, pH 4.6 showed equal 

growth and media containing 100 mM acetate, 49 mM potassium, pH 4.4 (acetic acid) led to a 

growth arrest of both yeast strains.		
 

 

	
Figure 11: Growth impact of potassium acetate on Saccharomyces cerevisiae in liquid media. BY4741 

and Δbph1 yeast cells were cultivated in liquid media to stationary phase overnight (30 °C, ≥12 h). Next, they 

were diluted into fresh media to an OD600 of 0.1 in a total volume of 200 µl using SC control media (red, left 

side) and SC media +100 mM acetate, 49 mM potassium, pH 4.5 (acetic acid) (blue, right side). The plate reader 

measured the OD every 20 min for 50 h. Afterwards, the doubling time was calculated. The experiments were 

performed in quintuplicates. Error bars represent the standard deviation. The significance was calculated with the 

Student’s t-test, p<0.05 was considered to be statistically significant. Ac: acetate, P: potassium. 
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4.5 TAP tagging of Bph1 

Homologous recombination was used to integrate a tandem affinity purification tag next to 

the BPH1 gene into the genomic DNA of the BY4741 wild type. As the KanMX cassette was 

additionally added as a selection marker, colonies grown on media containing geneticin were 

expected to contain the TAP tag essential for the analysis of a protein’s interaction partners. 

However, neither molecular nor biochemical techniques were able to confirm the successful 

TAP tagging of the BPH1 gene: Immunodetection using the antibodies BMH1/2 and RET-2, 

and the β´-COP-TAP (Sec27-TAP) yeast strain as a reference showed that the TAP tag was 

not present within the transformants. As shown in Figure 12, PCR additionally confirmed this 

observation, using eight different transformants as templates, two different sets of primers 

(Bph1-TAP-FP/Bph1-Flank-KanMX4-TAP-RP and Ret2-BamHI-FP/Ret2-long-5B3A-His-

EcoRI-RP) and TAP-KanMX DNA (C*) as a positive control.  

 

 

	
Figure 12: Absent detection of the TAP tagging of Bph1 via PCR.	 Eight colonies from the transformation 

plate were cultivated in liquid media at 30 °C for ≥12 h. Their genomic DNA was purified and the PCRs (repeat 

of 95 °C for 2:20 min/48 °C for 0:40 min/72 °C for 1:30 min, 26 cycles, 72 °C for 2:00 min, cool down to 4 °C) 

were performed. The samples were loaded onto agarose gels and horizontal gel electrophoreses were performed. 

A: Templates: Transformants 1-8, C*: TAP-KanMX DNA, which was used to perform the transformations. Set 

of primers: Bph1-TAP-FP/Bph1-Flank-KanMX4-TAP-RP. B: Templates: Transformants 1-8, C**: b´-COP-

TAP (Sec27-TAP) yeast strain. Set of primers for Transformants 1-8: Ret2-BamHI-FP/Ret2-long-5B3A-His-

EcoRI-RP, set of primers for C**: b´-TAP-Flank-FP/b´-TAP-Flank-RP. 	

 

 

4.6 Role of Bph1 in vesicular trafficking 

4.6.1 Location of Bph1 

The green fluorescent protein was first extracted from the jellyfish Aequorea victoria by Prasher 

et al. (1992) and lateron modified by Cubitt et al. (1995) amongst others. Nowadays, this 
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reporter molecule is an established technique to visualize the subcellular location and 

expression of proteins in vivo under the fluorescence microscope (Chalfie 1995; Wei and Dai 

2014; Niedenthal et al. 1996). Reportedly, the fusion of GFP to the N- or C-terminus of a 

protein often does not have an influence on its location or its function (Feldmann 2012, p. 

63). 

The fusion of GFP to the C-terminal end of Bph1 could neither be detected using microscopy 

nor using the antibodies a-GFP and HRP. On the other hand, the integration of GFP into the 

genomic DNA has been successfully confirmed by means of PCR (Figure 4).  

