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Summary 

Lipid droplets (LDs) are the universal storage form of fat as a reservoir of metabolic energy in 

animals, plants, bacteria and single celled eukaryotes. Dictyostelium LD formation was 

investigated in response to the addition of different nutrients to the growth medium. LDs were 

induced by adding exogenous cholesterol, palmitic acid (PA) as well as growth in bacterial 

suspension, while glucose addition fails to form LDs. Among these nutrients, PA addition is 

most effective to stimulate LD formation, and depletion of PA from the medium caused LD 

degradation. The neutral lipids incorporated into the LD-core are composed of triacylglycerol 

(TAG), steryl esters, and an unknown neutral lipid (UKL) species when the cells were loaded 

simultaneously with cholesterol and PA.  

In order to avoid the contamination with other cellular organelles, the LD-purification method 

was modified. The isolated LD fraction was analysed by mass spectrometry and 100 proteins 

were identified. Nineteen of these appear to be directly involved in lipid metabolism or 

function in regulating LD morphology. Together with a previous study, a total of 13 proteins 

from the LD-proteome were confirmed to localize to LDs after the induction with PA.  

Among the identified LD-proteins, the localization of Ldp (lipid droplet membrane protein), 

GPAT3 (glycerol-3-phosphate acyltransferase 3) and AGPAT3 (1-acylglycerol-3-phosphate-

acyltransferase 3) were further verified by GFP-tagging at the N-termini or C-termini of the 

respective proteins. Fluorescence microscopy demonstrated that PA-treatment stimulated the 

translocation of the three proteins from the ER to LDs. In order to clarify DGAT 

(diacylglycerol acyltransferase) function in Dictyostelium, the localization of DGAT1, that is 

not present in LD-proteome, was also investigated. GFP-tagged DGAT1 localized to the ER 

both, in the presence and absence of PA, which is different from the previously observed 

localization of GFP-tagged DGAT2, which almost exclusively binds to LDs. 

The investigation of the cellular neutral lipid level helps to elucidate the mechanism 

responsible for LD-formation in Dictyostelium cells. Ldp and two short-chain 

dehydrogenases, ADH (alcohol dehydrogenase) and Ali (ADH-like protein), are not involved 

in neutral lipid biosynthesis. GPAT, AGPAT and DGAT are three transferases responsible for 

the three acylation steps of de novo TAG synthesis. Knock-out (KO) of AGPAT3 and DGAT2 

did not affect storage-fat formation significantly, whereas cells lacking GPAT3 or DGAT1 

decreased TAG and LD accumulation dramatically. Furthermore, DGAT1 is responsible for 

the accumulation of the unknown lipid UKL. Overexpression of DGAT2 can rescue the 
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reduced TAG content of the DGAT1-KO mutant, but fails to restore UKL content in these 

cells, indicating that of DGAT1 and DGAT2 have overlapping functions in TAG synthesis, but 

the role in UKL formation is unique to DGAT1.  

Both GPAT3 and DGAT1 affect phagocytic activity. Mutation of GPAT3 increases it but a 

DGAT1-KO decreases phagocytosis. The double knockout of DGAT1 and 2 also impairs the 

ability to grow on a bacterial lawn, which again can be rescued by overexpression of DGAT2. 

These and other results are incorporated into a new model, which proposes that up-regulation 

of phagocytosis serves to replenish precursor molecules of membrane lipid synthesis, whereas 

phagocytosis is down-regulated when excess fatty acids are used for storage-fat formation. 
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aa   amino acid 
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cDNA   complementary DNA 

CE   cholesteryl ester 

C. elegans   Caenorhabditis elegans  
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DNA   deoxyribonucleic acid  
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E.coli    Escherichia coli  
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ER   endoplasmic reticulum 

EtBr   ethidium bromide 

FAAH   fatty acid amide hydrolase 

FA   fatty acid 

FA-CoA   fatty acid Coenzyme A (acyl-CoA) 

FcsA   long-chain fatty acyl-CoA synthetase A 

FFA   free fatty acid  

Fig.    Figure 

gDNA   genomic DNA 

GTC   guanidinium isothiocyanate 

GTP    guanosine triphosphate   

floxed-Bsr  Bsr cassette flanked by loxP sites 

fwd   forward 

g   gram 
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GFP   green fluorescent protein 
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h   hour/hours 
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HCV    hepatitis C virus  
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KH2PO4  potassium bihydrogen phosphate  
KO   knock-out 

LB    Luria-Bertani 

LCAT    lecithin cholesterol acyltransferase 

LD   lipid droplet  

LDL    low density lipoprotein  

Ldp    lipid droplet membrane protein  

LiCl    lithium chloride   

LIPIN/lipin/PAP phosphatidic acid phosphatase 

LPA    lysophosphatidic acid  

LSD   lipid storage droplet 

M   molar 

MAG    monoacylglycerol  

MAGL   monoacylglycerol lipase  

Mbp    mega base pairs 

MBOAT    membrane-bound O-acyltransferase  

mg    milligram 

μg    microgram 

MGAT   monoacylglycerol acyltransferase 

MgCl2   magnesium chloride 

MGL   monoglyceride lipase 

MgSO4  magnesium sulfate  
min   minute/minutes 

ml    milliliter  

μl    microliter 

µm   micrometer 

μM    micromolar 

MO    methyl oleate       
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MS    mass spectrometry  

Mw   molecular weight 

NaAc    sodium acetate 

NaCl    sodium chloride   

NaCO3   sodium carbonate  
Na2HPO4  bisodium hydrogen phosphate  
NaH2PO4  sodium bihydrogen phosphate  
NaOH    sodium hydroxide  

NBT   nitro blue tetrazolium  

NCBI   National Center for Biotechnology Information 

ng   nanogram 

NLS   nuclear localization signal 

NP40   Nonidet P-40 

NSDHL   NAD(P)H steroid dehydrogenase-like protein 

OD    optical density 

ORF    open reading frame  

OSBP8  oxysterol binding family protein 8 

OXPAT    a PAT family protein expressed in oxidative tissues 

P47    protein family 47 kDa 

PA   palmitic acid 

PAA   polyacrylamide 

PAGE    polyacrylamide gel electrophoresis 

PAT    perilipin, ADRP and TIP47 

PDAT    phospholipid diacylglycerol acyltransferase  

PBS   phosphate-buffered saline 

PC    phosphatidylcholine  

PCIA     phenol-chloroform-isoamylalcohol   

PCR   polymerase chain reaction 

PDI    protein disulfide isomerase  

PE    phosphatidylethanolamine 

PG    phosphatidylglycerol  

pI    isoelectric point 

PI    phosphatidylinositol  

PKA    protein kinase A  

Plin   perilipin 

PlsC1   PlsC domain-containing protein 1  
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pmol   picomol 

PNS   post nuclear supernatant 

pr   primer 

PS    phosphatidylserine  

rev   reverse 

RNA    ribonucleic acids 

RNase    ribonuclease 

rpm   revolutions per minute  

RbCl    rubidium chloride  

SD   standard deviation 

SDR     short-chain dehydrogenase/reductase  

SDS    sodium dodecyl sulfate 

SE    steryl ester  

siRNA   small interfering RNA   

SMART   simple modular architecture researching tool  

Smt1   delta-24-sterol-methyltransferase 1  

TAG   triacylglycerol 

Taq    Thermus aquaticus 

TE    Tris-EDTA 

TEMED   N,N,N’,N’-tetramethylethylenediamine  

TIP47   tail-interacting protein of 47 kDa 

TLC   thin layer chromatography 

Tris   tris-hydroxymethyl aminomethane  

TRITC   tetramethylrhodamine isothiocyanate 

TRX    thioredoxin  

UKL    unknown lipid  

UV    ultraviolet 

vol    volume 

v/v   volume per volume 

WAT   white adipose tissue 

w/o    without 

WT   wild type 

w/v   weight per volume 
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1 Introduction 

1.1 Dictyostelium discoideum — a unique model organism 

Dictyostelium discoideum, also colloquially called cellular slime mold, belongs to the social 

amoebae. The amoebae have diverged from the phylogenetic tree soon after the branch point 

between plants and animals, and close to fungi and yeast (Fig. 1). Although Dictyostelium is 

more distant to human than yeast, Dictyostelium has more proteins related to human than 

yeast. This was explicitly described for the genes related to some human disease (Urushihara, 

2009) and autophagy (Calvo-Garrido et al., 2010). The reason may lie in the high rate of 

evolutionary changes in yeast, leading to the adoption of the fungal cell wall and the non-

motile life style (Annesley et al., 2011). 

           

Fig. 1: Proteome-based phylogenetic tree of 17 eukaryotes (Eichinger et al., 2005). 

The Dictyostelium life cycle is composed of a distinct vegetative growth phase and a 

developmental phase (Watts, 1984) (Fig. 2). The vegetative Dictyostelium amoebae (Fig. 2I) 

grow as motile, separate and single cells, with an average diameter of 10 micrometer (µm). 

They grow naturally in the forest soil by phagocytosing bacteria. The Dictyostelium cells used 

in the laboratory are mutants that are able to acquire nutrients also from liquid medium by 

macropinocytosis (Clarke and Kayman, 1987). AX2, a strain can grow in axenic medium, is 

used within this thesis as wild type (WT). Dictyostelium cells divide by mitosis, and the 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=1352341_nihms4715f5.jpg
http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=1352341_nihms4715f5.jpg
http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=1352341_nihms4715f5.jpg
http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=1352341_nihms4715f5.jpg
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generation time depends on nutrition and growth conditions. In shaking culture, cells divide 

every 3-4 hours (h) in bacterial medium, and every 8-10 h in axenic medium. The growth in 

liquid medium simplifies the maintenance of Dictyostelium cells in the vegetative form. As in 

its natural habitat, the optimal growth temperature is 22°C. Dictyostelium is haploid and has 6 

chromosomes. Its genome has been completely sequenced and is very A/T rich (77.6%) 

(Eichinger et al., 2005). The Dictyostelium genome is composed of approximately 34 Mbp 

(mega base pairs) and contains 12,500 genes. Dictyostelium is highly amenable to molecular 

biological manipulation, such as ectopic gene overexpression, targeted gene knock-out (KO) 

by homologous recombination  or knock-down by siRNA (small interfering RNA) (Kuhlmann 

et al., 2006).  

 

Fig. 2: Life cycle of Dictyostelium discoideum (Schaap, 2011). A)-G) Cycle of multicellular development. A) 

Initiation of development by cAMP waves; B)-F) the proceeding of developmental steps; G) mature fruiting 

body; I) vegetative single Dictyostelium cells.  

Dictyostelium cells stop proliferating and initiate the developmental program in the absence of 

food, in order to survive starvation. The characteristic change is the expression of genes 

required for synthesis and detection of cAMP (cyclic adenosine monophosphate), also genes 
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to be utilized for cell aggregation (Clarke and Gomer, 1995). A few starving cells generate 

and emit pulses of cAMP that attract the surrounding cells to move toward the cAMP source 

(Fig. 2A). Pulses of  cAMP spread further through the cell crowd by chemotaxis and signal 

relay (Willard and Devreotes, 2006) to cover a range of several millimeters. A few hundred 

thousands of cells responding to cAMP move toward the cAMP source and generate a 

multicellular aggregate (Fig. 2B). Cells in the aggregate continue moving toward the cAMP 

source and thus form a circular mound concomitantly pushing the cAMP emitting cells to the 

top of mound (Fig. 2C). The top-cells keep emitting cAMP so that the cells in the mound try 

to move upwards, thus lifting the multicellular mass into a finger-like structure, the so called 

slug (Fig. 2D). Cells in slug differentiate into prestalk and prespore cells at this stage. Slugs 

develop polarity by the movement of prestalk and prespore cells to anterior and posterior ends 

respectively. Guided thermotactically and phototactically (Fisher and Annesley, 2006), the 

slug falls on the side, lays down a sheath of extracellular matrix and leaves a trail of slime 

behind (Fig. 2E). By this migration, the slug can move to the surface of the soil, which is the 

suitable place for releasing spores (Bonner and Lamont, 2005). Prestalk and prespore cells 

proceed in development until the formation of a fruiting body, consisting of viable spores and 

dead stalk cells (Fig. 2 E-G). There is a total of 4 types of prestalk cells in Dictyostelium, 

prestalk A, B, AB and O cells. They account for about 20% of the total multicellular aggregate 

and become stalk and basal disc of the fruiting body, while the remaining 80% cells constitute 

prespore cells and will eventually make up the spore bearing droplet at the tip of the stalk 

(Fig. 2G). Stalk cells die at the terminal differentiation by autophagy (Cornillon et al., 1994). 

The whole Dictyostelium developmental phase is complete within 24 h. Spore cells tolerate 

adverse environmental conditions and can germinate to release vegetative cells in a 

favourable situation with adequate food source.   

The unique life style of Dictyostelium was the historic reason that made it a valuable model 

organism. Independent unicellular individuals become a multicellular complex that behaves 

like a higher eukaryotic organism and undergoes morphogenesis and cellular differentiation.  

Living in two different states provides Dictyostelium additional possibilities to investigate 

molecular, cellular and biochemical processes. In vegetative unicellular state, Dictyostelium 

cells are suitable for studies on movement driven by the cytoskeleton and its components, cell 

division, as well as endocytosis. In the multicellular developmental stage, they are accessible 

to investigations of chemotaxis and phototaxis, intercellular signalling, cellular 

differentiation, morphogenesis and autophagy. In addition, some bacterial pathogens can 
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infect Dictyostelium cells and escape digestion by lysosomal enzymes, so that Dictyostelium 

is also used for studying host-pathogen interaction (Bozzaro and Eichinger, 2012). 

1.2 Generation of single and multiple knock-outs in Dictyostelium  

Gene knock-out (KO) is the most powerful method to investigate novel gene function. In 

Dictyostelium, the common strategy to knock out a target gene is to replace the wild type 

sequence by homologous recombination using the target gene fragment that is interrupted by a 

Blasticidin S resistance (Bsr) cassette  or geneticin/G418 resistance cassette (De Lozanne, 

1987; Witke et al., 1987). The Bsr cassette is optimal for generating KO cells, since selection 

with Blasticidin S results generally in a single integrant, while G418 selection favours 

multiple tandem copies of transforming DNA (deoxyribonucleic acid) in the Dictyostelium 

genome and thus is better suited for overexpression studies (Pang et al., 1999). Since 

homologous recombination occurs in Dictyostelium with high efficiency (over 20%) and 

Dictyostelium is haploid in nature, KO cells can be rapidly constructed and used for the 

analysis of protein function.  

Multiple-gene KOs are required to investigate proteins with redundant functions. Because the 

number of selection markers is limited for Dictyostelium, Cre-loxP recombination system was 

adapted so that the Bsr cassette can be cut out from the genome and thus Bsr selection can be 

used for a further round of selection (Faix et al., 2004; Linkner et al., 2012). The Cre-loxP 

site-specific recombination system originates from bacteriophage P1. The system consists of a 

recombination signal sequence on the DNA called loxP site and a recombinase protein, Cre. 

Cre recognizes the loxP site and recombination occurs between two adjacent loxP sites in 

tandem configuration, resulting in the deletion of the sequence between the loxP sites (Hoess 

et al., 1986). The LoxP site is 34 bp (base pairs) long and composed of an 8 bp variable spacer 

region in the middle of two inverted 13 bp repeats (Fig. 3A) (Hoess and Abremski, 1984).  

A construct is generated, in which the Bsr cassette (Fig. 3B, yellow box) is flanked by loxP 

(floxed) sites in the same orientation (Fig. 3B, grey arrowheads). In order to achieve 

permanent disruption of a target gene, stop codons for 3 different reading frames are added 

outside the loxP sites (Fig. 3B, red box). The Bsr-cassette is expressed from a strong 

Dictyostelium promoter, originating from the actin 15 gene, and stopped by an actin 8 

terminator. This set is inserted into the target gene (Fig. 3B, blue boxes in the upper panel). 

After successful transformation, the target gene is replaced by the KO-fragment through 

homologous recombination and the transformants will grow in medium containing Blasticidin 
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S. For generation of a second round gene KO, the Cre-recombinase vector is transiently 

introduced to the KO cells. Once Cre is expressed, the Bsr cassette is removed from the 

genome (Fig. 3B, middle panel), and only one loxP site with stop codons is retained, still 

inactivating the targeted gene (Fig. 3B, bottom panel). The resulting cells are sensitive to 

Blasticidin S again, and can undergo a new round of homologous recombination using the 

same resistance cassette.  

 

Fig. 3: Mechanism of removing the Bsr cassette using the Cre-loxP system. A) LoxP recombination signal site. A 

spacer region (marked in red) separates the 13-mer palindrome on both ends. The grey arrowhead shows the 

orientation of loxP. B) Removal of Bsr-cassette (yellow) from the disrupted gene in Dictyostelium genome is 

achieved by transiently expressing Cre-recombinase. A series of stop codons (red box) and one loxP site remains 

in the targeted gene. 

1.3 Neutral lipid synthesis in mammals and yeast 

Neutral lipids, particularly triacylglycerol and steryl esters, are the cellular storage form for 

fatty acids and sterol. Because of the close phylogenetic relationship between Saccharomyces 

cerevisiae and Dictyostelium, neutral lipid synthesis in yeast and mammals will be introduced 

together.  

1.3.1 Steryl ester synthesis 

In mammals, cholesterol is an essential component of cell membranes and increases their 

stability. Furthermore, it is important for synthesis of steroid hormones and bile acid as 

precursor molecule. Cells can synthesize cholesterol or take up exogenous cholesterol by 

endocytosis of low density lipoprotein (LDL) with specific receptor (Goldstein and Brown, 
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1990). Other than mammalian cholesterol, the main sterol in yeast is ergosterol, which differs 

from cholesterol with double bonds at C7 and C22 and a methyl group at C28. Similarly, 

Dictyostelium cells possess a series of special sterols (Nes et al., 1990).  

Steryl ester (SE) is synthesized by esterification of sterol with a long-chain fatty acid (FA) and  

stored in cytoplasmic organelles, lipid droplets (LDs) (Clausen et al., 1974), serving as a 

reservoir for sterol. In human, SE is present in form of cholesteryl ester (CE). Two isoforms 

of acyl-CoA cholesterol acyltransferase (ACAT) catalyze the cellular synthesis of CE from 

acyl-CoA and cholesterol. Both ACATs belong to membrane-bound-O-acyltransferases 

(MBOATs) and are endoplasmic reticulum (ER) transmembrane proteins (Chang et al., 2009). 

ACAT1 was first identified in Chinese hamster ovary cells (Chang et al., 1993) and is widely 

expressed, but predominantly in macrophages, adrenal and sebaceous glands. ACAT2 was 

identified through the sequence similarity with ACAT1 and shares 22% identical residues with 

ACAT1 across the whole protein (Oelkers et al., 1998). Expression of ACAT2 is restricted 

primarily to small intestine and liver (Anderson et al., 1998). Besides the cellular SE 

formation, lecithin-cholesterol acyl transferase (LCAT), the enzyme catalyzes the reaction in 

plasma. Using phosphatidylcholine (PC) as acyl-donor (Glomset, 1968; Jonas, 2000), free 

cholesterol on the surface of high density lipoprotein (HDL) is esterified to CE, which is 

subsequently stored in the core of HDL.  