However, the fusion of GFP to the N-terminal end of Bph1 and the replacement of the 

promoter with the heterologous promoter NOP1 (Yofe et al. 2016) lead to the successful 

detection of the reporter molecule GFP while examining live yeast cells under the microscope. 

As illustrated in Figure 13, Bph1 was either found to be located at the vacuole or punctated at 

the Golgi complex and endosomes.  

 

 

	
Figure 13: Localisation of Bph1 at the vacuole or punctated at the Golgi complex/endosomes. These 

images were kindly provided by A. Clancy (Department of Molecular Biology, Lab Schwappach) according to 

the protocol of Yofe et al. (2016). The yellow arrows point to the vacuoles, the green arrows to the endosomes. 

 

4.6.2 Elucidating the function of Bph1 

4.6.2.1 Reporters exposing different ER localisation signals 

Arginine-based ER localisation signals are part of membrane protein complexes conserved in 

mammals and yeast. Conferring temporary localisation of unassembled protein subunits at the 

ER by retrieval and retention is a crucial task of these localisation signals before being 

inactivated by heteromultimeric assembly (Michelsen et al. 2005; Michelsen et al. 2006). 

Monomeric proteins containing an Arg-based signal interact with COPI (Yuan et al. 2003), the 

vesicular carrier involved in the retrieval of cargo during the early secretory pathway (Beck et 

al. 2009).  
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The monomeric Arg-based reporter protein LRKR had been created while fusing Pmp2, an 

effector of the plasma membrane proton pump (Navarre et al. 1994), with the C-terminal 

36 amino acids of the potassium channel Kir6.2 and the yellow fluorescent protein. 

Additionally, the reporter had been tetramerized (Pmp2p-cc-LRKR) (Michelsen et al. 2006). 

According to Michelsen et al. (2006), the two configurations of LRKR accumulated in 

different compartments: while the monomeric form accumulated in the cortical and the 

perinuclear ER, the tetrameric Pmp2p-cc-LRKR reporter predominantly exited the ER and 

was trafficked to the vacuolar membrane. Thus, this type of membrane reporter was a suitable 

tool to investigate the role of Bph1 in vesicular trafficking while focussing on the early and on 

the late secretory pathway.  

After the transformation of BY4741 and Δbph1 yeast cells with the monomeric and the coiled-

coil reporter LRKR, the expression levels were verified using immunodetection (Figure 18). 

Under the microscope, the wild type and knockout yeast strains both showed a similar 

localisation pattern of the Arg-based reporters: while the monomeric reporter assembled in 

the cortical and in the perinuclear ERs, the tetrameric one was mainly present in the vacuolar 

membrane (Figure 14), being in accordance with the distribution pattern observed by 

Michelsen et al. (2006). 

 

 

	
Figure 14: Pmp2p-LRKR as membranous reporter proteins monitoring ER 

retrieval signals (1). Live yeast cells were transformed with plasmids containing the 

reporters and cultivated under identical conditions. The subcellular localisations of the 

reporters were analysed using fluorescence microscopy. YFP images on the left were 

combined with the corresponding Nomarski (differential interference contrast) 

microscopy on the right. A/B: Transformation of the monomeric Pmp2p-M-LRKR. 

A´/B´: Transformation of the tetrameric Pmp2p-cc-LRKR. A/A´: BY4741 wild type 

yeast cells. B/B´: BY4741 Δbph1 yeast cells. 

A A´

A A´
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Figure 15: Pmp2p-LRKR as membranous reporter proteins monitoring ER 

retrieval signals (2). Live yeast cells were transformed with plasmids containing 

the reporters and cultivated under identical conditions. The subcellular localisations 

of the reporters were analysed using fluorescence microscopy. A/B/C/D: YFP 

images. A´/B´/C´/D´: RFP images. A´´/B´´/C´´/D´´: Nomarski (differential 

interference contrast) microscopy. A/B: BY4741 wild type yeast cells. 

C/D: BY4741 Δbph1 yeast cells. A/C: Transformation of the monomeric 

Pmp2p-M-LRKR. B/D: Transformation of the tetrameric Pmp2p-cc-LRKR. 

 

The subcellular localisations of Pmp2p-M-LRKR and Pmp2p-cc-LRKR were additionally 

validated by means of the vacuolar staining FM 4-64 as shown in Figure 15. 
 

Next, the effect of glucose starvation on the localisation of the Pmp2p-M-LRKR construct 

was verified as cellular processes, such as vesicle trafficking, are affected by the absence of 

glucose. The subcellular accumulations of the sorting motif were analysed using fluorescence 

microscopy, suggesting that the lack of glucose and the resulting stress did not have an impact 

on the localisation of Pmp2p-M-LRKR: There were not any discernible differences, neither 

between the wild type (-D) and the knockout (-D), nor between the wild type (-D) compared 

to the wild type (+D), and the knockout, respectively (Figure 16). 
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Figure 16: Effects of glucose starvation on BY4741 and Δbph1 yeast cells 

containing Pmp2p-M-LRKR. Live yeast cells were transformed with plasmids 

containing Pmp2p-M-LRKR and cultivated to stationary phase. Afterwards, they 

were diluted into fresh SC media (+D) to an OD600 of 0.2, before adding FM 4-64 

and further incubation. The samples B and D were incubated until reaching an 

OD600 of 0.6-0.8. Afterwards, the yeast cells of these samples were washed with 

10 ml SC media (-D) and resuspended in SC media (-D), before being incubated for 

another 1-1.5 h. Then, the subcellular localisations of the reporters of all samples 

were analysed using fluorescence microscopy. A/B/C/D: YFP images. 

A´/B´/C´/D´: RFP images. A´´/B´´/C´´/D´´: Nomarski (differential interference 

contrast) microscopy. A: BY4741 wild type yeast cells grown in SC media (+D). 

B: BY4741 wild type yeast cells first cultivated in SC media (+D), and then in 

SC media (-D) for the last 1-1.5 h. C: BY4741 Δbph1 yeast cells grown in 

SC media (+D). D: BY4741 Δbph1 yeast cells first cultivated in SC media (+D), and 

then in SC media (-D) for the last 1-1.5 h. 

 

As different peptide motifs highlight different roles of vesicular coats, the search for evident 

involvement of Bph1 in vesicular trafficking was extended by means of additional reporters. 

The very well characterised C-terminal di-lysine signal KKXX plays an important role in the 

ER retrieval of transmembrane proteins. Just as Arg-based reporters, it binds to a subunit of 
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COPI (Teasdale and Jackson 1996; Eugster et al. 2000; Zerangue et al. 2001; Stornaiuolo et al. 

2003; Michelsen et al. 2007). Additionally, KLRRRRI and NVRNRRK were chosen to focus 

on as two additional Arg-based sorting motifs. KLRRRRI is an ER retrieval signal with a high 

efficacy, while NVRNRRK induces a weaker signal (Zerangue et al. 2001). After the 

transformation of BY4741 wild type and Δbph1 knockout yeast cells with the Pmp2p reporter 

presenting the KKXX, KLRRRRI or NVRNRRK signal, the expression levels were compared 

using fluorescence microscopy. As exemplarily shown in Figure 17, similar distribution 

patterns were observed regarding the two yeast strains. Notably, the reporter presenting the 

KKXX signal was not tolerated by either yeast strain very well, as shown by the low number 

of transformants and the abnormal morphology of most cells. 

 

 

	
Figure 17: KLRRRRI, NVRNRRK and KKXX as ER trafficking signals in yeast. Live yeast cells were 

transformed with plasmids containing the Pmp2p reporter presenting the KLRRRRI, NVRNRRK or KKXX 

signal and cultivated under similar conditions. The subcellular localisations of the reporters were analysed 

using fluorescence microscopy. YFP images on the left were combined with the corresponding Nomarski 

(differential interference contrast) microscopy on the right. A/A´: Transformation of Pmp2p-KLRRRRI. 