Two proteins with ACAT activity in Saccharomyces, Are1p and Are2p, were identified 

through the sequence homology to human ACAT1 (Yang et al., 1996; Yu et al., 1996). Both 

GFP-tagged Are1p and Are2p localize to the yeast ER (Zweytick et al., 2000). Are1p and 

Are2p share 43% identical amino acids all over, and approximately 24% with human ACAT1 

(Yang et al., 1996). Are2p is the major catalytic form of ACAT, since disruption of Are2p 

reduces ergosteryl ester synthesis by 65-75% both, in an in vitro reconstituted enzymatic 

assay using cell homogenates, and in the in vivo SE measurement by adding oleate to the  

growth medium; whereas mutants lacking Are1p did not show any effect compared to WT (Yu 

et al., 1996). The differences of efficiency between these two enzymes are explained by the 

fact that Are2p has a stronger preference for ergosterol as substrate, than Are1p (Zweytick et 

al., 2000). A yeast double KO of Are1p and Are2p completely lacks ACAT activity, which 

cannot be restored by the expression of human ACAT1 because this enzyme has a strong 

preference for cholesterol over ergosterol (Yu et al., 1996).   



 22 

1.3.2 Triacylglycerol biosynthetic pathways 

In mammals, fatty acids (FAs) are synthesized into triacylglycerol (TAG) for long-term 

storage in many tissues, but predominantly in white adipose tissue (WAT). TAGs are 

synthesized through three pathways in eukaryotes (Fig. 4). The glycerol phosphate pathway 

occurs in mitochondria or the ER, the dihydroxyacetone phosphate (DHAP) pathway in 

peroxisomes and the monoacylglycerol pathway is situated in the ER (Coleman and Mashek, 

2011; Gimeno and Cao, 2008). Acyl-CoA is the only fatty acid-donor utilized in all of the 

TAG synthesis processes.  

The monoacylglycerol pathway predominates in the enterocyte and responsible for the 

reesterification and absorption of dietary TAG (Shi and Cheng, 2009). The ingested TAGs are 

hydrolyzed by pancreatic lipase in the lumen of small intestine. Since pancreatic lipase 

preferentially hydrolyzes the ester bonds at sn-1 and sn-3 positions, the resulting free fatty 

acids (FFAs) and sn-2 monoacylglycerol (MAG) products are absorbed by the enterocyte. Sn-

2 MAGs are then converted to diacylglycerol (DAG) by monoacylglycerol acyltransferase 

(MGAT) using acyl-CoA (also known as fatty acid-CoA; FA-CoA) as fatty acid donor.  MAG 

can be also synthesized by direct glycerol acylation by an ER-resident acyl-CoA glycerol 

acyltransferase that is detected in porcine heart, liver, kidney, skeletal muscle and brain (Lee 

et al., 2001). Despite the unknown physiological value, the enzyme activity appears to 

become more prominent when the glycerol-3-phosphate pathway was perturbed or glycerol 

content increases.  

Three mammalian MGATs were identified by virtue of their sequence homologies to 

diacylglycerol acyltransferase 2 (DGAT2) and they all localize to ER (Cao et al., 2003; Cheng 

et al., 2003; Yen et al., 2002). MGAT1 and MGAT2 can use both sn-1 and sn-2 MAG as 

substrates, while MGAT3 is highly specific for sn-2 MAG.  MGAT1 is strongly expressed in 

stomach and kidney, also at low level in other tissues, but absent from small intestine, where 

MGAT2 and MGAT3 are highly expressed, supporting their role in fat absorption.  

The glycerol phosphate pathway is the most important one, since it is used in most cells 

except enterocytes, predominantly in liver and adipose tissue. This pathway was identified 

and characterized by Kennedy and his co-workers in the 1950s and 60s (Borkenhagen and 

Kennedy, 1957; Kennedy, 1961; Kennedy and Weiss, 1956), therefore it is also called 

Kennedy pathway. TAG synthesis is a process of stepwise acylation of the glycerol backbone. 

Glycerol-3-phosphate acyltransferase (GPAT) catalyze the beginning of de novo TAG 
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synthesis by the addition of a long-chain acyl-moiety to the sn-1 position of glycerol-3-

phosphate (G3P). The product from the first step, lysophosphatidic acid (LPA), is then further 

acylated at the sn-2 position catalyzed by 1-acylglycerol-3-phosphate acyltransferase 

(AGPAT). Then phosphatidic acid phosphatase (PAP or LIPIN/lipin) hydrolyzes the formed 

phosphatidic acid to remove the phosphate group to obtain DAG, which is finally acylated to 

yield TAG by the catalysis of DGAT enzymes.   

 

Fig. 4: Pathways of de novo TAG biosynthesis and glycerophospholipid synthesis as discussed in the text; 

adapted from  (Gimeno and Cao, 2008). Substrates are shown in yellow box, enzymes in red box and products in 

blue box. GPD, glycerophosphate dehydrogenase; FA-CoA, fatty acid Coenzyme A; GPAT, glycerol-3-phosphate  

acyltransferase; AGPAT, 1-acyl glycerol-3-phosphate acyltransferase; LIPIN, phosphatidic acid phosphatase; 

DGAT, diacylglycerol acyltransferase; MGAT, monoacylglycerol acyltransferase; PI, phosphatidylinositol; PG, 

phosphatidylglycerol; CL, cardiolipin; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, 

phosphatidylserine.   

It has to be mentioned that phosphatidic acid and DAG are the branch points in G3P pathway.  

They serve as the precursors not only for TAG but also for glycerophospholipid synthesis 

(Kent, 1995). Phosphatidylinositol (PI), phosphatidylglycerol (PG) and cardiolipin (CL) are 

derived from phosphatidic acid while phosphatidylethanolamine (PE), phosphatidylcholine 

(PC) and phosphatidylserine (PS) originate from DAG. The enzymes involved in the whole 

pathway were not investigated at molecular and biochemical level, until GPAT1 was cloned 

(Shin et al., 1991). After complete sequencing of the human genome, a lot of isoforms for the 

enzymes involved in this pathway were identified. Since GPAT3, AGPAT3 and DGAT1 and 2 

are investigated in this thesis, these enzymes will be introduced in a little more detail below.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
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Four GPAT genes (GPAT1, 2, 3, and 4) have been proven to exhibit GPAT activities in 

mammalian cells. GPAT1 (Yet et al., 1993) and GPAT2 (Lewin et al., 2004) localize to 

mitochondria, while GPAT3 and GPAT4 are present in the ER. GPAT3 (Cao et al., 2006) and 

GPAT4 (Chen et al., 2008; Nagle et al., 2008) were originally identified as AGPAT8 and 

AGPAT6 respectively. GPAT3 was later reported to have both, GPAT and AGPAT activities 

(Sukumaran et al., 2009), Therefore, this protein was re-designated as AGPAT10/GPAT3. 

GPAT1 prefers to utilize saturated fatty acyl-CoA as a substrate, but GPATs 2-4 have no acyl-

CoA preference. Mitochondrial isoforms exert their function mainly in the liver and account 

for approximately 50% of total rat liver GPAT3 activity (Bates and Saggerson, 1979; Nimmo, 

1979). In contrast, the ER-resident isoforms contribute 80-90% GPAT activity in white and 

brown adipose tissue (Baht and Saggerson, 1988; Saggerson et al., 1980). 

AGPAT isoforms are widely present in mammals, but studies on AGPAT proteins are far from 

being complete at the biochemical and physiological levels.  AGPAT1 and 2 were identified 

through the homology of their protein sequence with yeast, plant and Escherichia coli (E.coli) 

(Aguado and Campbell, 1998; Eberhardt et al., 1997; Stamps et al., 1997).  AGPATs 3-11 

have been identified on the basis of sequence similarities with AGPAT1 and 2 (Coleman and 

Mashek, 2011; Takeuchi and Reue, 2009). AGPAT1 and 2 are well characterized and 

confirmed to have high AGPAT activity, whereas the remaining AGPATs have either low or no 

AGPAT activity at all (Lu et al., 2005). This is not surprising, because as mentioned above, 

AGPAT6 is actually GPAT4. AGPATs 1-3 are validated to have only AGPAT function, while 

most of the other AGPATs have little substrate specificity and would also catalyze the 

acylation of lysophospholipids to produce phospholipids. All GPATs and AGPATs belong to 

the phosphate acyltransferase family (PlsC family).  

Two DGAT isoenzymes in mammals, DGAT1 and DGAT2, have identified by molecular 

biological studies. Both enzymes have DGAT function but they are derived from the different 

protein families. DGAT1 is related to ACAT and thus belongs to MOBAT family (Cases et al., 

1998). DGAT2 was identified by its sequence homology to DGAT enzymes of the fungus 

Mortiella ramanniana (Cases et al., 2001). DGAT2 does not show similarity with MOBAT 

family or PlsC family proteins (GPATs and AGPATs), but rather has homologies to MGAT1-3. 

DGAT2 and MGAT1-3 are therefore named DGAT2 family proteins.  

Another pathway of TAG synthesis is initiated by the acylation of dihydroxyacetone 

phosphate (DHAP), a product of glycolysis, and is generally believed to be involved in 
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glycerol ether lipid synthesis. Even if this pathway does not form TAG directly, the 

intermediates of this pathway could feed into the G3P pathway for TAG synthesis at two 

branch points. First, G3P can be produced when dihydroxyacetone phosphate is reduced by 

glycerol-3-phosphate dehydrogenase (GPD). Second, LPA can also be synthesized in two 

steps by an alternative route: DHAP is acylated to 1-acyl DHAP catalyzed by 

dihydroxyacetone phosphate acyltransferase (DHAP-AT), and this product is then reduced to 

LPA as catalyzed by 1-acyl DHAP reductase (Hajra and Bishop, 1982). In rat liver, the G3P 

pathway accounts for 93% and the DHAP pathway contributes only 7% to overall TAG and 

glycerolipid synthesis (Declercq et al., 1984).  

 

TAG synthesis is relatively conserved from mammals to yeast (Mullner and Daum, 2004). 

Saccharomyces synthesizes TAG through two main pathways, the G3P pathway and the 

DHAP pathway. The enzymes for each step of the pathway are shown in Fig. 5.  Although 

generally similar to mammals, there are still distinguishing aspects in yeast that need to be 

mentioned. First, de novo TAG synthesis in mammals begins in the ER, mitochondria and 

peroxisomes via the G3P and DHAP pathways respectively, and both end in the ER. In 

contrast, TAG synthesis in yeast occurs in the ER and in LDs for both pathways and for most 

of steps. Secondly, Gat1p and Gat2p, the yeast GPAT3 counterparts, serve as sn-1 

Fig. 5:  Two major TAG synthetic 

pathways in Saccharomyces 

cerevisiae. Details are described 

in the text. 
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acyltransferases in the acylation not only for G3P, but also for DHAP (Zheng and Zou, 2001). 

Thirdly, four enzymes are responsible for the last step of TAG synthesis by acylation from 

DAG in Saccharomyces, including both, acyl-CoA dependent and acyl-CoA independent 

acyltransferases. Acyl-CoA dependent acyltransferases use acyl-CoA as acyl-donor. Dga1p, 

an orthologue of mammalian DGAT2, is the major acyltransferase for conversion of DAG to 

TAG in this path; while Are1p and Are2p, the enzymes mainly involved in SE synthesis 

(1.3.1), can also form TAG but to a minor degree (Sandager et al., 2002). The other way is 

acyl-CoA independent DAG acylation, which is performed by phospholipid diacylglycerol 

acyltransferase (PDAT) using phospholipids as acyl donors. PDAT was identified in yeast and 

plants, and is a homologue of the mammalian LCAT enzyme (Dahlqvist et al., 2000). Lro1p is 

the PDAT equivalent in yeast and uses sn-2 acyl groups stemming from glycerophopholipids 

as acyl-donors.  

1.4 Lipid droplets (LDs) 

1.4.1 LD composition and structure 

LDs are ubiquitous organelles. Virtually all eukaryotic cells and some prokaryotic cells 

produce LDs in the presence of excessive FFAs to maintain lipid homeostasis and store 

energy for further use. LD-formation can be influenced by the chain length of FFA. In 

hepatocytes, C8 and C10 FAs fail to induce LD formation while C10 and C12 induce LD 

formation at a moderate level, and C16-C18 are the most effective substrates (Fujimoto et al., 

2006). Therefore, palmitic acid (C16:0) and oleic acid (C18:1) are frequently used as 

exogenous fatty acids to induce LD-formation experimentally.  

The structure of LDs resembles that of human lipoprotein. A neutral lipid core, that is 

predominantly composed of TAG and CE, is surrounded by a phospholipid monolayer 

decorated with a unique set of proteins (Tauchi-Sato et al., 2002). In addition, small amounts 

of bilayered membrane and soluble proteins were also observed microscopically to localize 

inside LDs (Fujimoto et al., 2008). The mechanism how proteins target to LDs remains 

unclear, and no common LD targeting motif has been identified yet. 

Lipid composition and the complement of LD-associated proteins varies in different cell types 

and different physiological states (Bickel et al., 2009). In mammals under physiological 

condition, TAG-rich LDs are present in adipocytes, enterocytes and hepatocytes, while CE-

rich LDs are formed in the cells responsible for production of steroids, mainly in the adrenal 
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gland and ovary (Kraemer, 2007).  Lipolytically stimulated adipocytes displayed additional 

LD-associated proteins compared to the basal cells (Brasaemle et al., 2004). The LD-

proteome has been extensively studied in bacteria, insects, plants and mammals (Yang et al., 

2012). Each organism exhibits a unique protein profile, even if they have some protein 

orthologues in common.  

 

LDs are unique organelles having a phospholipid monolayer instead of a bilayer as a 

boundary to the cytoplasm. Furthermore, unlike the aqueous lumen of other organelles, the 

neutral lipid core of LDs is hydrophobic. Both features make it impossible for proteins to bind 

to the LD surface via a typical transmembrane domain. Nevertheless, proteins can associate 

with LD monolayer through four alternative mechanisms (Fig. 6). Phosphocholine 

cytidylyltransferase (Krahmer et al., 2012) and Plin family proteins (Brasaemle, 2007) bind 

LDs peripherally by amphipathic helices. Some proteins may use a long hydrophobic domain 

of more than 30 amino acids embedded in the phospholipid monolayer in a hairpin-like form 

with both the N- and C-termini exposed to the cytoplasm. Experimental evidence suggests 

that caveolins (Dupree et al., 1993), NSDHL (sterol-4alpha-carboxylate 3-dehydrogenase) 

(Caldas and Herman, 2003) and DGAT2 (Stone et al., 2006) may adopt this hairpin topology. 

Covalent modification of proteins provides yet another possibility, e.g. for some Rab proteins, 

to bind LDs by lipid anchors. Rab18 may be peripherally associated with both LD and ER 

membrane via a prenyl-anchor at its C-terminus (Martin et al., 2005)  thereby facilitating the 

interaction between the two organelles (Ozeki et al., 2005). Proteins such as the hormone-

sensitive lipase (HSL) can interact with Plin1 (perilipin 1) to indirectly attach to LDs (see 

details in 1.4.2). These suggested protein topologies are probably far from being complete, 

and there are other possible mechanisms to be discovered. 

Fig. 6: The possible 

topologies of LD-associated 

proteins. The figure is adapted 

from (Walther and Farese, 

2012). 
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1.4.2 Cellular functions of LDs 

LDs, the major lipid storage organelles, provide the lipid reservoir for membrane lipids and 

play important roles to maintain the cellular energy supply. Only one single large LD fills the 

entire cytoplasm of white adipocytes and occupies up to 90% of total cell volume (Gesta et 

al., 2007) whereas numerous small LDs exist in brown adipocytes and in non-adipose cells. 

The morphological differences among LDs reflect the physiological variance between cells. 

Adipose tissue functions primarily for long-term neutral lipid storage and their LDs are 

relatively inactive. However, rapid lipid mobilization from LDs is necessary to provide the 

required energy in metabolically active cells such as brown adipocytes and non-adipose tissue 

like hepatocytes or myocytes. Small LDs are more efficient for lipid mobilization, because the 

large ratio of LD-surface to neutral lipid content increases the accessibility of the lipase to the 

TAG-core.  

LDs are highly dynamic organelles. LD size and numbers change rapidly with growth 

conditions. LDs in Cos7 cells are microscopically visible in a few minutes after exogenous 

fatty acid loading and TAG reaches high level within 30 min (Kuerschner et al., 2008).  

Furthermore, LDs are active in lipid and membrane trafficking by interacting with other 

cellular compartments including ER, mitochondria, peroxisomes and endosomes (Murphy et 

al., 2009).  

LDs are temporary storage sites of some proteins for later use. Surplus histones are stored in 

the early developmental phase in Drosophila (Cermelli et al., 2006). They are detected on 

LDs in eggs and early embryos and then translocate to nuclei when the development proceeds. 

Therefore, LD-associated histones are no more present in the late embryos or cultured cells. 

Second, LD may provide a site for the storage of some proteins which tend to aggregate until 

they are degraded in the proteasome or by autophagy. Overexpressed α-synucleins, the main 

component of the Lewin body in Parkinson’s disease, were found to localize to LDs (Cole et 

al., 2002). Furthermore, lipidated apolipoprotein B was shown to attach to LDs when cellular 

proteasomal and autophagosomal degradation is inhibited (Ohsaki et al., 2006). Since both α-

synucleins and apolipoprotein B have hydrophobic domains and thereby might self-aggregate 

in an aqueous environment, it is presumed that the excess of such proteins can bind to LDs by 

hydrophobic domains so as to protect the cell from the toxic effect caused by aggregation 

(Fujimoto et al., 2008).  However, it is still unclear whether the misfolded proteins in the ER-
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associated degradation also utilized LDs as storage site before degraded by cytoplasmic 

proteasomes. 

Accumulation of neutral lipids in LDs is also a strategy to protect the cell from lipotoxicity 

caused by unesterified FFAs and cholesterol. Overloading of FFAs and cholesterol leads to a 

chronic inflammatory response and therefore results in cell dysfunction or even cell death. 

Failure to synthesize TAG promotes lipotoxicity in yeast, as they do not tolerate excess oleic 

acid (Connerth et al., 2010). Similarly, DGAT1-KO fibroblasts undergo lipotoxic cell death in 

response to the addition of exogenous oleic acid (Listenberger et al., 2003). Different cell 

types also appear to have different tolerance towards distinct fatty acid species. From the two 

cell types mentioned above, the normal mammalian fibroblast is sensitive to saturated fatty 

acid (palmitic acid) but accepts unsaturated fatty acid (oleic acid), while the yeast strain 

deficient in TAG accumulation did not show lipotoxic responses to palmitic acid.  