B/B´: Transformation of Pmp2p-NVRNRRK. C/C´: Transformation of Pmp2p-KKXX. A/B/C: BY4741 

wild type yeast cells. A´/B´/C´: BY4741 Δbph1 yeast cells. 
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Figure 18: Immunodetection of the Pmp2p reporter presenting ER localisation signals. After the 

transformation of BY4741 wild type and Δbph1 knockout yeast cells with plasmids containing the ER 

localisation signals LRKR, KKXX, KLRRRRI or NVRNRRK, they were cultivated in liquid media at 30 °C 

for ≥12 h and lysed using NaOH. After SDS-Page and Western blotting, the membranes were incubated with 

the primary antibodies a-GFP and GFP N86/8 (≥8 h) and afterwards with the secondary antibody IRDye 

800CW Donkey anti-Mouse IgG (≥2 h). Then, the membranes were scanned using the Odyssey Imaging 

System.  

 

4.6.2.2 Impact of Bph1 on the secretory pathway 

The Kar2/Pdi1 secretion assay is an established method to investigate the integrity of the early 

secretory pathway. KAR2 and PDI1 are both genes encoding soluble luminal ER resident 

proteins which contain an HDEL retrieval motif. When localized at the Golgi complex, the 

KDEL receptor interacts with COPI, leading to the ER retrieval of Kar2 and Pdi1 via 

coatomer-coated vesicles (Munro and Pelham 1987; Tachikawa et al. 1991; Noiva and Lennarz 

1992; Capitani and Sallese 2009). Therefore, yeast cells with a functionally intact secretory 

pathway secrete very little of Pdi1 (Figure 19A). In contrast, yeast cells with an impaired COPI 

retrieval system are not able to transport the HDEL-tagged proteins back to the ER, releasing 

them into the extracellular growth media (Figure 19A´).  

The CPY pathway refers to the transport of cargo to the vacuole, as CPY, a soluble enzyme, is 

usually localised in the lumen of the vacuole (Bonangelino et al. 2002). The exact transport of 

CPY between the Golgi complex and the vacuole is currently unknown. Again, yeast cells with 

a functionally intact secretory pathway secrete very little of CPY (Figure 19B), as an 

impairment of this pathway results in the secretion of CYP into the extracellular growth media 

(Figure 19B´). 
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Figure 19: Comparison of an intact secretory pathway to an impaired secretory 

pathway by means of the localisation of Pdi1 and CPY. Schematic illustration of 

single yeast cells (orange) and their organelles. ER: endoplasmic reticulum (yellow), 

Golgi: Golgi complex (green), Vacuole (blue). A/B: Yeast cells with an intact secretory 

pathway. A´/B´: Yeast cells with an impaired secretory pathway. A/A´: Transport of 

Pdi1. B/B´: Transport of CPY.  

 

The deletion of the non-essential gene encoding the integral membrane protein Erd1 

(ER-retention defective1) resulted in a profoundly disrupted HDEL retrieval system 

(Hardwick et al. 1990). In order to elucidate the HDEL retrieval system of Δbph1 knockout 

yeast cells, Δerd1 was used as a positive and BY4741 wild type as a negative control.  

In comparison to Δerd1, the BY4741 wild type and the Δbph1 knockout yeast cells secreted 

little amounts of Pdi1 (Figure 20A). Comparing the secretion levels of CPY, Δbph1 knockout 

cells secreted significantly higher levels of this HDEL-containing protein than BY4741 wild 

type cells (Figure 20B). 
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Figure 20: Pdi1 and CPY secretion assays. BY4741 Δerd1 was used as a reference. The number of 

BY4741 Δerd1, BY4741 wild type and BY4741 Δbph1 yeast cells were equalised, before the samples were 

cultivated at 30 °C for 2 h. Afterwards, the yeast cells were lysed using NaOH, while the media was 

precipitated using TCA. After SDS-PAGE and Western blotting, the membranes containing the proteins of 

the pellets were incubated with the antibody α-PGK1, while the membranes containing the proteins of the 

precipitated media were incubated with α-Pdi1 or CPY. A/B: After the scanning of the membranes using the 

Odyssey Imaging System, the intensities of the single bands of α-Pdi1 and CPY were evaluated in dependence 

of the loading control α-PKG1. The results were standardised to the secretion of Δerd1 in order to compare 

the secretion levels of the different yeast strains. The experiments were performed in quadruplicates. Error 

bars represent the standard deviation. The significance was calculated with the Student’s t-test, p<0.05 was 

considered to be statistically significant. A: Pdi1 secretion assay. B: CPY secretion assay. C: Scanning of the 

membranes used to calculate the secretion levels of BY4741 Δerd1, BY4741 wild type and BY4741 Δbph1. 

Only two of the four sets are shown.	  
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5 Discussion  

Being the only BEACH domain-containing protein in yeast, Bph1 could play a key role in 

elucidating the exact functions of BDCPs in order to unravel their relevance regarding human 

diseases, such as autism, glioma or systemic lupus erythematosus (Castermans et al. 2003; 

Chen et al. 2004; Zhao et al. 2012). Despite the presence of a single BDCP in yeast, fairly little 

is known regarding its cellular functions. Besides its localisation, this study focuses on the 

different domains present within the BPH1 gene. 

 

5.1 Detection of Bph1 

The yeast strains BY4741 wild type, BY4741 Δbph1 and BY4741 Bph1-GFP were first verified 

using PCR, confirming Δbph1 as a true knockout not containing partial stretches of the actual 

BPH1 gene.  

TAP tagging was used as an approach to identify novel interaction partners of Bph1 (Bailey et 

al. 2012). After the integration of a TAP tag and a KanMX cassette as a selection marker into 

the genome via homologous recombination, the BY4741 yeast cells proliferated on plates 

containing geneticin (Wach et al. 1994). Yet, the TAP tagging could neither be confirmed 

using PCR nor antibody detection, leading to the conclusion that the TAP tag and the 

KanMX cassette had been randomly integrated into the genomic DNA, possibly not at the 

intended place next to the BPH1 gene or not in frame with the ORF of Bph1. Previously, the 

TAP tagging had been successfully accomplished in the genetic background of DY4167 

(Shiflett et al. 2004). The redesign of a cassette containing the TAP tag fused to the 

BPH1 gene, possibly in a different genetic background, should therefore be strongly 

reconsidered. 

 

 

5.2 Expression levels of Bph1 domain constructs 

At the C-terminal end of the BPH1 gene, different domains, such as the BEACH domain, the 

5xWD40 repeat domain, the Pleckstrin homology domain and the DUF 1088, are found. Five 

constructs containing truncations of these conserved domains were designed 

(DUF-PH-BD-5xWD40, PH-BD-5xWD40, BD-5xWD40, BD, 5xWD40, Figure 6B) and 

successfully generated during this thesis. Nevertheless, the verification of these constructs by 

means of SDS-PAGE and Western blot detection showed varying signal intensities of the 
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Bph1 domain constructs (Figure 7/8). As the same promoter had been used in all constructs, 

a variable expression of the constructs seemed unlikely. A rapid turnover resulting in a 

differentially quick degradation was rather conceivable. Changing the promotor for example to 

ADHI or to TEF2 could be the next step towards eliminating this inconsistency. On the other 

hand, given that BPH1 is a non-essential gene, the advantages of a highly expressed plasmid 

should be carefully deliberated, keeping in mind that the carriage of plasmids and the 

overexpression of some proteins could be associated with a loss of fitness (Bouma and Lenski 

1988). As the expression levels of the plasmids showed great variation, the impact of the Bph1 

domain constructs on membrane stability and on the secretory pathway could not be 

ultimately verified. 