Human obesity is characterized by overloaded LDs in adipocyte and the presence of LDs in 

non-adipose tissue. In the hyperlipidemic state, FFA amount exceeds the capacity of TAG 

storage and utilization by fatty acid oxidation, leading to multiple lipotoxic impacts on non-

adipose tissue. LD over-accumulation in hepatocytes causes hepatic steatosis that can further 

progresses to liver fibrosis and hepatocellular carcinoma (Nagle et al., 2009). Lipid overload 

in skeletal muscle is associated with insulin resistance (Shulman, 2000), and in pancreatic ß-

cells causes the failure of insulin secretion regulation (Zhou and Grill, 1995) and apoptotic 

cell death (Shimabukuro et al., 1998). Both of these aspects might contribute to the 

developmental process of diabetes type II.   

Excess cholesterol in the plasma is taken up by macrophages and esterified to CE catalyzed 

by ACAT1 (1.3.1). The large amount of CEs stored in cytoplasmic LDs transforms the 

macrophage into foam cells, which are the hallmark for early atherosclerotic lesions (Stary et 

al., 1994). Foam cells together with CE-rich lipoproteins LDL (low density lipoprotein) form 

deposition in the arteries and stimulate atherosclerosis. Therefore, it was proposed that 

inhibition of the foam cell formation by inactivating ACAT1 can prevent atherosclerosis in the 

critical starting phase of this disease. However, inhibition of ACAT1 in macrophages results 

in the cell death and even more free cholesterol was deposited in lesions, speeding up the 

progress of atherosclerosis (Fazio et al., 2001). This indicates that formation of CE-rich LDs 

is a protective strategy for macrophages to escape from toxic effect caused by free cholesterol. 
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LDs are also involved in some infectious diseases of many pathogens. Hepatitis C virus 

(HCV) uses host LDs as the platform to assemble the mature virions in hepatocytes 

(Roingeard and Depla, 2012). During viral replication, core proteins that later form the viral 

capsid, translocate from the ER to LDs via a special amphipathic domain. The coating of LDs 

with virus core proteins results in LD redistribution to the perinuclear region, bringing the 

core proteins into close proximity with the newly replicated viral RNAs and thus facilitating 

the efficient formation of the mature virions. Chlamydia trachomatis is an obligate 

intracellular pathogen. Invasion of Chlamydia in the host cells leads to translocation of LDs 

from cytoplasm into the lumen of a bacteria-containing vacuole where they associate with the 

replicative form of Chlamydia (Cocchiaro et al., 2008). Lipolysis of LDs then provides 

nutrients for Chlamydia. Investigating the interaction of LDs with pathogens may on the one 

hand help us to understand more about the biology of LDs, and on the other hand open the 

possibilities to prevent the pathogen proliferation.  

1.4.3 Plin-family proteins   

Plin (perilipin) family proteins, previously known as PAT proteins, consist of 5 members (Tab. 

1). The acronym PAT was derived from the first 3 identified member proteins perilipin, ADRP 

(adipocyte differentiation-related protein) and TIP47 (tail-interacting protein of 47 kDa). 

Since most of these proteins were given multiple names due to the identification in different 

tissues or organisms, a simplified nomenclature were suggested in 2010 (Kimmel et al., 2010) 

(Tab. 1).  

Tab. 1: Members of Plin family proteins and the corresponding names in the previous PAT family  

Plin family PAT family  

Plin1 Perilipin/LSD1 

Plin2 ADRP/ADFP/adipophilin/LSD2 

Plin3 TIP47/PP17 

Plin4 S3-12 

Plin5 MLDP/OXPAT/LSDP5/PAT1 

Plin family proteins are present in almost all eukaryotes (Miura et al., 2002), with the 

exception of Saccharomyces cerevisiae and Caenorhabditis elegans (C. elegans)  (Lu et al., 

2001). Orthologues to Plin1 and Plin2 are identified in many organisms, while Plin3-5 are 

accessory and are only found in mammals (Murphy, 2012). Plin1 was the first identified LD-

associated mammalian protein (Greenberg et al., 1991). It is strongly expressed in adipocytes 
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(Greenberg et al., 1993) and steroidogenic cells (Servetnick et al., 1995). Plin2 is up-regulated 

during the differentiation of preadipocytes and locates on the surface of LDs (Jiang et al., 

1992), but it is absent from the mature adipocyte, since Plin1 replaces Plin2 during 

lipogenesis and Plin2 is rapidly degraded when released from LDs (Xu et al., 2005).  Plin2 is 

also expressed in a wide range of non-adipose tissues (Brasaemle et al., 1997). Plin1 and 2 

constitutively localize to LD, while Plin3-5 are largely present as soluble cytoplasmic proteins 

which become LD-associated under certain conditions (Wolins et al., 2006). For instance, 

Plin3 localizes majorly to LDs in Plin2-null non-adipocytes and compensates the loss function 

of Plin2 (Sztalryd et al., 2006).  

 

Fig. 7: Function of perilipin1 (Plin1)  in adipocyte under basal (left) and stimulated (right) conditions 

(Vigouroux et al., 2011). ATGL, adipocyte triglyceride lipase; HSL, hormone-sensitive lipase; AC, adenyl 

cyclase; PKA, protein kinase A; MGL, monoglyceride lipase.   

All 5 Plin-family proteins have protective function against lipolysis. Interestingly, Plin1 has a 

dual function in adipocyte lipolysis, including stabilization of the storage of neutral lipids 

under basal conditions and promotion of lipolysis in response to β–adrenergic stimulation 

(Fig. 7) (Brasaemle, 2007; Vigouroux et al., 2011). In basal cells, Plin1 is associated with 

CGI58 (Comparative Gene Identification 58, also known as ABHD5) to prevent its binding to 

adipose triglyceride lipase (ATGL). A small amount of ATGL resides on LDs and functions 

for the lipolysis at basal level (Miyoshi et al., 2008). The hormone adrenalin triggers the 

signal transduction by binding to G-protein coupled β–adrenergic acceptor at the plasma 

membrane so that adenyl cyclase (AC) is activated and converts ATP (adenosine triphosphate) 
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to cAMP that in turn activates protein kinase A (PKA). Both perilipin and hormone sensitive 

lipase (HSL) can be phosphorylated by PKA. Phosphorylated perilipin leads to three cellular 

effects. Firstly, it causes fragmentation of the large unilocular LD to micro-droplets, in order 

to increase the LD surface for the access of lipases to promote lipolysis. Secondly, CGI58 is 

released from the complex with perilipin, so that CGI58 can recruit cytoplasmic ATGL and 

increase its activity. ATGL is the major enzyme responsible for the first step of TAG 

mobilization, namely TAG hydrolysis to DAG. Thirdly, phosphorylated perilipin provides a 

docking site for phosphorylated HSL, so that this lipase translocates from the cytoplasm to the 

phospho-perilipin-coated LD surface. HSL preferentially catalyzes the second lipolytic step 

from DAG to MAG, and also contributes to TAG hydrolysis, but to a lesser extent. 

Monoglyceride lipase (MGL) then performs the last step from MAG to fatty acid and 

glycerol, and MGL is constitutively located on LDs and apparently is not subject to any 

regulation. 

1.4.4 Investigation of Dictyostelium LDs  

Dictyostelium WT cells grown under axenic conditions are usually devoid of LDs. However, 

the cytoplasm of Dictyostelium will fill with LDs shortly after exogenous palmitic acid (PA) is 

added (N. Pawolleck, Dissertation 2006).  

Several lipophilic dyes can stain LDs to make them visible under the microscope. The 

properties between different dyes vary a lot. Nile Red is suitable for staining LDs in live 

Dictyostelium cells, but not in fixed cells. LD540 stains LDs brilliantly and is good for both 

live and fixed cells. However, the emission spectrum of LD540 is broad and partially overlaps 

with other fluorophores, such as the frequently used GFP. Although BODIPY 493/503 was 

widely used in many cell types for its specificity staining of LDs, it does not show a satisfying 

LD-staining in Dictyostelium.  BODIPY 493/503 stains LD well in live cells but produces 

black dots in the LD-free region of the cytoplasm; In addition, the LD-staining with this dye is 

rapidly bleached in fixed cells. C1-BODIPY-C12 is a fatty acid linked to the BODIPY 

fluorophore, so it can only be taken up by live cells and in the presence of BSA to prevent 

uncontrolled partitioning into the plasma membrane. In the absence of PA, C1-BODIPY-C12 

stained the ER after 15 min incubation (von Lohneysen et al., 2003), but in the presence of 

PA, C1-BODIPY-C12 preferentially stains LDs, but not other cellular structure, even after 

several hours. C1-BODIPY-C12 is not so rapidly bleached comparing to other LD-dyes 
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mentioned above. Hence, it is the optimal selection for quantifying LDs morphologically, 

such as measuring their size and number.  

The LD-proteome was investigated in GFP-Plin cells induced to form LDs by PA for 16 h and 

281 proteins were identified in a first attempt (C. Barisch 2010 Dissertation 3.7.2). 13 of these 

proteins, that were assumed to exert a function on lipid metabolism, were further examined 

for their cellular localization using GFP-tagging and functional analysis was conducted by 

knocking out the respective genes from the genome. 6 of 13 proteins (46%) indeed localized 

to LDs (Tab. 2). However, KO cell lines lacking any one of these 6 proteins did not show 

significant phenotypes in lipid metabolism or phagocytic activity. 

Tab. 2: Confirmation of cellular localization of selected proteins from LD-proteome from GFP-Plin cells 

induced by PA for 16 h 

Abbreviations: Plin, perilipin; ADH, alcohol dehydrogenase; Ali, ADH-like protein; FcsA, long-chain fatty acyl-

CoA synthetase A; DGAT2, diacylglycerol acyltransferase 2; OSBP8, oxysterol binding family protein 8; ASL, 

AMP-dependent synthetase and ligase domain-containing protein; ALDH, aldehyde dehydrogenase; ACoAT, 

acetyl-CoA-C-acyltransferase; p47, protein family 47 kDa; PlsC1, PlsC domain-containing protein 1 ; ABHD, 

α/β hydrolase domain-containing protein. 

Protein ID in 

Dictybase 

Protein 

name 

Investigator of cellular 

localization  

Cellular localization of GFP-tagged protein 

in PA-treated cells 

DDB0235170 Plin N. Pawolleck LDs, cytoplasm 

DDB0238829 ADH C. Barisch LDs, ER 

DDB0238830 Ali C. Barisch LDs, ER 

DDB0237965 Smt1 C. Barisch/X. Du LDs, ER 

DDB0233097 DGAT2 X. Du LDs, ER 

DDB0205694 PlsC1 P. Thul/P. Paschke LDs, ER 

DDB0191105 

 

FcsA 

 

K. von Löhneysen/X. Du/ P. 

Paschke 

Endosome, cytoplasm 

 

DDB0185188 ALDH O. Kuhnert Endosome, cytoplasmic aggregates 

DDB0237794  OSBP8 X. Du Golgi, cytoplasm 

DDB0235377 ASL X. Du ER 

DDB0305429 ACoAT O. Kuhnert peroxisome 

DDB0304493 P47 P. Thul Nucleus, cytoplasm, centrosome 

DDB0237966 ABHD V. Schäfer ER, cytoplasm 
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1.5 Aim of this work 

LDs can be rapidly induced by addition of PA in Dictyostelium. The formed LDs are assumed 

to provide energy for cell growth and division and thus will be ultimately degraded. For the 

investigation of the changes in LD size and number upon disruption of relevant genes, it is at 

first important to know about the dynamic changes of TAG content and LD morphology in 

WT cells. By measuring TAG content and performing microscopic observation, we will find 

out how fast LD formation reaches its maximum and how long LDs will be maintained in the 

cells before being consumed.  

In some mammalian and yeast cells, glucose is also involved in LD formation. Also, sterol 

esters are a component of LDs from other organisms. Thus the response of Dictyostelium to 

glucose and sterol should be studied. Furthermore, bacteria are a natural food source for 

Dictyostelium and can be tested for their ability to induce TAG formation.  

The hits within previous investigations of the Dictyostelium LD-proteome showed a number 

of non-specific protein components. In order to solve this problem, a new LD isolation 

procedure should be developed to increase the purity of LDs. In order to understand LD 

function more exactly, the proteins discovered in the new LD-proteome preparations will be 

investigated to confirm their LD-localization using N- and C-terminal GFP-tags, and KO 

strains will be constructed to analyse changes in the cellular TAG level.  

Some other proteins, where investigations into their function were initiated earlier, also need 

further in depth analysis of their functions. Especially, because it was unexpected that the 

previously made DGAT2-KO cells (X. Du Diploma thesis 2009) did not show changes in 

TAG formation, it seems reasonable to also investigate the role of the Dictyostelium DGAT1 

orthologue.  
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2 Results 

2.1 Optimized isolation of LDs and analysis of the sub-proteome  

2.1.1 Dynamic change of TAG content in response to PA addition in 

Dictyostelium 

It is known that addition of PA to growth medium can induce LD formation rapidly (Nadine 

Pawolleck, Dissertation 2006; C. Barisch, Dissertation 2010, Fig. 3.1), but it is not clear how 

the Dictyostelium cells react to the increased LDs exactly. In order to elucidate LD formation 

and degradation process in Dictyostelium cells, dynamic changes of TAG content were 

monitored over more than 24 h in PA-treated WT cells. Simultaneously, the morphology of 

LDs was documented microscopically.  

The TAG content in WT Dictyostelium cells was measured each hour over the first 6 hours, 

and then in 3 h intervals until 24 h.  After PA treatment, TAG values increased rapidly and 

markedly during the first 2 h and then kept relatively constant for the next 10 h. 12 h after PA 

addition, the cellular TAG content began to decrease gradually and reached the starting level 

at the time point of 21 h after PA addition (Fig. 8 blue points). If the cells were switched to 

normal medium after 3 h PA incubation, TAG content decreased immediately after removal of 

PA, indicating that LD degradation takes place due to the absence of the exogenous PA. TAG 

content reached the level of control cells (0 h) at 12 h after PA removal (Fig. 8 green points), 6 

h earlier than cells incubated in PA-containing medium, suggesting that the rest of PA after the 

first 3 h consumption could sustain the cells for further 6 h before LDs were completely 

degraded. These data suggest that TAG dynamic changes correlate with PA concentration in 

the medium. Indeed, if cells were changed to the fresh PA-containing medium after 3 h PA-

treatment, the TAG content was seen to increase further and the degradation was delayed 

accordingly (Fig. 8 red points). 

In order to confirm the change of TAG content, LD morphology was observed with Nile Red 

in live cells at each time point. LD intensity and numbers showed a good correlation with the 

values presented in Fig. 8 (data not shown).  

The knowledge of dynamic changes of TAG/LDs in response to exogenous PA provides a 

basis to define different metabolic state in Dictyostelium cells. Three hours of PA incubation is 

the ideal time point for studying LD formation, since the rapid TAG accumulation has just 
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finished and TAG content is constant for the next several hours. This condition is used in the 

subsequent work unless stated otherwise.  

 

Fig. 8: TAG kinetics of Dictyostelium cells in medium with different PA concentration. TAG was measured over 

24 h in the presence of PA in the way of adding 200 µM PA to normal growth medium at 0 h (PA+, blue points), 

or after transient PA incubation for 3 h, followed by normal medium (PA removal, green points) or in fresh PA 

medium (additional PA, red points). The TAG samples were collected at the time point indicated. The experiment 

was repeated for two times and mean values are displayed in coloured points. Trendlines connecting mean TAG-

values over 24 h are added to display the TAG dynamic changes. The TAG content is normalized to protein 

concentration and the value of TAG from cells in normal medium was arbitrarily set to 1 (0 h).  

2.1.2 Optimization of LD isolation  

We previously investigated the LD proteome after 16 h PA induction in GFP-Plin cells (1.4.4). 

Thirteen proteins apparently involved in lipid metabolism were tagged with GFP to test their 

LD-localization (Tab. 2). However, more than half of the investigated proteins actually did not 

localize to LDs (Tab. 2). Instead, they localized to the ER, cytoplasm, endosome, peroxisome 

and centrosome. This observation indicates that a serious contamination of other organelles 

was present in the isolated LD-fraction. Therefore, the LD purification protocol was improved 

to obtain LDs as pure as possible. We realized that LDs were in the formation state after 3 h 

incubation with PA (Fig. 8) and the amount of LDs at this time point of PA-treatment is 

sufficient for LD isolation according to TAG measurement and microscopic observations with 

Nile Red. In order to keep consistency with previous LD-proteome studies, the same cell line 

expressing GFP-Plin was used for LD isolation after 3 h PA treatment.  
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Fig. 9: Comparison of two LD isolation techniques in GFP-Plin cells treated with PA for 3 h. A) Schematic 

description of the loading of the sample (bright blue) in different position of sucrose gradient, on the top of the 

gradient using the original method (left tube) and in the middle of gradient using the improved method (right 

tube). Sucrose concentration in buffer is shown in molar (M). B) and C) Comparison of the protein composition 

of the first three fractions in SDS-PAGE from GFP-Plin cells grown in normal medium and PA-containing 

medium using the original sample loading (B) and improved sample loading (C). + and - refer to with and 

without LD induction by adding PA. D) Continuation of protein profile in fractions 4-12 in SDS-PAGE from the 

improved method. Molecular weights of protein marker (m) are indicated in blue. H, cell homogenate. 

According to previous protocol, Dictyostelium cells were homogenized, and the LD-

containing post-nuclear homogenate was then loaded on the top of a sucrose gradient ranging 

from 0.25 M to 1.8 M (Fig. 9A, left). Samples were subjected to ultracentrifugation and 800 
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µl fractions were recovered from top to bottom. LDs are enriched in the first fraction because 

of the low density and were confirmed by detection of GFP-Plin in Western-blots (data not 

shown). Total proteins from the first fraction could be visualized by Coomassie staining. 

However, even more protein bands appeared in the first fraction of the negative control 

derived from GFP-Plin cells without PA induction (Fig. 9B, first lane). This is not the 

exception because the same result was also observed previously using this method (C. 

Barisch, Dissertation 2010, Fig. 3.13).  

In order to separate the extracted LDs from loaded sample more efficiently, a protocol adapted 

from mammalian hepatocytes (Fujimoto et al., 2004) was applied to Dictyostelium cells. The 

main difference compared with the previous protocol is that the sample was loaded in the 

middle of the sucrose gradient in the ultracentrifugation tube rather than on top. Thus, the 

homogenized sample was adjusted to 0.8 M sucrose and layered on top of 1.1 M sucrose 

buffer and overlaid with 0.5 M, 0.25 M and 0.1 M sucrose buffer (Fig. 9A, right). After 

ultracentrifugation, a band of diffuse white droplets appeared on the top of the gradient. 

Microscopically, these droplets had various sizes and were Nile Red positive, indicating that 

LDs are rich on the top of gradient as expected. That is, LDs from the loaded sample passed 

through the three less dense sucrose layers and reached the top of sucrose gradient. A total of 

17 fractions were recovered from top to bottom of the gradient.  