 

 

5.3 Involvement of Bph1 in membrane stability 

Calcofluor white causes defects in the cell wall (Ram et al. 1994; Suzuki and Shimma 1999) 

and potentially serves as an indicator for the perturbation of trafficking at the trans-Golgi 

network (Martínez-Márquez and Duncan 2018). Calcofluor white and potassium acetate 

reportedly have an impact on the growth of Δbph1 in the genetic background of FY22 

(Shiflett et al. 2004). A similar approach has been adopted to assess whether the Bph1 

truncations could functionally rescue these phenotypes. The sensitivity to CW and to 

potassium acetate were successfully confirmed in the genetic background of BY4741: As 

shown in Figure 9A/A´/A´´, YPAD plates containing 40 µg/ml CW or 20 µg/ml CW had a 

toxic effect on the Δbph1 yeast strain. SC plates buffered with 100 mM Tris pH 6.8 containing 

40 µg/ml CW showed a similar result (Figure 9C/C´). Additionally, liquid SC media buffered 

with 100 mM Tris pH 6.8 containing 100 µg/ml CW was able to suppress the growth of 

Δbph1 yeast cells (Figure 10A/B).  

On the other hand, 100 mM acetate, 49 mM potassium, pH 4.5 (acetic acid) were efficient to 

significantly increase the doubling time of Δbph1 compared to the BY4741 wild type 

(Figure 11).  

Summing up, both growth assays underline a possible involvement of Bph1 in membrane 

dynamics (Shiflett et al. 2004). Consistently, other BDCPs, such as NBEA, LRBA and LvsA 

(large volume sphere A), are presumably involved in the intracellular transport and membrane 

stability (Feuchter et al. 1992; Kwak et al. 1999; Wang et al. 2000; Wang et al. 2001; Cornillon 

et al. 2002).	 	
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5.4 Bph1 and its role in the recognition of ER retrieval signals  

Neurobeachin bears hallmarks of a coat protein, as the recruitment sites of coat proteins, such 

as COPI and adaptor proteins (APs), are localised in proximity to the recruitment sites of 

NBEA (Wang et al. 2000). The BDCP present in humans is also sensitive to brefeldin A 

(BFA), an inhibitor of the early secretory pathway. BFA manipulates the transport between 

the ER and the Golgi complex while inhibiting ARF1 (Takatsuki and Tamura 1985; Misumi et 

al. 1986; Springer et al. 1999). In the presence of BFA, neurobeachin shows an equally quick 

scattering reaction compared to the coat protein β-COPI (Wang et al. 2000), but is not 

affected by AlF4
-, an activator of G-proteins, that has an impact on the recruitment of β-COP 

(Sternweis and Gilman 1982; Missiaen et al. 1988; Stadel and Crooke 1988; Wang et al. 2000). 

As neurobeachin could possibly serve as a scaffold for organising coat proteins, the role of its 

yeast homologue has been studied regarding vesicular trafficking.  
 

In order to investigate the role of Bph1 in intracellular trafficking, different sorting motifs, 

such as KKXX, LRKR, KLRRRRI and NVRNRRK, were chosen to examine a potential 

overlap of the functions of Bph1 and COPI, a vesicular coat responsible for the retrograde 

transport of ER residents and incorrectly assembled protein complexes (Beck et al. 2009). 

Comparing BY4741 wild type and Δbph1 knockout yeast cells, no significant differences 

regarding the distribution pattern of these di-lysine and Arg-based ER retrieval signals could 

be detected. Therefore, the retrograde transport of incorrectly assembled protein subunits 

from the Golgi complex to the ER might not be affected by the absence of Bph1, consistent 

with an intact early secretory pathway. The adaptation of vesicular transport to conditions of 

limited energy studied by means of glucose starvation additionally affirmed this hypothesis.  
 

Intriguingly, the WD40 repeat domain present in Bph1 and also in all human BDCPs is also 

found in the α- and β′-COPI subunits (Li and Roberts 2001; Eugster et al. 2004), while the 

PH domain of FAPP1 interacts with ARF1, a GTPase of the Ras superfamily and the 

regulator of the synthesis of COPI (Donaldson et al. 1992; Godi et al. 2004; D’Souza-Schorey 

and Chavrier 2006).  
 

Overall, the results are consistent with completely independent functions of the BDCP Bph1 

and the vesicular carrier COPI. As the CHS polypeptide and the VPS15p, a vacuolar sorting 

protein in yeast, share similarities in structure (Nagle et al. 1996), reporters being located at the 

trans-Golgi network or at the vacuole could be a subsequent approach for further investigation 

of the functional role of Bph1. 
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5.5 Location and function of Bph1 in the secretory pathway 

Besides being present in synapses, neurobeachin is also located in vicinity to the trans-Golgi 

network to recruit the protein kinase A (PKA), which consists of several catalytic and 

regulatory subunits (Wang et al. 2000). The enzyme is stimulated by cAMP and is involved in 

a variety of pathways, such as the exocytosis of cargo (Muñiz et al. 1996; Wang et al. 2000). 

PKA is involved in the recruitment of vesicles from the TGN and therefore mediates the 

shuttle from the trans-Golgi to the cell surface (Muñiz et al. 1997). A-kinase anchor proteins 

(AKAPs) are required for shuttling PKA to its destined location (Colledge and Scott 1999), 

and as neurobeachin binds to the type II regulatory subunit of PKA, the BDCP can also be 

classified as an AKAP (Wang et al. 2000). 
 

Bph1p reportedly associates with membranes that are density-wise comparable to vacuoles 

and prevacuoles (Shiflett et al. 2004). Additionally, Bph1 has been stated to genetically interact 

with VPS30p (BPH1 Interactions | SGD), a protein involved in the successful retrieval of late 

Golgi proteins from prevacuolar endosomes (Seaman et al. 1997). The fluorescence 

microscopy images, kindly provided by A. Clancy (Department of Molecular Biology, Lab 

Schwappach), detected that Bph1 was localised in vivo at the vacuole, while also being present 

punctated at the Golgi complex/endosomes.  
 

The lack of Bph1 reportedly results in an increased secretion of carboxypeptidase Y, a protein 

involved in the vacuolar protein sorting pathway (Shiflett et al. 2004). Furthermore, BDCPs 

present in plants of the species Arabidopsis are putatively involved in the transport of cargo to 

the vacuole (Teh et al. 2015). 

In order to evaluate the integrity of the secretory pathway in the absence of Bph1, the 

extracellular secretion levels of Pdi1 and CPY were studied. Compared to the reference Δerd1, 

the yeast strains BY4741 wild type and Δbph1 knockout secreted similar amounts of Pdi1 

(Figure 20A), suggesting that the HDEL-tagged cargo and therefore the retrieval of proteins 

via COPI were putatively not affected by the lack of Bph1.  

These results are also consistent with the microscopy results using different sorting motifs, 

such as KKXX as a di-lysine retrieval signal and LRKR, KLRRRRI and NVRNRRK as 

Arg-based ER retrieval signals, fused to GFP-based reporter constructs (see 5.4 Bph1 and its 

role in the recognition of ER retrieval signals).	
 

In contrast to the Pdi1 retrieval serving as an indicator of an intact early secretory pathway, 

CPY was used as a marker for the late secretory pathway. Again, Δerd1, a yeast strain with a 

profoundly disrupted HDEL retrieval system, was used as a reference (Hardwick et al. 1990). 
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As illustrated in Figure 20B, Δbph1 knockout yeast cells secreted significantly higher levels of 

CPY compared to the BY4741 wild type (p<0.05). Consequently, the lack of Bph1 assumedly 

results in an impaired vesicular trafficking between the Golgi and the vacuole.  
 

Shiflett et al. (2004) also accredited Bph1 a possible role in the trafficking at the late Golgi, 

rather than presuming an involvement in vacuolar formation. However, it has been reported 

that the size of the vacuole is affected by alterations of the CHS/Beige protein (Introne et al. 

1999; Shiflett et al. 2002). Interestingly, the overexpression of VPS9, encoding a protein 

involved in the sorting of vacuolar proteins, was able to partially rescue the CPY secretion 

phenotype of Δbph1 (Robinson et al. 1988; Rothman et al. 1989; Shiflett et al. 2004). Besides 

Bph1, additional proteins, such as VPS30p amongst others, are essential for the successful 

sorting of CPY to the vacuole (Marcusson et al. 1994; Seaman et al. 1997). 
 