Tab. 3: Protein concentration from the fractions of LD isolation. 

fraction Protein content (µg/µl) 

 
PA- PA+ 

1 0.02 0.21 
2 0.03 0.25 
3 0.01 0.06 
4 0.03 0.03 
5 0.06 0.08 
6 0.12 0.16 
7 0.36 1.11 
8 4.88 7.29 
9 6.40 6.47 
10 5.21 7.07 
11 2.42 5.01 
12 1.36 2.40 
13 1.19 1.85 
14 0.99 1.27 
15 0.93 1.09 
16 0.63 0.54 
17 0.67 0.45 
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In Fig. 9C, only one protein band at the size of 65 kDa was detected in the first fraction from 

untreated cells, while two strong protein bands at the size of 75 kDa and 40 kDa and several 

weak bands came up after PA induction. One weak band at the size of 65 kDa is assumed to 

be the same as that from the first fraction without PA induction. The second and further 

fractions showed a protein composition similar to the first one. From the sixth fraction on, 

there are no noticeable differences of protein pattern between the PA-treated and untreated 

cells (Fig. 9D). This amount of protein in SDS-PAGE was consistent with the protein 

concentration determined by Bradford (Tab. 3). Especially, the protein concentration of the 

first 2 fractions from PA-treated cell is about 10-fold more than that from cells grown in 

normal medium, and thus contains LD-specific proteins.  

 

Fig. 10: Western-blot analysis of sucrose gradient fractions and lipid composition of the first fraction of PA- 

induced cells. A) Western-blot of selected fractions of LDs prepared from GFP-Plin expressing cells. Equal 

volumes were loaded for protein detection. The blot was probed for protein markers of different organelles: GFP 

as LD marker; PDI for ER; porin for mitochondria; severin for the cytoplasm. Protein pattern in fractions derived 

from the cells without PA induction (PA-) served as controls. B) Comparison of the lipid composition between 

the homogenate (H) and the purified first LD fraction on a TLC plate. The total cellular lipids were extracted and 

spotted together with lipid standards (S) on a silica TLC plate. The different lipid species were then separated in 

two solvent systems, first running one-half of the separation distance in hexane/diethyl ether/acetic acid 

(70:30:1, v:v:v) and subsequently in hexan/diethyl ether (49:1, v:v) for the full distance. CE, cholesteryl esters 

(represented by cholesteryl palmitate); TAG, triacylglycerol (represented by glyceryl trioleate); FFA, free fatty 

acid; Chol, free cholesterol. * indicates the unknown lipid (UKL). The migrating position of free fatty acid (FFA) 

is indicated, but FFA is not included in the lipid standards. 



 40 

In order to confirm LD-enriched fractions and evaluate the relative purity of LD isolation, the 

fractions recovered from the sucrose gradient were characterized using the GFP antibody for 

Plin detection and a set of organelle markers (Fig. 10A). As expected, GFP-Plin, the structural 

protein of LD, was accumulated in the top fractions of PA-treated cells, being especially 

highly enriched in the first fraction. By contrast, GFP-Plin was detected in fractions 7 to 11, 

but not in the first 5 fractions from non-induced cells. However, GFP-Plin is not only detected 

in the LD-enriched fractions, but also in the fraction of 7 to 11 in PA-treated cells. It is likely 

that excess GFP-Plin protein, which cannot be accommodated on LDs, remains in the 

cytoplasm in PA-treated cells. In addition, the first fraction was confirmed to be rich in TAG 

and the unknown lipid (UKL) but not other lipid species, i.e. free fatty acid (FFA) and free 

cholesterol (Chol) (Fig. 10B). Since the non-polar lipids migrate faster than polar lipids on the 

TLC plate, UKL migrated above TAG, indicating that it is a neutral lipid and a little more 

non-polar than TAG. The protein disulfide isomerase (PDI), a luminal ER protein, was also 

detected in minor amount in the first of fraction from cells exposed to PA, while proteins 

specific for mitochondria and cytoplasm were completely absent in the first five fractions 

(Fig. 10A).  

2.1.3 Characterization of the LD-proteome in PA-induced cells 

The first fraction of the sucrose gradient from PA-treated GFP-Plin cells was assayed for 

protein composition by mass spectrometry using an LC-ESI MS instrument (ABI Q-Trap 

4000). In order to obtain the knowledge of the LD-proteome comprehensively, LDs were also 

purified from GFP-Plin cells starved in normal medium (PA-depletion) for 5 h after initial 3 h 

LD induction in PA-containing medium. 93 proteins were identified from the PA-treated cells 

and 70 proteins from PA-depleted cells. Among these LD-proteins, 63 proteins are common to 

both samples (Fig. 11A). None of the seven remaining proteins identified from PA-depleted 

cells was obviously involved in the lipid metabolism, suggesting that the LD-proteome from 

the PA-depletion cells did not differ significantly from the PA-treated cells. Because we 

cannot exclude technical differences among the LD preparation, the total of 100 unique 

proteins was listed in Tab. 4. 

These identified proteins were divided into 9 categories according to their possible function 

and localization based on the previous LD-proteomic studies conducted in other organisms: 

Plin-family, lipid metabolism, ER, ribosome, chaperone, mitochondria, small GTPase, 

cytoskeleton and miscellaneous (Fig. 11B). In most LD-proteomes, a group of signal 
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transduction proteins has been frequently classified. Only one protein, mitogen-activated 

protein kinase scaffold protein is presumed to belong to this group in the LD-proteome in 

Dictyostelium, therefore, it was not listed separately but was rather included in the group of 

miscellaneous proteins. The small GTPase group was composed of 37 proteins including the 

numerous members of Rab, Rho, Rap, Ras and Ran families, constituting the largest group of 

LD-proteome. In the category of lipid metabolism, 19 proteins were identified, including 

enzymes functioning in neutral lipid, phospholipid, and sterol metabolism.  

 

Fig. 11: Proteomic and bioinformatic analysis of LD-proteins in PA-induced GFP-Plin cells. A) 63 LD-proteins 

were identified in both of the LD-preparations (brown). 30 proteins (green) are specific in LD-proteome with 

PA-treatment and 7 proteins (lilac) are specific to LD-proteome of PA-depleted cells.  B) In total 100 unique 

proteins indentified in two LD-isolations are classified into 9 groups according to their function and localization 

and shown as the percentage of total proteins.  

Comparing the LD-proteome (Tab. 4) known so far in Dictyostelium, 45 of 100 identified LD-

proteins overlap with our previous proteomic study of LDs using the original method for 

sample preparation mentioned above (2.1.2). Extensive searches of our protein set versus 

three comprehensive LD-proteomes from human non-adipocytes and yeast were conducted 

for comparison. The number of identified LD-proteins from all three proteomes is roughly 

100 proteins, comparable with that of Dictyostelium. LD-associated proteins from 

differentiated Caco-2/TC7 enterocytes (Bouchoux et al., 2011) overlapped with that from 

Dictyostelium in 21% (23/108) of the cases. The overlap with a clonal insulin-producing beta-

cell line (INS-1 832/13) (Larsson et al., 2012) is 22% (21/96) and with Saccharomyces 

(Grillitsch et al., 2011) is 25% (24/96). With regard to the protein group possibly involved in 

lipid metabolism, 53% (10/19) and 84% (16/19) of the Dictyostelium proteins are present in 

human non-adipocytes and yeast proteomes respectively, indicating the close relationship of 

Dictyostelium LDs to other eukaryotic LDs. 47% (9/19) of proteins in the group of lipid 
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metabolism are common in all three LD-proteomes of human non-adipocyte cells, yeast and 

Dictyostelium. 

Lipid droplet membrane protein (Ldp, DDB0184006) is of particular interest due to its 

unknown function. The proteins GPAT3 (DDB0235400) and AGPAT3 (DDB0219382) 

represent the initial and second acyltransferase involved in the glycerol-3-phosphate pathway 

to synthesize phosphatidic acid, which can be subsequently converted to DAG by removing a 

phosphate group (1.3.2). DGAT2 (DDB0235400) can finally complete TAG synthesis by 

adding the third acyl-group. DGAT2 was confirmed to be located to LD in PA-treated cells in 

previous experiments (X. Du, Diploma thesis 2009), but additional studies are needed to 

define its function. The functions of the 2 LD-proteins, ADH (DDB0238829) and Ali 

(DDB0238830) (C. Barisch, Dissertation 2010, 3.7.5), will be investigated together because 

of the high degree of sequence identity. These proteins will be further characterized in the 

course of this thesis, after introducing a few fundamental observations special to LD biology 

in Dictyostelium. 

Tab. 4: List of the identified proteins associated with LDs from PA-induced GFP-Plin cells.  

100 proteins are listed from two independent identifications of proteins in LD isolation from PA- induced GFP-

Plin cells and categorized into 9 groups. Score of the identified proteins was calculated by MASCOT software, 

showing the quality of the peptides match with the protein database. Within a group, proteins were arranged 

according to their function rather than to scores. The LD-proteomes reported previously in human and yeast as 

well as from previous study of  our lab are indicated: a, (C. Barisch, Dissertation 2010); b,  (Bouchoux et al., 

2011); c, (Larsson et al., 2012); d, (Grillitsch et al., 2011). Six proteins marked in grey were selected for further 

study in the thesis. 

Protein ID 

Score 

(PA)  

Score (PA-

depletion)  Gene name Gene product 

Reported in 

other LD-

proteomes 

Plin-family 

DDB0235170  930 968 plnA Perilipin (Plin) a. b .c 

Lipid metabolism 

DDB0191105 942 486 fcsA  Long-chain-fatty-CoA synthetase (FcsA) a. b. c. d 

DDB0235400  227 38 DDB_G0274969 

glycerol 3-phosphate acyltransferase 

(GPAT3) 

 d 

DDB0219382  278 110 agpC 

1-acylglycerol-3-phosphate O-

acyltransferase 3 (AGPAT3) 

a. d 

DDB0233097  108 99 dgat2  

Diacylglycerol O-acyltransferase 2 

(DGAT2) 

a. d 

http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0184006&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0235400&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0235170&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191105&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0235400&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0219382&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0233097&px=1&_server_mudpit_switch=0.001
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DDB0205694  146 87 DDB_G0279277 Phosphate acyltransferase (PlsC1) a 

DDB0232044  52 54 ksrA-1 3-ketosphinganine reductase 1 d 

DDB0266928  52 / ksrA-2 3-ketosphinganine reductase 2 d 

DDB0237965 1608 480 smtA Delta-24-sterol-methyltransferase 1 (Smt1) a. d 

DDB0233059 50 36 DDB_G0281487 

sterol-4alpha-carboxylate 3-dehydrogenase 

(NSDHL) 

a. b. c 

DDB0238829  151 / DDB_G0271820 

Short-chain dehydrogenase/reductase 

(SDR) family protein (ADH) 

a. b. c. d 

DDB0238830  204 99 DDB_G0271720 SDR family protein (Ali) a. b. c. d 

DDB0304901   121 118 DDB_G0289059 SDR family protein (SDR I) a. b. c. d 

DDB0304900  245 162 DDB_G0289061 SDR family protein (SDR II) a. b. c. d 

DDB0190742  51 58 DDB_G0270018 SDR family protein b. c. d 

DDB0230057  59 / lip5  lipase family member 5 a. b. c. d 

DDB0252556  62 / DDB_G0269086 

Alpha/beta hydrolase fold-1 domain-

containing protein; Lysophospholipase 

b. c. d 

DDB0266931  58 / DDB_G0275967 Fatty acid amide hydrolase (FAAH) / 

DDB0185188 229 130 comG  Aldehyde dehydrogenase (ALDH) a. d 

DDB0187576 102 / DDB_G0287697 Adipose-regulatory protein Seipin  / 

ER 

DDB0185040  42 / pdi1 Protein disulfide isomerase (PDI) a. b. d 

DDB0302421 50 / litafn  

Lipopolysaccharide-induced TNF factor 

homologue 

/ 

DDB0191150  101 48 alg1 Glycosyltransferase b 

DDB0231364 143 85 alg2 

Glycosyltransferase 

alpha-1,3-mannosyltransferase 

a. c. d 

DDB0231366  / 53 alg11  

Glycosyltransferase 

alpha-1,2-mannosyltransferase 

a. d 

DDB0231975 66 60 ugt1 Glycosyltransferase a. b 

DDB0233863   / 77 rtnlc Reticulon family protein a. b. c 

DDB0191384 102 / crtA Calreticulin b 

DDB0201636   / 56 empA 

Transmembrane emp24 domain-containing 

protein 2  

c 

Ribosome 

DDB0185063 51 / rps4 40S ribosomal protein S4 c. d 

DDB0215350  65 / rps25 40S ribosomal protein S25 c. d 

DDB0231241 129 77 rpl4 60S ribosomal protein L4 c. d 

DDB0231191  61 / rpl10 60S ribosomal protein L10 a. c. d 

DDB0214854 52 / rpl19  60S  ribosomal protein L19 a. c. d 

DDB0219977  / 54 rplP0 60S acidic ribosomal protein P0 a. d 

DDB0191484  61 / rplP2 60S acidic ribosomal protein P2  

http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0205694&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004977.dat&hit=DDB0232044&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0237965&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0238829&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0238830&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0304901&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0304900&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004978.dat&hit=DDB0190742&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0230057&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004960.dat&hit=DDB0252556&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0266931&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185188&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004976.dat&hit=DDB0185040&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004979.dat&hit=DDB0302421&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004974.dat&hit=DDB0191150&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0231364&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006062.dat&hit=DDB0231366&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0231975&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006066.dat&hit=DDB0233863&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191384&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006069.dat&hit=DDB0201636&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185063&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0215350&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0231241&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0231191&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006065.dat&hit=DDB0219977&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191484&px=1&_server_mudpit_switch=0.001
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DDB0233343  313 / DDB_G0291155 

RNA recognition motif-containing protein 

RRM 

c 

Chaperone 

DDB0233663  63 / DDB_G0276445 

Heat shock protein Hsp70 family protein 

 (GRP78) 

a. b 

DDB0191168  245 79 hspB 

Heat shock cognate protein Hsc70-1, 

interaction with F-actin-capping protein 

a. b. d 

DDB0185047 275 82 hspE-1 Heat shock cognate protein Hsc70-2 a. b. d 

DDB0305338    55 44 DDB_G0293674 Heat shock cognate protein Hsc70-3 b. d 

Small GTPase 

DDB0191476  454 279 rab1A Rab GTPase a. b 

DDB0214820 173 146 rab1B Rab GTPase a 

DDB0191203 100 104 rab1C Rab GTPase  

DDB0229398 178 149 rab1D Rab GTPase a 

DDB0216191 143 78 rab2A Rab GTPase c 

DDB0229402  195 68 rab2B Rab GTPase  

DDB0229407  72 / rab4 Rab GTPase c 

DDB0229401  168 39 rab5A Rab GTPase a 

DDB0229394 73 56 rab5B Rab GTPase  

DDB0229392  77 62 rab6 Rab GTPase b 

DDB0191507 453 241 rab7A Rab GTPase a. b. c 

DDB0214885 264 216 rab8A Rab GTPase  

DDB0185216 68 / rab8B Rab GTPase  

DDB0191190  331 158 rab11A Rab GTPase a 

DDB0191421  69 / rab11B Rab GTPase  

DDB0229395 88 / rab11C Rab GTPase  

DDB0214821 393 243 rab14 Rab GTPase a 

DDB0229409  123 87 rab18 Rab GTPase a. c 

DDB0191253 71 46 rab21 Rab GTPase  

DDB0201639 164 90 rab32A Rab GTPase a 

DDB0201658  72 / rabA Rab GTPase  

DDB0185061 124 84 rabC Rab GTPase a 

DDB0229419 72 62 rabF1-1 Rab GTPase  

DDB0229406   44 57 rabG1 Rab GTPase  

DDB0229413  40 65 rabG2 Rab GTPase  

DDB0229365  68 40 rabQ Rab GTPase  

DDB0214822 152 44 rac1A Rho GTPase  

DDB0214824  76 61 racB Rho GTPase  

DDB0214825 182 94 racE Rho GTPase  

DDB0216229  213 105 rapA Ras GTPase  

http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0233343&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004970.dat&hit=DDB0233663&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191168&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185047&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004971.dat&hit=DDB0305338&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191476&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214820&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191203&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229398&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0216191&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229402&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229407&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229401&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229394&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229392&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191507&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214885&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185216&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191190&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191421&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229395&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214821&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229409&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191253&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0201639&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0201658&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185061&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229419&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006068.dat&hit=DDB0229406&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006068.dat&hit=DDB0229413&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0229365&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214822&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214824&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214825&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0216229&px=1&_server_mudpit_switch=0.001


 45 

DDB0201661   82 39 rasB Ras GTPase  

DDB0214827 125 74 rasC  Ras GTPase a 

DDB0216195  57 47 rasD Ras GTPase  

DDB0201663  213 215 rasG Ras GTPase a 

DDB0233303 84 40 ragC Ras-related GTP-binding protein a 

DDB0215409 50 44 ranA GTP-binding nuclear protein Ran a 

DDB0229425 / 41 ranB GTP-binding nuclear protein Ran  

Mitochondria 

DDB0266658 151 366 aifC  Apoptosis inducing factor a. b 

DDB0201558  / 51 ancA ADP/ATP translocase c. d 

DDB0168459 73 / DDB_G0271694  Senescence-associated protein  

Skeleton 

DDB0185015 92 133 act Actin a. b. c 

DDB0219923  206 65 comA 

Actin binding protein comitin 

mannose binding lectinB_lectin 

/ 

DDB0191134 43 77 efaAII 

Elongation factor 1 alpha 

F-actin binding and bundling 

a. c 

Miscellaneous 

DDB0184006 124 68 LdpA Lipid droplet membrane protein (Ldp) a 

DDB0238661 108 109 NetD DUF829 family protein (NET4) a 

DDB0187809  53 / DDB_G0288161 Domain of unknown function DUF3818 / 

DDB0183791  62 / DDB_G0291281 

Thioredoxin (TRX)-like superfamily 

protein  

/ 

DDB0231686  54 / DD8-14 AAA ATPase domain-containing protein / 

DDB0191175 36 78 cadA Cadherin a. b 

DDB0235276  63 / cnbB 

Calcium-binding EF-hand domain-

containing protein 

c 

DDB0304659 59 67 DDB_G0285649 Protein phosphatase 2C-related protein / 

DDB0191487  52 / kinX  

LISK family protein kinase 

tyrosine kinase-like protein 

/ 

DDB0231459 52 / argB N-acetylglutamate kinase / 

DDB0305401 54 / mapksp1 

Mitogen-activated protein kinase scaffold 

protein  

/ 

DDB0190526 96 43 DDB_G0269754 Phosphodiesterase yaeI  a 

DDB0231625 142 48 DDB_G0292160 Uncharacterized protein / 

DDB0305165 114 / DDB_G0270864 Uncharacterized protein  / 

DDB0205186  / 43 DDB_G0280413 Uncharacterized protein  / 

DDB0203653  43 52 DDB_G0272034 Uncharacterized protein  / 

http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004980.dat&hit=DDB0201661&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0214827&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0216195&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0201663&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0233303&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004981.dat&hit=DDB0215409&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20101022/F006185.dat&hit=DDB0229425&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0266658&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006066.dat&hit=DDB0201558&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0168459&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0185015&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0219923&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191134&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0184006&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0238661&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004966.dat&hit=DDB0187809&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0183791&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004970.dat&hit=DDB0231686&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100426/F004980.dat&hit=DDB0191175&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0235276&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0304659&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191487&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0191487&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0231459&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0305401&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0190526&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100427/F005031.dat&hit=DDB0305165&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20101022/F006185.dat&hit=DDB0205186&px=1&_server_mudpit_switch=0.001
http://bch-pc33/mascot/cgi/protein_view.pl?file=../data/20100920/F006059.dat&hit=DDB0203653&px=1&_server_mudpit_switch=0.001
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2.2 Characteristics of LDs in Dictyostelium  

In this section, TAG content and LD formation were examined in different growth medium, in 

order to determine how nutrients influence the LD formation and to see the magnitude of their 

effect. 