Other BDCPs present in humans have also been ascribed a role in trafficking. The prototype 

LYST for example is presumably involved in the vesicle-mediated transport of cargo between 

endosomes, lysosomes and the plasma membrane (Faigle et al. 1998; Barrat et al. 1999), while 

its BEACH domain could be involved in granule movement (Gil-Krzewska et al. 2016). An 

impairment of retrieval and of post-Golgi trafficking of neuronal neurotransmitter receptors 

was also seen in mice lacking the BDCP Nbea (Wang et al. 2000; del Pino et al. 2011; Steffens 

et al. 2017). 
 

Overall, the localisation of Bph1 and the increased extracellular CPY secretion of the Δbph1 

knockout corroborate a role of Bph1 in vesicular transport, proposing its main involvement in 

the late secretory pathway. Whether Bph1 plays a similar role as Nbea in the transport of 

cargo still has to be investigated in further studies. 

 

 

5.6 Prospects 

In order to elucidate the precise function(s) of BDCPs, yeast will continue to be an ideal 

model system to work with, due to its rapid proliferation time and its amenability to genetic 

and biochemical approaches.  

During the experiments, phenotypic analysis was used to verify that Bph1 was required for 

growing in the presence of Calcofluor white and potassium acetate. In order to investigate 

whether mammalian BDCPs could fulfil this function of Bph1 as well, these mammalian 

proteins could heterologously be expressed in a Δbph1 yeast strain.  
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Optimising the expression of the designed Bph1 domain constructs (DUF-PH-BD-5xWD40, 

PH-BD-5xWD40, BD-5xWD40, BD, 5xWD40), for example by means of a different, 

constitutively strong promoter, and repeating the functional complementation assays could 

elucidate the functional relevance of the single domains. Affinity chromatography of the 

interaction partners could additionally be used to analyse the precise role of Bph1 regarding its 

involvement, for example, in the late secretory pathway. 
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6 Summary 

Mutations in BEACH domain-containing proteins (BDCPs) cause various human diseases, 

such as the Chediak-Higashi syndrome, the generalised autoimmunity syndrome or the 

gray platelet syndrome. Furthermore, a variety of other diseases, such as autism, systemic 

lupus erythematosus or glioma, have been associated with this group of proteins, underlining 

its medical relevance. 

Consisting of around 300 amino acids, the BEACH domain itself is a highly conserved 

domain present in eukaryotes. It is typically flanked by other conserved regions, such as the 

Pleckstrin Homology (PH) domain, the 5xWD40 repeat domain or the domain of unknown 

function 1088 (DUF 1088). Bph1 (beige protein homolog 1), the only BDCP present in yeast, 

encompasses all four domains, making Saccharomyces cerevisiae with its genetic tractability an 

ideal model organism to elucidate the basic function of BDCPs. Although their precise role 

remains unknown, BDCPs are putatively involved in membrane dynamics, vesicular 

trafficking or receptor signaling.  

During this study, the absence of Bph1 was shown to result in the disturbance of vesicular 

trafficking during the late secretory pathway, while not affecting the early secretory pathway. 

Additionally, different reporters exposing di-lysine or Arg-based ER retrieval signals were 

consistent with completely independent functions of Bph1 and COPI, a vesicular carrier 

involved in the transport of cargo from the Golgi complex to the ER. Using microscopy, 

Bph1 has been shown to be either located at the vacuole or punctated at the Golgi 

complex/endosomes. Additionally, Bph1 was confirmed to be required for proliferating in the 

presence of Calcofluor white or potassium acetate, which serve as indicators of faulty 

post-Golgi trafficking routes. 

Truncation constructs were designed, consisting of the BEACH domain, the 5xWD40 repeat 

domain, the PH domain and the DUF 1088. All partial Bph1 domain constructs were 

expressed to detectable levels, albeit at different intensity levels. Further optimisation of the 

expression levels will be required to map the necessary and sufficient domain(s) of Bph1, 

using the constructs in functional complementation analysis. 
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