2.2.1 PA stimulates TAG accumulation more efficiently than bacteria 

In nature, Dictyostelium cells phagocytose bacteria for nutrition. In the laboratory, the 

commonly used bacterial strains for feeding Dictyostelium are Klebsiella aerogenes (K.a.) and 

E. coli, both are gram-negative bacteria that contain many lipid components, such as 

phospholipids, lipoproteins and lipopolysaccharides in the plasma membrane and outer 

membrane. An increased TAG content measured by the enzymatic assay was previously 

observed in bacteria-cultivated Dictyostelium cells (C. Barisch, Dissertation 2010, Fig. 3.4).  

The enzymatic assay for TAG measurement was performed on WT Dictyostelium cells grown 

in K.a. or E.coli B/r suspension overnight or in PA-supplemented medium for 3 h. Cells 

treated with PA showed an about 2-fold increase in TAG levels as compared to cells without 

PA addition. This is still less than the TAG values obtained from cells grown in K.a. 

suspension, and at a level comparable with that from cells grown in E.coli as a food source 

(Fig. 12A). But in contrast to the result from the enzymatic test, cells grown in PA-containing 

medium exhibited the highest TAG content by TLC lipid quantification, over 2-fold more than 

those grown in K.a suspension; while cells grown in E. coli showed the lowest TAG content, 

close to the TAG content determined in control cells (Fig. 12, B and C). 

The enzymatic assay is an indirect estimation of TAG level by determining the glycerol 

content. All factors that can change the cellular glycerol level will impact the measured 

results, such as glycerol alone, glyceryl compounds or glyceryl derivatives from internalized 

bacteria. Therefore, the TAG content as measured in the enzymatic assay may be 

overestimated (Fig. 12A). To illustrate this, the TAG content in PA-treated cells increases 14-

fold over control by TLC lipid quantification but only slightly over 2-fold in the enzymatic 

assay (Fig. 12A and C, PA bar). The very small amount of TAG from cells grown in normal 

medium is negligible, if compared with the TAG content of PA-treated cells (Fig. 12B and C, 

control lane). Hence, the TAG measured with the enzymatic assay from the cells grown in 

normal medium can be considered as background.   
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Fig. 12: Determination of TAG content by enzymatic TAG assay and TLC quantification in cells grown in PA-

containing medium or bacterial suspension. A) TAG content was measured by enzymatic assay and shown as 

mean ± SD from 3 independent replicates. TAG content of cells grown in normal medium serves as control. * 

indicates p<0.05, in pairwise comparison of TAG content between cells grown in PA-supplemented medium and 

K.a. suspension. There is no significant difference (p>0.05) between TAG content in cells grown in PA-

containing medium and those grown in E.coli suspension. B) A representative TLC lipid separation of 5 repeated 

experiments from cells in different media. Total cellular lipids were extracted and spotted on a silica plate. The 

different lipid species were then separated in the solvent system hexane/diethyl ether/acetic acid (70:30:1, v:v:v). 

The lipid standards are shown on the left of the TLC plate: TAG, triacylglycerol; FFA, free fatty acid; Chol, 

cholesterol.  C) Quantification of TAG content from the TLC plate (B) using image J software. 

2.2.2 Glucose fails to induce LD formation and does not affect TAG content  

Glucose is a basic component in growth medium for Dictyostelium cells. In mammals, fatty 

acid and glucose metabolism are closely associated.  A high glucose diet can cause obesity. 

Conversely, obesity is frequently accompanied with diabetes. During the TAG measurement, 

we noticed that TAG content increases additionally in the cells, when fresh medium was 
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added. Therefore, we investigated whether TAG and LDs could be formed upon increased 

glucose concentration in growth medium. 

The glucose concentration normally used for Dictyostelium growth is 50 µM. TAG content 

was measured in cells from medium with 2-fold, 4-fold or 8-fold increased glucose 

concentration. However, the increased glucose concentration neither influenced the TAG 

content (Fig. 13A) nor LD formation (Fig. 13B). 

                

Fig. 13: Glucose does not influence TAG content and LD formation in Dictyostelium WT cells. The cells were 

incubated in the medium with normal level of glucose (50 µM) or with 2 to 8-fold higher concentration of 

glucose for 3 h. A) TAG content was measured using the enzymatic assay and shown as mean ± SD from three 

replicates. The difference of the TAG content is not significant (p>0.05) between the cells in normal medium and 

in glucose-increased medium using student t-test. B) Comparison of LD-amount in the cells grown in normal 

medium and glucose-increased medium. LDs were stained by Nile Red in live cells and images were taken by a 

conventional fluorescence microscope. 50 µM and 200 µM indicate the glucose concentration in growth 

medium. Due to the same microscopic morphology of the cells treated with different increased glucose 

concentration, only one image from cells grown in medium with 200 µM glucose is representatively shown. 

Scale bar, 10 µm.  
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2.2.3 Cholesterol induces the accumulation of SE and formation of LDs 

Besides TAG, steryl esters (SEs) are a common neutral lipid component of the LD 

hydrophobic core in other organisms, such as mammal and yeast. In Dictyostelium, 7 out of 

19 identified LD-proteins in the group of lipid metabolism, are possibly related to sterol 

metabolism: delta-24-sterol-methyltransferase 1 (Smt1), sterol-4alpha-carboxylate 3-

dehydrogenase (NSDHL) and five short-chain dehydrogenase/reductase (SDR) family 

proteins (Tab. 4). These data indicate that sterol metabolism is involved in LD physiology in 

Dictyostelium.  

SE content from cells grown in normal medium and in PA-containing medium were at the 

similar level in TLC lipid separation (Fig. 14A, control and PA+ lanes), suggesting that 

addition of PA alone does not induce the SE formation. However, by adding exogenous 

cholesterol into normal growth medium to a final concentration of 100 µM, Dictyostelium 

cells showed more SE compared with the controls grown in normal medium (Fig. 14A, 

control and Chol+ lanes), indicating that Dictyostelium cells can utilize exogenous cholesterol 

as a substrate to form SE. In accordance with the increased SE content, a somewhat increased 

number of LDs was observed by staining with LD540 (Fig. 14C). The LD formation induced 

by cholesterol is, however, far less than that caused by adding PA to growth medium. In order 

to exclude that the lower numbers of LDs is not caused by a limiting cholesterol 

concentration, cells were treated with cholesterol in final concentrations of 200 µM and 400 

µM. SE level and LD number from the cells grown in 200 µM cholesterol was less than that 

from 100 µM, but still more than that in 400 µM cholesterol condition (data not shown). This 

suggests that medium with 100 µM cholesterol is optimal to induce SE-rich LDs and 

physiologically suitable for Dictyostelium growth.  

Since de novo synthesis of SE is the product of esterification of sterol and acyl-CoA, the SE 

accumulation could be limited by the concentration of either of the substrates.  Therefore, 

Dictyostelium WT cells were exposed to medium supplemented by both, PA and cholesterol to 

check if more SE would be synthesized than that from the cells treated with cholesterol only. 

Surprisingly, an additional band (double asterisks in Fig. 14A) emerged closely above the SE 

band formed by adding cholesterol alone and matched perfectly with the migration position of 

the lipid standard of cholesteryl palmitate. The formation of steryl palmitate suggests that 

Dictyostelium cells possess enzymes required for SE formation. The lower SE band (single 

asterisk in Fig. 14A) remains constant in cholesterol and in both PA and cholesterol treatment. 
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This SE band migrates at the similar position with that of control cells on the TLC plate, just 

beneath the lipid standard of cholesteryl palmitate, indicating that the endogenous fatty acids 

in Dictyostelium used in the formation of this SE band is probably shorter than C16 (palmitic 

acid is C16). Analyzing the density and size of respective lipid species with the image J 

software, indicated that TAG was 13-fold more than the total SEs (sum of both SE bands). 

Furthermore, cholesterol addition did not induce the UKL accumulation as seen on the TLC 

plate. UKL only accumulated when the cells received PA (Fig. 14A).  

In order to assess that the newly synthesized SEs are stored in LDs, LD isolation was 

performed with cells induced by PA plus cholesterol, and analyzed using TLC lipid 

separation. TAG, UKL and SEs were strongly enriched in the LD-enriched fraction, whereas 

the free fatty acid and free cholesterol were much less obvious in LD-fraction as compared to 

the cell homogenate (Fig. 14B). Assuming that all of the TAG is incorporated into the 

hydrophobic core of LDs, the ratio of TAG/SE remains constant in both samples, indicating a 

co-enrichment of CE with TAG in LDs. 

 

Fig. 14: Increased SE and LD formation in Dictyostelium WT cells upon addition of cholesterol. A) TLC lipid 

separation in the cells grown in normal medium (C, stands for control) or in growth medium supplied with PA 

(PA+), or cholesterol (Chol+), or both PA+/Chol+. Total cellular lipids were extracted and separated on TLC 

plate together with lipid standards (S) that is shown on the left using the 2 solvent systems as described in Fig. 

10B. The same amount of methyl oleate (MO) was added to each sample before lipid extraction to control for 

sample loss. CE, cholesteryl ester (represented by cholesteryl palmitate); TAG, triacylglycerol (represented by 

glyceryl trioleate); FFA, free fatty acids; Chol, free cholesterol. B) Lipid composition analysis by TLC of a total 

cell homogenate (H) or of the purified LD-enriched fraction (LD) from cells treated with PA and cholesterol 

simultaneously. * indicates the SE band induced by exogenous cholesterol; ** indicates steryl palmitate. The 

arrow refers to the position of UKL on the both TLC plates. C) Confocal images of LD 540 staining for 

comparison of LD formation in cells grown in normal medium (control) and in the medium treated with 

cholesterol. Scale bar, 10 µm. 
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2.3 LD-proteins with unclear functions in lipid metabolism 

2.3.1 Localization and function of Ldp 

2.3.1.1 Expression pattern of Ldp protein in Dictyostelium 

DDB0184006 (Gene-ID DDB_G0291600 in Dictybase) was identified in all 3 LD-proteomes 

performed from Dictyostelium cells thus far. Because there is no predicted function for this 

protein in Dictybase, it is important to study Ldp to elucidate a possible function in lipid 

metabolism. Based on our studies, DDB0184006 was named lipid droplet membrane protein 

(Ldp). The LdpA gene encoding Ldp protein resides on chromosome 6. It is 1,436 bp long and 

consists of 3 exons. The coding region translates into a 357 aa (amino acids) protein, with a 

calculated molecular weight of 42 kDa.  

 

Fig. 15: Schematic domain organization of Ldp protein. Ldp is composed of 357 aa, with 3 predicted 

transmembrane domains marked in dark grey and a coiled-coil domain in green.   

Being analyzed with the online modular architecture researching tool (SMART), it is 

predicted that 3 transmembrane domains  occur at the N-terminus of Ldp and a coiled-coil 

domain at C-terminus, but no functional domains could be recognized (Fig. 15).  

 

Fig. 16:  Western-blot of N-terminal and C-terminal tagged Ldp expression in Dictyostelium cells. Total protein 

of 2x106 cells from each clone of GFP-Ldp (#581) and Ldp-GFP (#571) was extracted and loaded on a SDS-

PAGE gel with pre-stained protein markers. Anti-GFP antibody shows the expression level of Ldp-fusion 

proteins. AX2 is used as control to show the specificity of GFP antibody. The anti-severin antibody is used as a 

loading control. Molecular weights of protein marker (M) are shown on the left.  
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GFP was fused to Ldp to examine its cellular localization. GFP-Ldp stands for the N-terminal 

fusion with GFP, while Ldp-GFP indicates a GFP-tagging at the C-terminus of Ldp.  This 

nomenclature applies to all GFP-tagged proteins in this thesis. GFP-Ldp showed a molecular 

weight of 80 kDa, about 10 kDa larger than the molecular weight of Ldp-GFP (Fig. 16, left).  

This discrepancy may result from the longer linker region between GFP and Ldp in GFP-Ldp 

than that in Ldp-GFP construct.  

In order to detect whether Ldp expression was induced by PA treatment, the levels of both 

endogenous Ldp and GFP-tagged Ldp were examined. No difference was seen in mRNA 

expression level in AX2 treated with or without PA using RT-PCR (Fig. 17A). Similarly, the 

expression of GFP fusion did not change in response to the presence or absence of PA (Fig. 

17B).  

 

Fig. 17: Expression levels of endogenous and GFP-tagged Ldp do not change by PA treatment. A) Endogenous 

Ldp expression was investigated by RT-PCR using cDNA of PA-treated (PA+) or untreated (PA-) AX2 as 

template. The coding region of Ldp is 1,074 bp, while TRX cDNA is 273 bp and serves as the control of 

template amounts. Sizes of DNA-marker are shown on the left of the gel. B) Western-blot comparison of the 

expression level of GFP-tagged Ldp in the presence or absence of PA. Total protein of 2x106 cells from each 

clone was extracted and loaded on a SDS-PAGE gel. The expression of GFP-tagged Ldp is shown by anti-GFP 

antibody. Anti-severin antibody is used as a loading control. Molecular weights of marker (M) protein bands are 

shown on the left side of the blot. 

2.3.1.2 GFP-tagged Ldp shifts its cellular localization from ER to LDs by adding PA  

Under normal growth conditions, both of the GFP-tagged Ldp proteins colocalize with PDI 

that marks the ER structure (Fig. 18A). If Dictyostelium cells were grown in PA-containing 

medium, both fusion proteins shift their cellular localization and predominantly locate on the 

surface of the LDs. They showed a clear ring structure surrounding the LDs that was stained 
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by LD540 (Fig. 18B).  These data indicate that the difference in molecular weight of Ldp 

carrying the GFP moiety at either C-terminus or N-terminus did not influence the cellular 

localization.  

 

Fig. 18: Cellular localization of GFP-tagged Ldp. Confocal images are shown in GFP-Ldp (#581) clone 3-9 and 

Ldp-GFP (#571) clone1-4. The cells with or without PA-treatment were fixed and incubated with the antibody 

directed against PDI and LD540. A) GFP-tagged Ldp colocalizes with anti-PDI antibody. PDI denotes the ER 

marker. B) Both clones showed LD-coat structure when cells received PA. LD540 was used to stain LDs.  Scale 

bar, 5 µm. 
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2.3.1.3 Ldp is a transmembrane protein 

According to the prediction tools, Ldp contains 3 transmembrane domains (2.3.1.1). In order 

to verify this prediction, a membrane association assay was performed. The post-nuclear 

homogenate of Ldp-GFP was mixed with homogenization buffer as control, and either treated 

with salt solution, alkali solution or detergent. After ultracentrifugation, supernatant and pellet 

were subjected to SDS-PAGE and detected using an anti-GFP antibody in a Western-blot. 

When incubated in buffer alone (Fig. 19, control lanes), Ldp-GFP was present entirely in the 

pellet. In the presence of salt-containing buffer (Fig. 19 NaCl lanes)  or alkaline solution (Fig. 

19 Na2CO3 lanes), Ldp-GFP still remained in pellet, but was totally shifted to the supernatant 

by adding the detergent (Fig. 19 Triton X-100 lanes). The behaviour of Ldp-GFP protein is 

consistent with porin, a mitochondrial outer membrane protein that was used as a control for 

transmembrane protein behaviour (Fig. 19). 

 

Fig. 19: Membrane association of Ldp. Ldp-GFP (#571) expressing cells were used to perform a membrane 

association assay. Anti-GFP antibody was used to label Ldp-GFP and anti-porin antibody constituted a positive 

control for a transmembrane protein. Only after destruction of membrane by adding the detergent Triton X-100, 

Ldp was released from the membrane into supernatant. M, protein marker, the molecular weights are shown on 

the left of the blot. s, supernatant; p, pellet. 

2.3.1.4 Generation of Ldp-KO Dictyostelium cells 

The function of Ldp was investigated in the way that Ldp was knocked out in the 

Dictyostelium genome. The KO cells were obtained by homologous recombination within the 

LdpA locus in wild type Dictyostelium cells, which were transformed with the Ldp-Bsr 

fragment cut from the plasmids pGEM-T Easy-Ldp-Bsr fwd (#713) and pGEM-T Easy-Ldp-

Bsr rev (#714). The floxed Bsr cassette with its own promotor and terminator was inserted in 
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the first exon about 300 bp downstream of the ATG codon. Two types of KO cells were 

obtained after Bsr cassette insertion, differing only in the direction in which the Bsr cassette is 

transcribed within the Ldp gene (Fig. 20 A and B).  

 

Fig. 20: Bsr insertion in the genomic LdpA for generation of Ldp-KO cells and primers used for Ldp-KO 

confirmation. If the Bsr cassette is inserted into LdpA in the same orientation as the LdpA gene displays in the 

genome, it was denoted forward (fwd) (A); the opposite orientation was called Bsr reverse (rev) (B). Exons are 

coloured in bright blue while Bsr cassette is marked in red and the arrow indicates its direction of mRNA 

transcription. The amplification direction of each primer is shown with arrow. Thin lines indicate genomic 

regions outside the targeted gene. I1, intron 1; I2, intron 2. 

Both types of Ldp-KO were confirmed with PCRs on genomic DNA. Primers specific for the 

locus were used for PCR reactions, as indicated in Fig. 20. Three kinds of PCR amplification 

were performed on genomic DNA (gDNA) for the verification of KO clones. In order to 

ensure that the recombination occurs in the correct position in the genome, a primer outside of 

the gene was always used in the PCR verifications, while the another primer either binds the 

sequence of Bsr, target gene or the other side of target gene flanking region. This principle of 

KO confirmation applies to all the KO-constructs generated in the thesis. Thus, Ldp-KO 

confirmation is explained here in detail and only briefly later for the KO-clones affecting the 

other proteins. These 3 kinds of PCR-amplification were tested in all different protein KO cell 

lines. In some cell lines, certain amplifications were not successful, for example, if the 

product was too long to be amplified or it was composed of long repetitive A and T nucleotide 

tracts in the region of interest. However, we assured that at least 2 of these 3 kinds of PCR-

verification worked, and all successful amplifications are shown in the thesis. 
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In order to directly verify the Bsr insertion in the target gene in Dictyostelium genome, the 

primer binding within the Bsr cassette was combined with the primer specific for the flanking 

region of LdpA (Fig. 20 and Fig. 21A). There is no amplification on gDNA from WT because 

of the absence of Bsr cassette. Genomic TRX with size of 0.8 kb served as quality control of 

genomic DNA. The fragment amplified with primers #511 3’-Ldp KO and #57 Bsr-G1 on 

gDNA from KO clones 1-3 and 1-6 appears, as expected, at the size of 1,617 bp (Fig. 20B and 

Fig. 21A left). A similar amplification of a 1,372 bp fragment was performed with primers 

#511 3’-Ldp KO and #352 Bsr-T2 on gDNA from clones KO 4-5 and 4-18 carrying the Bsr 

cassette in the opposite direction  (Fig. 20A and Fig. 21A right).  

 

Because the full length floxed Bsr cassette is approximate1.6 kb long, the amplified fragment 

from KO clones is 1.6 kb larger than that from AX2, if primers specific for the fragment 

which contains the entire Bsr cassette were used (Fig. 20 and Fig. 21 B, C). The fragments 

Fig. 21: PCR confirmation of Ldp-KO in independent clones. 

Four KO clones 1-3, 1-6, 4-5 and 4-18 were verified in 

comparison to the WT AX2. Primer pairs used for PCR 

reaction are shown at the bottom of DNA-gels. Further details 

are given in the text. TRX was amplified by primers #216 5’-

TRX and #217 3’-TRX for the control of template amounts. 

DNA markers (M) are shown on the left of the images. 
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amplified with primes within the LdpA gene and outside region of LdpA are shown in Fig. 

21B. The fragment amplified with primer #510 5’-Ldp KO and #513 3’-Ldp new is 2,158 bp 

in KO-clones and only 466 bp in AX2 (Fig. 21B left). Also, the fragment amplified with 

primer #511 3’-Ldp KO and #512 5’-Ldp new is 2,976 bp long in KO-clones and measures 

1,384 bp in AX2 (Fig. 21B right). Alternatively, the whole gene including the Bsr cassette can 

be amplified using both primers from the gene-flanking region (Fig. 21C). In this case, the 

entire fragment is 3,230 bp in KO-clones and 1,638 bp in AX2. 

2.3.1.5 No changes of cellular TAG and SE content in Ldp-inactivated cell 

Two independent Ldp-KO clones were selected to study the function of Ldp in TAG and SE 

metabolism. Total cellular TAG content was measured by the enzymatic TAG assay (Fig. 22) 

and TLC lipid separation (Fig. 23). Both assays were employed to study Ldp-KO and WT 

strains cultivated in normal medium or in medium supplemented by PA for 3 h. Absence of 

Ldp did not significantly change the TAG content if compared with AX2. Ldp-KO and AX2 

cells were incubated in axenic medium supplemented with 100 µM cholesterol or cholesterol 

together with PA for 3 h to examine whether Ldp affects SE formation. Again, loss of Ldp did 

not alter SE formation in any cholesterol-containing medium (Fig. 23). Also, similar numbers 

and sizes of LDs were microscopically observed after LD staining in Ldp-KO and WT cells 

(data not shown).  

 

Fig. 22: TAG content measured by enzymatic 

assay in Ldp-KO cells in the presence or 

absence of PA. The TAG content of Ldp-KO 

is displayed by comparing with the value of 

AX2, which is arbitrarily set to 1 in the cells 

without PA treatment.  Mean ± SD were the 

results from 3 repeated experiments. The 

difference is not significant (p>0.05) between 

WT and Ldp-KO as analyzed by student t-

test. 
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These results indicated that Ldp does not contribute to the process of LDs formation, since no 

changes take place in the major components of the LD neutral lipid core, TAG and SE, and 

numbers and sizes of LDs are also unaltered in Ldp-KO.  

 

Fig. 23: Ldp-KO does not affect the TAG and SE formation according to TLC analysis. Total lipids were 

extracted from Ldp-KO and AX2 cells, which were either untreated (PA- Chol-) or treated by adding 200 µM  

PA (PA+), 100 µM cholesterol (Chol+), or both, 200 µM PA and 100 µM cholesterol (PA+ Chol+), for 3 h 

respectively. TLC lipid analysis and lipid standards (S) are described in Fig. 14A.  

2.3.1.6 Phagocytic uptake of particles and plaque formation on bacterial lawn remain 

unaltered upon the loss of Ldp 

Although Ldp-KO did not influence TAG or CE content, investigations about phagocytic 

behaviour in Ldp-KO cells were performed because, as will be seen later, there is a functional 

correlation between these two processes. All cells were grown in normal axenic medium or 

pre-incubated in PA-containing medium for 3 h. For the PA-treated cells, phagocytosis was 

performed for another 120 min in the continued presence of PA. As shown, there is no 

difference in phagocytosis between WT and two independent Ldp-KO clones in normal 

medium (Fig. 24A) and in PA-containing medium (Fig. 24B). 

Even axenic strains of Dictyostelium grow and propagate themselves by phagocytosing 

bacteria spread on a solid agar surface. This process results in transparent plaques that consist 

of the Dictyostelium spores in the center and vegetative Dictyostelium cells on the edge.  A 

plaque assay differs from a phagocytosis assay mainly in two points: one is that the plaque 

diameter is not only determined by the efficiency of phagocytosis but also by motility and 
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division rate of Dictyostelium cells; the other is that bacteria are the direct nutrient for 

Dictyostelium cells, whereas the yeast used in phagocytosis assay cannot be digested by 

Dictyostelium. The same Ldp-KO clones as in phagocytosis assay (Fig. 24) were used to 

analyse the growth rate on bacterial lawns. Inactivation of Ldp did not reveal a significant 

effect on plaque formation (Fig. 25). 

 

Fig. 24: Phagocytic rate does not change in untreated and PA-treated Ldp-KO. Phagocytosis was analyzed by a 

fluorimetric assay to measure the uptake rate of TRITC-labelled yeast over a time-course of 120 min. AX2 and 

two Ldp-KO clones, 1-3 and 4-5, were grown  in normal medium (A) or in PA-containing medium (B). In each 

assay, the measured values were normalized to the protein amount of the corresponding cell population. The 

experiments were performed three times. To sum up all three assays, arbitrary fluorescence units were used to 

normalize KO clones in relation to the AX2 values obtained within the same experiment. Colored symbols 

represent the mean ±SD and shown for each point measured at 15 min intervals. Trendlines connecting the mean 

values are shown for clarifying the whole phagocytic process. 
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Fig. 25: Lacking of Ldp does not affect the 

growth of Dictyostelium cells on bacterial lawns. 

AX2 and Ldp-KO cells were grown on SM agar 

plates with E.coli B/2 as a food source. The 

plaques resulted from the uptake of bacteria by 

Dictyostelium and the diameters were measured 

after 3 and 4 days incubation at 22°C.  The 

experiment was repeated for 3 times and shown 

as mean ± SD. The mean value of plaque 

diameter from AX2 is considered as 100%, while 

relative diameters of KO-mutants are presented 

in comparison with WT. There is no significance 

(p>0.05) between WT and Ldp-KO using student 

t-test analysis. 
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2.3.2 Functional study of short-chain dehydrogenase proteins Ali and ADH  

2.3.2.1 Generation of Ali-KO and Ali/ADH double KO mutant strains  

ADH and Ali, belonging to the short-chain dehydrogenase/reductase (SDR) superfamily, were 

confirmed to localize to LDs, and strains with a deficiency in ADH did not produce obvious 

phenotypic alterations (C. Barisch, Dissertation 2010 3.7.5). However, because of the high 

degree of identity between Ali and ADH (92%), it might not be sufficient to knock out only 

one of the genes for functional analysis.  

 

Fig. 26: Ali-KO design and verification of Ali-KO and Ali-ADH-KO cell strains using PCR. A) Schematic view 

of Ali-Bsr (from plasmid #839) inserted into the genome and position of primers used for KO verification. The 

Bsr cassette was inserted in the reverse direction with respect to the Ali gene. The legend descriptions see Fig. 

20. B) Genomic DNA amplification on AX2, Ali-KO and Ali-ADH-KO cell strains using primers specific for the 

Ali-KO configuration. TRX was amplified using primers #216 5’-TRX and #217 3’-TRX, and serves as gDNA 

quantity control for the amplifications using Bsr specific primers.  C) Verification of Ali-ADH-KO mutant by 

ADH amplification on genomic DNA with primers #253 5’-ADH and #254 3’-ADH. The details of amplified 

fragments are described in Tab. 5. DNA markers are shown on the left of DNA gels. 
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To create a double KO, first the floxed Bsr-cassette previously inserted into the ADH gene 

was deleted from the genome via transient expression of Cre-recombinase. For this purpose, 

plasmid pDEX-NLS-Cre (#394) was transformed into the ADH-KO clone 1-4. The Bsr 

cassette was cut out from the genome and only a LoxP site, containing multiple stop codons 

and a small part of a multiple cloning site totalling 85 bp was left in the ADH-gene, so that it 

remained non-functional. The resulting KO cells, which had lost the Bsr cassette, were called 

ADH-loxP. The genomic constitution of ADH-loxP was verified by amplification of ADH, 

and the PCR products were 85 bp larger than that from AX2 and Ali-KO cells (Fig. 26C and 

Tab. 5). Next, the fragment Ali-Bsr rev (Fig. 26A) was transformed into AX2 and ADH-loxP 

backgrounds to generate a single Ali-KO strain as well as Ali-ADH-double KO cells. Primers 

for verification of the Ali-KO are shown schematically (Fig. 26A). The genomic amplification 

of respective primer combination in the PCR reactions (Fig. 26B) is in agreement with the 

expected fragment length given in Tab. 5.  

Tab. 5: Fragment description of PCR amplifications for verification of Ali-KO and Ali-ADH-KO  

Category of 

primer 

Primer 

combination 

Amplification in 

AX2 (kb) 

Amplification in Ali-KO 

1-1 and 2-2 (kb) 

Amplification length in Ali-

ADH-KO1-6 and 3-3 (kb) 

Bsr primer #456/627 / 1.7 1.7 

#57/#628 / 1.4 1.4 

in-gene primer #667/#627 0.9 2.5 2.5 

Primers for ADH #253/254 1.2 1.2 1.3 

2.3.2.2 No changes of neutral lipid and LDs in Ali-KO and Ali-ADH-KO mutants  

The SDR superfamily is a huge protein family and over 70 members have been identified in 

human. The characteristic of this protein family is the structural and functional diversity. In 

mammals, SDRs catalyze a broad range of reactions and play important roles in the 

metabolism of steroid hormones, retinoids, lipids and xenobiotics (Bray et al., 2009). 

Therefore, the TAG content was measured in both Ali-KO and Ali-ADH-KO mutants grown 

in normal medium or PA-containing medium using the enzymatic TAG assay (Fig. 27A).  

TLC lipid separations (Fig. 27B) were made at the same time so that the TAG content derived 

from both experiments could be directly compared with each other. Both Ali single deletion 

and Ali/ADH double deletion did not change TAG content in the normal and PA-containing 

medium. In addition, both KO cell lines formed similar-looking LDs as WT cells (data not 

shown). 
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Fig. 27: TAG content is unaffected in Ali-KO and Ali-ADH-KO cells in normal and PA-containing medium. 

Two independent clones from each cell mutant were taken to compare the cellular TAG level with AX2. A) 

Analysis of TAG content from the enzymatic TAG assay. Mean values ± SD are shown from 4 independent 

experiments. There is no significance (p>0.05) between KO-clones and AX2 under the same growth conditions.  

B) TLC separation of neutral lipid from cells grown in normal medium (left panel) or PA-containing medium 

(right panel). TLC lipid separation was performed and the lipid standards (S) are exhibited as in Fig. 14A. 

Arrows show the TAG migrating position of the TLC plates. 

Since SDR proteins may play a role in steroids metabolism, SE formation was also 

investigated by TLC lipid separations for the single and double mutants, ADH-KO, Ali-KO 

and Ali-ADH-KO (Fig. 28). SE formation was induced by adding cholesterol only, or 

cholesterol together with PA, into the culture medium. There were no obvious changes of SE 

and TAG content under either condition in any strains. 

The above data suggest that neither Ali nor ADH has a function in LD formation. But it is also 

possible that their functions were compensated by other member of SDR family proteins, 

because there are at least three other members of this protein family that were identified as 

LD-associated proteins (Tab. 4).  
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Fig. 28: SE formation does not change in Ali and ADH single KO or double KO cell lines. ADH-KO (A), Ali-

KO and Ali-ADH-KO (B) were analyzed to detect the SE content when the cells were cultured in normal 

medium (PA- Chol-), cholesterol (Chol+) or cholesterol together with PA (PA+ Chol+). Descriptions of TLC 

lipid analysis and lipid standards (S) see Fig. 14A.  

2.3.2.3 Phagocytosis is normal in Ali-KO and Ali-ADH-KO strains 

In order to detect whether Ali and ADH proteins influence phagocytic rate independently of 

TAG metabolism, a phagocytosis assay was performed in normal or PA-containing medium. 

We knew from previous work that the ADH-KO did not have an influence on phagocytosis 

(C. Barisch, Dissertation 2010), and the new generated mutants Ali-KO and Ali/ADH double-

KO did not influence phagocytosis significantly as well (Fig. 29). 
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Fig. 29: Ali-KO and Ali-ADH-KO did not show an effect on phagocytosis. The same clones of the KOs as that 

investigated for TAG and SE formation were used for phagocytic analysis in the absence of PA (A) or presence 

of PA (B). Phagocytosis assay was performed and presented as in Fig. 24. Assays in both media were repeated at 

least three times. 

2.4 Characterization of triacylglycerol biosynthetic enzymes found in the 

LD-proteome 

2.4.1 GPAT3  

GPAT3 catalyzes the initial step of glycerophospholipid and TAG biosynthesis via the 

glycerol-3-phosphate pathway. An acyl-moiety is added to glycerol-3-phosphate to form 

lysophosphatidic acid (LPA). 

2.4.1.1 Bioinformatic analysis of Dictyostelium GPAT3  

A protein data bank search demonstrated there are 4 Dictyostelium homologous proteins to 

human GPATs (Tab. 6). DDB0305750 and DDB0235400 showed high homology with human 

GPAT1 and GPAT3/ 4 respectively. Among all these 4 proteins, DDB0235400 was the only 

one identified in the LD-proteome (Tab. 4). The genomic sequence of DDB0235400 

comprises 2270 bp with 5 introns. The length of the derived protein is 488 aa, with 56 kDa of 

calculated molecular weight. Because of the similar molecular weight and sequence 

homology with human GPAT3 and 4, DDB0235400 was named GPAT3 and further 

characterized. According to protein BLAST analysis in Dictybase, GPAT3 did not have 

further isoforms in the genome. GPAT3 was predicted to have 3 transmembrane domains and 

a conserved phosphate acyltransferase (PlsC) domain (Fig. 30). 
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Tab. 6: Putative orthologues to human GPATs in Dictyostelium 

Human isoforms aa UniPROT ID Homologues in Dictyostelium 

GPAT1 828 Q9HCL2 DDB0305750 (26% (140/524) identity, score 209) 

GPAT2 795 Q6NUI2 DDB0305750 (19%  (43/218) identity, score 42) 

GPAT3 434 Q53EU6 DDB0235400 (44% (142/341) identity, score 276) 

DDB0307026 (26% (33/125) identity, score 43.9) 

DDB0308174 (36% (23/63) identity, score 34.3) 

GPAT4 456 Q86UL3 DDB0235400 (36% (137/378) identity, score 241) 

DDB0307026 (24% (52/214) identity, score 44.7) 

 

 

Fig. 30: Domain description of GPAT3. SMART analysis predicted three transmembrane domains indicated in 

dark grey and a conserved PlsC domain marked in orange. 

All mammalian GPATs and AGPATs proteins have 4 conserved motifs within the phosphate 

acyltransferase domains (Takeuchi and Reue, 2009). Motifs I and IV are responsible for 

catalytic function, while motifs II and III are important for glycerol-3-phosphate binding. The 

key amino acids in the four motifs are conserved in all human enzymes and Dictyostelium 

GPAT3 (Tab. 7). Again, comparing only these 4 conserved motifs with human GPATs, 

Dictyostelium GPAT3 shows better conservation with human GPAT3 and GPAT4 than with 

human GPAT1 and GPAT2. 

Tab. 7: Comparison of acyltransferase motifs in human GPATs and Dictyostelium GPAT3 

The consensus sequences of Dictyostelium GPAT3 (DdGPAT3) and human GPATs (hGPATs) are highlighted in 

green. Underlined amino acids are important for phosphate acyltransferase activity (Takeuchi and Reue, 2009). 

Residues histidine (H) and asparate (D) in motif I, phenylalanine (F) and glycine (G) in motif III and proline (P) 

in motif IV are important for catalysis, while phenylalanine (F) and arginine (R) in motif II, glutamate (E) in 

motif III are crucial for binding glycerol-3-phosphate. 

 Motif I Motif II Motif III Motif IV 

hGPAT1 227 LPVHRSHIDYLLL 274 FFIRRR 312 IFLEGTRSR 347 ILIIPVGISYG 

hGPAT2 202 LSTHKTLLDGILL 249 LFLPPE 287 IFLEEPPGA 323 ALLVPVAVTYD  

hGPAT3 226 VANHTSPIDVLIL 270 WFERSE 300 IFPEGTCIN 324 GTIHPVAIKYN 

hGPAT4 226 VANHTSPIDVLIL 289 WFERSE 319 IFPEGTCIN 343 ATVYPVAIKYD 

DdGPAT3 222 VANHTTVMDVVVL 266 WFDRAE 296 IFPEGVCVN 321 VIIYPVAIKYN 
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2.4.1.2 GFP-tagged GPAT3 is a LD-associated protein 

The expression of GFP-tagged GPAT3 protein was confirmed using Western-blot (Fig. 31). 

Similar with Ldp proteins, GFP-GPAT3 (GFP-tag at the N-terminus of GPAT3) is slightly 

larger than GPAT3-GFP because of the longer linker region between GFP and GPAT3 in GFP-

GPAT3 fusion construct. It is worth to mention, that the weak expression of GPAT3-GFP 

resulted from the strong heterogeneity of expression levels within this cell population. There 

are only small amounts (below 20% in clone 3-23) of green cells of the whole cell population 

observed microscopically.  

 

Fig. 31: Western-blot of GFP-tagged GPAT3 proteins. Total cellular proteins were extracted from 2 x106 GFP-

GPAT3 (#937) clones 1-2, 1-8, 2-7 and 2-21 as well as 4 x106 GPAT3-GFP (#938) clones 3-23 and 4-2, so that 

GPAT3-GFP expression was visible in response to anti-GFP antibody in the Western-blot. Anti-severin served as 

loading control. AX2 was used as negative control for anti-GFP antibody. Protein marker components (M) are 

shown on the left. 

Similar to its human homologues GPAT3 and 4, both N-terminal and C-terminal GFP-tagged 

GPAT3 from Dictyostelium was detected in the ER under normal cultivation conditions (Fig. 

32A). Rather surprisingly, most of the protein translocates to the surface of LDs when the 

cells grew in medium supplemented with PA (Fig. 32B), which has not been reported in 

mammals before. The ring structure around LDs, typical for LD-associated proteins, was 

clearly visible and confirmed the proteomic result (Tab. 4). 
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Fig. 32: Cellular localization of GFP-tagged GPAT3 proteins. For confocal microscopy the following clones 

were used: GFP-GPAT3 (#937) 1-8 and GPAT3-GFP (#938) 3-23. GFP-tagged GPAT3 cells grown in normal 

medium (A) or in PA-containing medium (B) were fixed and incubated with anti-PDI antibody or LD540. Scale 

bar, 5 µm. 

2.4.1.3 Generation of GPAT3-KO cells 

The metabolic function of the GPAT3 protein was studied in GPAT3-KO Dictyostelium cells. 

The floxed-Bsr cassette was inserted into the first exon of the GPAT3 gene in opposite 

direction with respect to the transcription of GPAT3 (Fig. 33A).  KO cells were verified by 
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PCR according to the same principle specified previously for the Ldp-KO using the primer 

upstream of the start codon together with the Bsr primer and in-gene primer (Fig. 33 A and B).  

 

Fig. 33: GPAT3-KO construction and its verification. A) Schematic view of GPAT3-KO construct (plasmid 

#931) as present in the genomic region and the primers used for KO confirmation. Exons are coloured bright 

blue, the Bsr cassette is red. The amplification direction of each primer is indicated with arrow. I1-5 indicates the 

5 introns. Thin lines indicate genome regions flanking the target gene. B) GPAT3-KO verification using PCR. 

Fragments were amplified on gDNA from WT cells and 5 GPAT3-KO independent clones 1-19, 1-21, 1-35, 1-40 

and 2-6. The 1.3 kb products were amplified using primers #456 Bsr-middle and #775 5’-GPAT3 KO in GPAT3-

KO cells, whereas no amplification occurred in AX2 cells lacking the Bsr cassette. Another primer combination 

of #774 3’-GPAT3 new and #775 5’-GAPT3 KO generated a fragment of 2.5 kb in the GPAT3-KO and 0.9 kb in 

AX2 cells. The gene amplification of TRX using primers #216 5’-TRX and #217 3’-TRX serves as control for 

template amounts. DNA markers (M) are shown on the left of the images. 

2.4.1.4 GPAT3 is required for TAG synthesis and its absence decreases TAG content 

and inhibits the LD formation 

Since the GPAT3 enzyme is the initial acyltransferase of the glycerol-3-phosphate pathway of 

TAG biosynthesis, TAG content was measured by the enzymatic assay and lipid separation by 

TLC (Fig. 34). Both assays were performed on two independent GPAT3-KO clones in normal 

or PA-containing medium. TAG formation was decreased by 80% in both GPAT3-KO clones 

with PA-treatment.  
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C1-BODIPY-C12 is a fluorophore-labelled fatty acid analogue and can be incorporated into 

LDs of Dictyostelium cells (von Lohneysen et al., 2003). PA-treated GPAT3-KO and WT cells 

were pre-incubated in C1-BODIPY-C12 medium for 15 min prior to fixation. Confocal 

images showed that LDs were very rarely seen in GPAT3-KO cells in contrast to a profusion 

of LDs in AX2 (Fig. 35). The reduced LD number is in the same order of magnitude as the 

TAG content as estimated from TAG and TLC analysis.  

                        

Fig. 35: Greatly reduced numbers and size of LDs in PA-treated GPAT3-KO cells. LDs were visualized by 

incorporation of C1-BODIPY-C12 and observed by confocal microscopy in fixed cells. Scale bar, 10 µm. 

Fig. 34: GPAT3-KO inhibits TAG formation in 

Dictyostelium. The TAG content was measured 

in 2 independent GPAT3-KOs, 1-21 and 2-6, as 

well as AX2 cells in normal medium (PA-) or in 

PA-containing medium (PA+) by the enzymatic 

TAG assay (bar diagram) and TLC lipid 

separation (lower panel). The enzymatic TAG 

assay was performed 3 times and the TAG 

contents are presented as mean ± SD. ** 

signifies p<0.01 in a pairwise student t-test 

comparing the TAG values between PA-treated 

AX2 cells and GPAT3-KO clones. TLC lipid 

separation and lipid standards (S) are described 

in Fig. 14A. The arrow indicates the position of 

TAG on the TLC plate. The two assays are 

shown correspondingly, thus the descriptions of 

cell strains and growth conditions at the bottom 

of the figure apply to the both assays.  
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2.4.1.5 Loss of GPAT3 promotes the particle uptake but not plaque formation on 

bacterial lawn 

The same GPAT3-KO clones were used to perform phagocytosis assay and to measure plaque 

diameter. Lack of GPAT3 stimulated phagocytosis of particles in both normal and PA-

supplemented medium (Fig. 36). The phagocytic rate of yeast particle uptake in both GPAT3-

KO mutants increased by 21% within the first 90 min, then decreased gradually to reach WT 

level at 120 min. In PA-containing medium, GPAT3-KO showed an even larger effect on 

phagocytosis. The phagocytic rate of both KO mutants exceeded that of WT by 46%. The 

increased phagocytic rate suggests a negative correlation between TAG level and particle 

uptake. This negative correlation is consistent with the observation of LD formation. 

Dictyostelium cells induced by adding PA into the growth medium decreases phagocytic 

activity by about 50%, which is represented by the difference of phagocytic values from AX2 

cells in Fig. 36 panel A and B. 

 

Fig. 36: Increased phagocytic rate in GPAT3-KO. Phagocytosis assay with two GPAT3-KO clones, 1-21 and 2-6, 

as well as AX2 was performed in normal medium (A) or in medium with PA (B). The assays were repeated for 3 

times for each condition and presented as in Fig. 24.  

Although the phagocytic rate of particles in medium is strongly elevated, both GPAT3-KO 

clones did not significantly alter the growth properties on a bacterial lawn (Fig. 37). As 

mentioned before (2.3.1.6), phagocytosis is not the only factor affecting the ability of 

Dictyostelium to grow on bacterial lawn, cell motility and division also contribute but these 

parameters were not tested further. 
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2.4.1.6 GFP-tagged GPAT3 restores the dramatic reduction of TAG content in 

GPAT3-KO strain 

In order to examine whether GPAT3 overexpression rescues the markedly decreased TAG 

formation in PA-containing medium caused by the GPAT3-KO, both C-terminally and N-

terminally GFP-fused GPAT3 enzymes (plasmids #937 and #838) were transformed into the 

GPAT3-KO 1-21 strain. The resulting cell lines were named GFP-GPAT3 rescue and GPAT3-

GFP rescue respectively. A Western-blot showed the expression levels of tagged GPAT3 

molecules in both rescued cell lines (Fig. 38). Like GFP-tagged GPAT3 in WT background 

(2.4.1.2), GPAT3-GFP shows rather heterogeneous expression in the GPAT3-KO background. 

Clone 2-2 showed the highest fraction of green cells as compared to the other clones, and 

about 40% cells of the whole cell population were green as judged by microscopy. 

    

0

20

40

60

80

100

120

140

3. day 4. day

di
am

et
er

 o
f p

la
qu

e 
(%

W
T

) 

Growing time on E.coli B/2 lawn 

AX2

GPAT-KO 1-21

GPAT-KO 2-6

Fig. 37: GPAT3-KO showing 

normal growth on bacterial lawn. 

The same GPAT3-KO clones 1-21 

and 2-6 as used above were tested 

for plaque formation on E.coli B/2 

spread on an SM-agar plate. At the 

3rd and 4th day of cultivation, the 

diameters of plaques were 

measured. This assay was 

conducted for 3 times and values 

are shown as mean ± SD, relative 

to the AX2 wildtype. There is no 

statistical difference (p>0.05) 

between WT and GPAT3-KO. 

 

Fig. 38: A Western-blot showing the 

expression level of GFP-tagged GPAT3 

proteins in GPAT3-KO rescue Dictyostelium 

cells. Protein samples from each strain were 

extracted from 2x106 cells. The 

overexpression level was demonstrated by 

anti-GFP antibody. An antibody specific for 

vacuolin was used as a loading control. 

Molecular weights of protein marker (M) are 

indicated on the left. 
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GFP-GPAT3 rescue clone 1-12-6 and GPAT3-GFP rescue clone 2-2 were selected for further 

examination of TAG formation. Both GFP-tagged GPAT3 enzymes had the same cellular 

localization as in WT background (data not shown). Enzymatic TAG assay and TLC lipid 

separation were performed to quantify the TAG content in WT, GPAT3-KO and its two rescue 

cell lines (Fig. 39).  Both GFP-tagged GPAT3 construct could restore the TAG content to 

normal level, similar to WT in PA-supplemented medium. Surprisingly, even the GPAT3-GFP 

rescue clone 2-2 with only weak overexpression could restore the TAG content to normal 

values, indicating that the level of the endogenous protein was reached.  

 

2.4.2 AGPAT3  

The second step of acylation in the glycerol-3-phosphate pathway is catalyzed by enzyme 1-

acylglycerol-3-phosphate acyltransferase (AGPAT).  

2.4.2.1 Three AGPATs isoforms in Dictyostelium  

DDB0219382 (also DDB0306659) bearing the gene name agpC, was identified in the LD 

proteome in Dictyostelium. This is AGPAT3, because there are 2 other AGPAT proteins, 

AGPAT1 and AGPAT2, encoded by agpA (DDB0305322) and agpB (DDB0306812), which 

were not found in LD the proteomic analysis. The gene agpC is located on chromosome 5 

Fig. 39: GFP-tagged GPAT3 rescues restore the 

decreased TAG content of GAPT3-KO to normal 

level. The enzymatic TAG measurement (upper 

panel) was repeated for three times and shown as 

mean ± SD. *** indicates p < 0.001, student t-test 

between GPAT3-KO 1-21 and GFP-GPAT3 rescue 

1-12-6 or GPAT3-GFP rescue 2-2 respectively.  

TLC lipid separation (lower panel) was conducted 

and lipid standards are shown as in Fig. 14A. The 

arrow indicates the position of TAG on the TLC 

plate. The two assays are shown correspondingly. 
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spanning a region of 1,585 bp, with 4 exons. AGPAT3 consists of 432 aa and the calculated 

molecular weight is 50 kDa. Two transmembrane domains and a phosphate transferase (PlsC) 

domain were predicted by SMART (Fig. 40). AGPAT 1 and 2 are a little shorter than 

AGPAT3, 364 and 345 aa respectively. The three proteins differ in the arrangement of 

catalytic and transmembrane domains (Fig. 40). In addition to its special domain organization, 

an NCBI protein sequence alignment revealed that AGPAT1 and AGPAT2 are more closely 

related and AGPAT3 is the most divergent member (Tab. 8). 

 

Fig. 40: Schematic comparison of the domain structure from 3 AGPATs in Dictyostelium as predicted by the 

online software SMART. All isoforms have 2-3 transmembrane domains (dark grey) and a conserved phosphate 

acyltransferase (PlsC) domain (orange).  

Tab. 8: Sequence comparison of 3 AGPATs in Dictyostelium 

Pairwise alignment identities positivities Gaps score E-value 

AGPAT1:AGPAT2 89/281 (32%) 147/281(52%) 20/281 (7%) 158 6e-49 

AGPAT1:AGPAT3  48/191 (25%) 84/191 (44%) 19/191(10%) 46.2 7e-10 

AGPAT2:AGPAT3 18/72 (26%) 26/72(36%) 29/72 (40%) 17.3 0.77 

2.4.2.2 LD-localization of GFP-AGPAT3  

N- and C-terminally GFP-tagged AGPAT3 molecules were expressed in Dictyostelium cells to 

investigate the subcellular localization. Stable expression of GFP fusions was confirmed by 

GFP-antibody in a Western-blot (Fig. 41). Both GFP-AGPAT3 and AGPAT3-GFP were found 

in the ER with a clear nuclear envelope stain and peripheral enrichment as verified by 

colocalization with the ER specific marker PDI (Fig. 42A). When the cells were induced to 

form LDs by PA, most of the signal still localized to ER, and only part of GFP signal shifted 

to the surface of LDs (Fig. 42B).  
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Fig. 41: Western-blot on GFP fusion protein of AGPAT3. Protein samples from 5 GFP-AGPAT3 (#847) clones 

were loaded on the left side while 4 clones from AGPAT3-GFP (#864) cells are shown on the right side. A cell 

lysate from AX2 was used as a negative control. Anti-GFP antibody was used to detect the fusion protein. Porin 

serves as a loading control. Molecular weights of marker proteins (M) are shown on the left. 

 

 

Fig. 42: Subcellular 

localization of GFP-

tagged AGPAT3. The 

cells were cultivated in 

normal medium (A) or 

PA-containing medium 

(B). The cells were fixed 

and incubated with anti-

PDI antibody to show the 

ER structure or LD540 to 

stain LDs. The images 

were taken from GFP-

AGPAT3 (#847) clone 1-

6 and AGPAT3-GFP 

(#864) clone 1-15. Scale 

bar, 5 µm. 
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2.4.2.3 Generation of AGPAT3-KO cells 

The floxed Bsr-cassette was inserted into the first exon of the agpC gene, just downstream of 

the first transmembrane domain (Fig. 43), to generate the KO cells. The reading frame of the 

Bsr cassette is in the same orientation as the gene (floxed-Bsr fwd) in AGPAT3-KO 1-4 and 1-

10 cells, while the opposite direction (floxed-Bsr rev) occurs in AGPAT3-KOs 2-1 and 2-5. 

The primers for PCR verification are shown in Fig. 43A. The PCR products with the 

respective primer combination (Fig. 43B) confirmed the calculated size starting from AX2 or 

AGPAT3-KO cells as templates (Tab. 9).  

 

Fig. 43: AGPAT3-KO construction and its verification using PCR. A) Schematic description of AGPAT3-Bsr in 

genome and primers used for AGPAT3-KO confirmation. The Bsr cassette in both orientations (from plasmid 

#901 and #902) was inserted into the first exon. Blue boxes stand for exons and transparent boxes denote introns 

(I) of the gene agpC. B) PCR amplification on gDNA of AX2 and AGPAT3-KO independent clones. The primer 

combination is shown at the bottom of each DNA-gel. TRX amplified by primers #216 5’-TRX and #217 3’-

TRX is the quantity control for the template gDNA. DNA markers (M) are shown on the left of the images.  
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Tab. 9: The amplification length with indicated primer pairs for AGPAT3-KO and AX2 

Category of 

primer 

Primer 

combination 

Clones identified by each 

primer combination 

Amplification length 

in AX2 (kb) 

Amplification length 

in KOs (kb) 

Bsr primer #57/#750  KO 1-4 and 1-10 / 0.9 

#57/#751 KO 2-1 and 2-5 / 1.7 

in-gene 

primer 

#753/#750 All KO clones 0.55 2.15 

#752/#751 All KO clones 1.5 3.1 

KO primer #750/#751 All KO clones 1.8 3.4 

2.4.2.4 No changes in TAG content and LD-formation in cells lacking AGPAT3 

TAG content was measured by the enzymatic assay in two independent AGPAT3-KO clones 

grown in normal medium or PA-containing medium. The AGPAT3-KO did not impair TAG 

synthesis (Fig. 44 upper panel). This result was also supported by TLC lipid separation (Fig. 

44 lower panel). Numbers and size of LDs in AGPAT3-KO were observed to be at the same 

level as in WT cells in PA-medium (data not shown). Together, these data suggest that 

AGPAT3 is not the major enzyme for AGPAT activity among the three-membered gene 

family. However, AGPAT3 may still be functional, and its loss could have been compensated 

by AGPAT1 and AGPAT2 in the AGPAT3-KO. 

 

Fig. 44: Loss of AGPAT3 in Dictyostelium does 

not change TAG content in the enzymatic TAG 

assay as well as TLC lipid separation. Two 

independent clones 1-4 and 2-1 were used for the 

measurement. The enzymatic assay was 

performed for three times and is shown as mean 

± SD (bar diagram, upper panel). No significant 

difference (p>0.05) between WT and KO clones 

were found by applying the student t-test 

statistical analysis. TLC lipid separation (lower 

panel) was performed as Fig. 14A. The arrow 

shows the position of TAG on the TLC plate. The 

two assays are shown correspondingly and the 

descriptions suitable for both assays are shown at 

the bottom of the figure. 
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2.4.2.5 AGPAT3-KO does not affect phagocytosis and plaque formation   

To study the relationship of TAG formation and phagocytosis in AGPAT3-KO cells, 

phagocytosis in normal medium or medium with PA was determined (Fig. 45) and plaque 

formation on bacterial lawn was measured (Fig. 46). For consistency, the same AGPAT3-KO 

clones as used in the examination of TAG content were employed for both experiments. No 

differences to WT performance was observed in AGPAT3-KO cells.  

 

Fig. 45: AGPAT3-KO did not affect phagocytosis in normal and PA-supplemented medium. Phagocytosis assay 

was performed and displayed as in Fig. 24. The solid trendlines connect the mean phagocytic values from cells 

grown in normal medium and the dotted trendlines from cells grown in the medium added by PA. Phagocytic 

activity was assayed for three times in both growth media.  
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Fig. 46: No significant alteration in 

plaque formation occurs in the 

AGPAT3-KO strain. The diameters of 

the formed plaques on bacterial lawn 

were measured at the 3rd and 4th day 

of incubation. This assay was 

performed for 3 times and the mean 

values ± SD relative to WT are shown 

as bars. There is no statistical 

difference (p>0.05) between AX2 and 

KO-mutants as analysed by applying 

the student t-test. 
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2.4.3 DGAT1 and DGAT2  

DGAT is the crucial enzyme catalyzing the condensation of diacylglycerol (DAG) and acyl-

CoA, and thus controls the committed step in fat accumulation.  

2.4.3.1 No significant changes in cellular TAG content and LD formation between 

DGAT2-KO and AX2 in PA-containing medium 

Diacylglycerol acyl transferase 2 (DGAT2) had been partly investigated in my previous 

Diploma thesis (2009). The TAG content was unaffected in DGAT2-KO cells as compared to 

WT cells treated with PA for 14 h. Since LD degradation occurs in Dictyostelium cells at that 

time point (see section 2.1.1) whereas DGAT is an enzyme responsible for TAG formation, 

the TAG content must be further examined in DGAT2-KO cells in the LD-formation state 

after PA-treatment for 3 h.  However, consistent with the previous results, both independent 

DGAT2-KO clones did not show TAG changes in comparison to AX2 in enzymatic assay and 

lipid separation by TLC (Fig. 47). 

 

Fig. 47: Comparison of cellular TAG content in 

DGAT2-KO and WT cells. Two independent 

DGAT2-KO clones and AX2 were grown in 

normal medium (PA-) or PA-containing medium 

(PA+) for 3 h and subjected to examination of 

TAG content. A) The TAG content using 

enzymatic measurement. This assay was 

repeated for three times and TAG values are 

shown as mean ± SD. The difference is not 

significant (p>0.05) between WT and each 

DGAT2-KO clone. B) Representative neutral 

lipids separation by TLC. The solvent system 

used for the neutral lipid migration and lipid 

standards see Fig. 12B. The arrow shows the 

TAG position on the TLC plate. The two assays 

are shown correspondingly and the cell strains 

are shown at the bottom of the figure for both 

assays.  
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Although the total TAG content did not changed in cells carrying a DGAT2 deletion, GFP-

DGAT2 overexpression stimulated the formation of large numbers of small LDs distributed 

throughout the entire cytoplasm already in normal medium (X. Du, Diploma thesis 2009). In 

addition, GFP-tagged DGAT2 localizes to LDs. These results seemed to indicate that DGAT2 

could produce TAG directly on the LDs using substrates gathered from the cytoplasm. We 

suspected that concomitant changes in the sizes and numbers of cellular LDs in DGAT2-KO 

cells could lead to a homeostatic maintance of normal TAG content, i.e. the total TAG content 

would remain the same if smaller but more LDs exist in the cell. Therefore, it appeared 

necessary to determine LD size and number in DGAT2-KO cells to compare with the WT 

strain. 

 

Fig. 48: DGAT2-KO has the similar LD number and size as AX2 in PA-containing medium. DGAT2-KO clone 

2-4 was used for comparison of LD morphology with AX2. A) Representative confocal images showing LD-

staining in AX2 and DGAT2-KO cells. Both cell lines were cultured in PA-supplemented medium for 3 h, 

exchanged with C1-BODIPY-C12 medium for 15 min before fixation. B) Assessment of LD number in DGAT2-

KO and AX2 cells. The LD number per 100 µm2 of cytoplasmic area in both strains is shown. Cell area was 

calculated with the measured diameter or length and width according to its shape. C) Comparison of LD size. It 

is shown as mean ± SD. D) Size distribution of LDs in WT and DGAT2-KO cells. 
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DGAT2-KO and AX2 cells were allowed to incorporate C1-BODIPY-C12 to highlight LDs 

(Fig. 48A). For each cell line, at least 30 cells were randomly selected and imaged by 

confocal microscope to analyze the LD properties (Fig. 48 B-D). The LD number per 100 µm2 

in the cells and their mean size did not significantly change in DGAT2-KO cells compared to 

AX2 (Fig. 48 B and C). LD diameters showed a distribution from 0.1 to 0.8 µm with a mean 

of 0.35 µm (Fig. 48 C and D). Both DGAT2-KO and AX2 cells showed the similar LD 

distribution, approximately 70% of LDs have diameters between 0.2 and 0.4 µm (Fig. 48D).  

2.4.3.2 The DGAT2-KO has no influence on phagocytosis in PA-containing medium 

DGAT2-KO cell did not demonstrate significant reduction of the phagocytic rate in the uptake 

of particles in normal medium (X. Du, Diploma thesis, 2009). Here, a phagocytosis assay was 

performed to observe whether the DGAT2-KO cells were affected in the particle uptake in the 

medium with PA. All cell lines were incubated in PA-containing medium for 3 h prior to the 

start of the assay as defined by adding TRITC-labelled yeast into the growth medium. 

Phagocytosis of DGAT2-KO cells revealed no difference to the WT strain in two independent 

clones (Fig. 49).   

  

2.4.3.3 Cellular localization and functions of DGAT1 

2.4.3.3.1 DGAT1 exists in Dictyostelium 

A protein BLAST search with human DGAT1 (UniProt ID O7590) was performed to find 

homologous proteins in the Dictyostelium genome. Five homologues were identified, 

DDB0304727, DDB0238278, DDB0304757, DDB0308488 and DDB0220436 (Fig. 50A and 

Fig. 49: No alteration of 

phagocytosis in DGAT2-KO 

cultivated in the medium with 

PA. Two independent DGAT2-

KO clones 1-7 and 2-5 were 

applied in the phagocytosis assay 

together with AX2 cells. The 

assay was performed and 

exhibited as Fig. 24. The result 

was derived from 3 replicates. 
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Tab. 10) of which DDB0304727 had the highest score. Except the N-terminal approximate 

200 aa which are special to Dictyostelium DGAT1, the remaining sequence (the blue line with 

gene ID DDB_G0271342, Fig. 50) spans 34% identical and 54% similar sequence regions 

(Tab. 10) to the human DGAT1 protein.  Therefore, this protein was selected and named as 

DGAT1 to study its functions, focusing on the biosynthesis of TAG.  

 

Fig. 50: Five homologous proteins in Dictyostelium to human DGAT1 and the degree of homology for each 

protein. These 5 homologues to human DGAT1 were identified by protein BLAST research at Dictybase. The 

similar regions of each protein to human DGAT1 are shown in blue lines and exact value of identical and similar 

sequences in the region are shown in Tab. 10. The gene ID of each protein is shown in this figure, and the 

corresponding Dictybase ID can be also read in Tab. 10. 

Tab. 10: Protein sequence comparison of human DGAT1 protein with Dictyostelium homologues   

Dictybase ID Gene ID Identities aa Positives Score(bits) E-value 

DDB0304727 DDB_G0271342 141/414 (34%)  617  223/414 (54%) 246 2e-65 

DDB0238278 DDB_G0282197 77/237 (32%) 480 123/237 (51%) 120 2e-27 

DDB0304757 DDB_G0276523 43/175 (24%)  518 77/175 (44%) 62.8 3e-10 

DDB0308488 DDB_G0284259 17/55 (30%) 907 26/55 (47%) 35 0.07 

DDB0220436 DDB_G0290621 21/57 (36%) 967 32/57 (56%) 34.7 0.087 

The full length genomic dgat1 sequence comprises 2,219 bp with 3 introns, and is located on 

chromosome 2 of Dictyostelium. The DGAT1 protein is composed of 617 aa, corresponding to 

a molecular weight of 72 kDa. 

2.4.3.3.2 GFP-tagged DGAT1 protein localizes to ER in Dictyostelium cells in the 

presence and absence of PA 

In order to find out the cellular localization of DGAT1, plasmids expressing GFP-DGAT1 and 

DGAT1-GFP were constructed and transformed into WT Dictyostelium cells. Both cell lines 

showed a rather weak expression in Western-blot (Fig. 51). 

http://genomes.dictybase.org/id/DDB_G0282197
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Fig. 51: Western-blot of GFP-tagged DGAT1. The protein samples were extracted from 3x106 GFP-DGAT1 

(#751), DGAT1-GFP (#752) and AX2 cell strains. Because of the very low expression, the GFP-tagged DGAT1 

cells were grown in G30 selection medium to increase the expression level of fusion protein. The calculated 

GFP-tagged DGAT1 is 99 kDa and their expressions were detected by anti-GFP antibody. Porin (30 kDa) serves 

as loading control. Protein sample extracted from AX2 was used as negative control as it lacks the GFP protein. 

Molecular weights of protein marker (M) are shown on the left. 

Unlike GFP-tagged DGAT2 stimulating LD accumulation (Diploma thesis, 2009), GFP-

DGAT1 and DGAT1-GFP stains did not show increased LD formation as compared to WT 

cells,  none or 1-2 LDs per cell (data not shown). The majority of GFP-tagged DGAT2 

localized to LD and a small fraction to the ER in normal and PA-supplemented medium, while 

GFP-tagged DGAT1 localized to the ER exclusively, but did not move to LDs even after 

stimulation with PA (Fig. 52 A and C). Besides the ER localization, both fusion-proteins also 

showed some aggregation: some GFP-DGAT1 cells had a strong signal in some parts of 

nuclear envelope, and/or 1-3 small dots or tiny rings in the cytoplasm (Fig. 52B); most 

DGAT1-GFP cells showed similar dots or rings in the cytoplasm but lacked nuclear 

membrane accumulation (Fig. 52A lower panel and C), possibly due to the lower expression 

levels (see Fig. 51). Since no stainable structure could be observed by LD540 in the normal 

medium, the small dots or rings might not reflect association with LDs. They also did not 

stain with LD540 when the cells were induced by PA-treatment (Fig. 52C).  

 



 83 

       

Fig. 52: GFP-tagged DGAT1 localizes to the ER. The cell lines used for confocal imaging were from GFP-

DGAT1 (#651) clone 1-3 and DGAT1-GFP (#652) clone 1-4. They were grown in normal medium (A) or in 

medium containing PA (B and C). After being fixed, the cells were incubated with anti-PDI antibody or LD540 

as indicated on the top of images. Scale bar shows the length of 5 µm. 

2.4.3.3.3 Generation of DGAT1-KO Dictyostelium cells  

A DGAT1-KO was generated by inserting the floxed Bsr cassette into the first exon of 

DGAT1. Like in the case of GPAT3, the primer upstream to the start codon shows robust 

amplification together with the Bsr-specific oligonucleotide or using an in-gene primer, across 

the Bsr cassette (Fig. 53 A and B). The genomic fragment amplified with the Bsr-specific 
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primer in combination with the DGAT1 upstream primer is 0.9 kb long in the DGAT1-KO and 

no amplification occurred in AX2 cells (Fig. 53B, left panel). The amplification using primers 

specific for upstream sequences and in-gene regions achieved a 2.6 kb fragment in DGAT1-

KO cells and 1.0 kb in the WT strain (Fig. 53B, right panel).  

 

Fig. 53: Construction and PCR confirmation of the DGAT1-KO. A) Schematic representation of dgat1 inserted 

with the floxed Bsr cassette (from plasmid #840) in the genome. The Bsr cassette was inserted in the first exon 

of dgat1 and transcribed in the same direction as the dgat1 gene. The positions of primers used for PCR 

verification are shown and the arrows indicate their directions to be amplified. Exons are coloured bright blue 

and floxed Bsr cassette was shown in red. Thin lines indicate genome regions outside the target gene. I1, I2 and 

I3 indicate 3 introns. B) The PCR verification of DGAT1-KO. Two primer combinations used for verification are 

indicated at the bottom of each DNA-gel. TRX, the quantity control for template gDNA, was amplified by 

primers #216 5’-TRX and #217 3’-TRX. A DNA-marker (M) is shown on the left side of each image. 

2.4.3.3.4 The TAG and UKL content are strongly decreased in DGAT1-KO cells 

Unlike what we had seen in the DGAT2-KO strains, DGAT1-KO cells showed a dramatically 

reduced cellular TAG content as measured by the enzymatic TAG assay when cells were 

grown in medium supplemented with PA (Fig. 54A).  The decreased TAG content was further 

verified by TLC lipid separation (Fig. 54B). Furthermore, the unknown lipid, UKL, is lost in 

DGAT1-KO cells (Fig. 54B). This result indicated that DGAT1 is the major enzyme 

mediating TAG and UKL synthesis in Dictyostelium cells. 
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2.4.3.3.5 DGAT1-KO decreases the phagocytosis in the medium supplemented with PA 

Again, it is important to know if the strongly reduced TAG content in the cells can affect 

phagocytosis of Dictyostelium cells as previously observed with the GPAT3-KO (Fig. 36). 

This could give another hint on the relationship between the cellular TAG content and its 

connection to phagocytic function.  

 

Fig. 55: Phagocytic activity of DGAT1-KO in the medium with or without PA. The phagocytosis assay was 

performed and presented as in Fig. 24. A) DGAT1-KO showed no influence on phagocytosis in regular medium. 

The mean and SD were calculated from 5 replicates. B) Decreased phagocytic rate in DGAT1-KO incubated in 

PA-containing medium. This assay was repeated for 4 times. 

Fig. 54: DGAT1-KO cells exhibit reduced TAG 

and UKL content. Two independent DGAT1-KO 

clones 1-17 and 2-10 were employed for TAG 

measurement together with AX2 in normal 

medium (PA-) or medium with PA (PA+). A) 

DGAT1-KO cells have a decreased TAG content in 

medium with PA as determined by the enzymatic 

assay. The experiments were repeated for 3 times 

and shown as mean ± SD. *** indicates p<0.001 

versus AX2. B) Lipid composition of WT and 

DGAT1-KO strains on a TLC plate. The black 

arrow indicates TAG while the red arrow shows 

UKL migrating position on the TLC plate. The 

solvent system used for the neutral lipid separation 

and the lipid standard are specified in Fig. 12B. 

The two assays are shown correspondingly. 
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Phagocytosis was measured with 2 independent DGAT1-KO clones in the medium with or 

without PA. This time, DGAT1-KO cells showed no effect on phagocytosis in normal growth 

medium (Fig. 55A). Furthermore, DGAT1-KO even decreased the phagocytosis capacity of 

the cells compared wild type in the medium added by PA significantly by about 27% (Fig. 

55B).  

2.4.3.4 Investigating the functional relationship between DGAT1 and DGAT2 in double 

and single KO mutants 

2.4.3.4.1 Generation and verification of a DGAT-DKO 

DGAT1 is crucial for TAG formation in Dictyostelium cells. DGAT2 also appears contribute a 

minor function in TAG formation, since the DGAT2 overexpression increases the LD 

formation. Therefore, it is important to investigate the functional relation between 

Dictyostelium cells, in which both DGAT1 and DGAT2 are knocked out. 

 

Fig. 56: Generation and verification of a DGAT1-loxP cell line as a prerequisite for the DGAT-DKO. A) 

Schematic description of the genomic DGAT-loxP structure, in which the Bsr cassette was cut out from DGAT1-

KO clone 1-17 (see Fig. 53A) by transient expression of Cre-recombinase. The positions of the primers used for 

DGAT1-loxP confirmation are shown. Red box, the remaining loxP site with stop codons after removal of floxed 

Bsr cassette; blue boxes, exons; I1-3, three introns; thin lines, genomic regions flanking DGAT1 gene. B) 

Genomic PCR verification of DGAT1-loxP with primers #585 5’-DGAT1 KO and #590 3’-DGAT1on genomic 

DNA of AX2 and 4 DGAT-DKO clones. Sizes of DNA-marker (M) are shown on the left of DNA-gel. 

The same principle as that used for generation of Ali/ADH double KO (see section 2.3.2.1) 

was employed to establish the DGAT1/DGAT2 double knock-out (DGAT-DKO). DGAT1-KO 

clone 1-17 was transformed with the plasmid NLS-Cre (#394), so that transient expression of 

Cre-recombinase resulted in cutting out the floxed Bsr-cassette from the first exon of DGAT1. 

The loxP site containing the multiple stop codons still remained (Fig. 56A), and the resultant 

DGAT1 mutant with loxP (DGAT1-loxP) is 85 bp larger than the original DGAT1 gene (Fig. 

56B).  In a second step, DGAT2 was knocked out by inserting the Blasticidin S resistance 

cassette in DGAT1-loxP background strain, generating the desired DGAT-DKO. 
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Fig. 57: Verification of secondary DGAT2-KO in DGAT-DKO cells. A) Schematic view of DGAT2 inserted 

floxed-Bsr cassette in the genome and primers for DGAT2-KO verification. DGAT-DKO 1-19, 1-20 and 2-15, 2-

21 were derived from different orientations of the Bsr cassette in the DGAT2 gene, Bsr-fwd in 1-19 and 1-20 

whereas Bsr-rev in 2-15 and 2-21 mutant strains. The positions of primers used for PCR amplification are shown 

and the arrows indicate their amplification directions. Thin lines indicate the genomic flanking regions of the 

targeted gene. Exons are coloured in bright blue and the floxed-Bsr expression cassette is marked in red. I1 and 

I2 refer to two introns. B) DGAT-DKO verification using PCR amplification on genomic DNA with different 

primer pairs as indicated at the bottom of each gel. TRX serves as the quantity control for template and amplified 

by primers #216 5’-TRX and #217 3’-TRX. A DNA-marker (M) is shown on the left of each gel.   
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Fragments of genomic DGAT2 carrying the floxed Bsr-cassette in the same or opposite 

orientation to DGAT2 were cut out of the plasmids pGEM-T Easy-DGAT2-Bsr fwd (#623) 

and pGEM-T Easy-DGAT2-Bsr rev (#624) respectively, and then transformed into DGAT1-

loxP cells. As usual, DGAT2-KO was confirmed by the PCR with one primer either binding 

within the Bsr cassette or in the DGAT2 gene together with another primer specific for the 

region outside of DGAT2 in the genome (Fig. 57A).  The amplifications with different primer 

combinations on genomic DNA from WT and DGAT-DKO cells are shown in Fig. 57B and 

are identical to the expected fragment length (Tab. 11). 

Tab. 11: PCR-amplifications for verification of DGAT-DKO using different primer pairs 

Catergory of 

primer 

Primer 

combinations 

Clones identified by each 

primer combination 

Amplification length 

in AX2 (kb) 

Amplification 

length in KOs (kb) 

Bsr primer #57/361 Clones 1-19, 1-20 (Bsr fwd) / 1.5 

#352/354 Clones 1-19, 1-20 (Bsr fwd) / 0.8 

#352/361 Clones 2-15 and 2-21 (Bsr rev) / 1.2 

#57/354 Clones 2-15 and 2-21 (Bsr rev) / 1.0 

in-gene 

primer 

#361/455 All clones 1.1 2.7 

#354/#359 All clones 0.7 2.3 

KO primer #354/#361 All clone 1.7 3.3 

 

2.4.3.4.2 A  DGAT-DKO has even lower TAG level than a DGAT1-KO  

The TAG content of DGAT-DKO cells was determined using the enzymatic TAG-assay as 

well as lipid separation on TLC plates. In order to accurately compare the TAG content 

between the single and double mutants, DGAT1-KO and DGAT2-KO were also included in 

both assays (Fig. 58).  

The TAG content did not change in any of the DGAT mutants in normal medium (Fig. 58A 

and B left panel). In the PA-containing medium, however, the DGAT1-KO reduced the TAG 

to about 20%, and DGAT2-KO did not affect the TAG content in either assay. This result is 

similar to the experiments performed previously (2.4.3.3.4 and X. Du, Diploma thesis 2009). 

Although DGAT-DKO had a TAG level as that of the DGAT1-KO in the enzymatic assay 

(Fig. 58A), the TAG content of DGAT-DKO is clearly less than that of DGAT1-KO when 

assayed by TLC, and even less than that of AX2 grown in the medium without PA (Fig. 58B, 

right panel). 
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Fig. 58: TAG measurement in DGAT mutants. One clone of each DGAT single mutant and two independent 

clones of the DGAT-DKO were used in both assays.  A) TAG content in the enzymatic TAG assay. DGAT-DKO 

showed similar TAG level as that from DGAT1-KO 1-17 in the PA-containing medium. *** indicate p< 0.001, 

compared with WT grown in the medium added by PA. B) Representative TLC lipid separation from two 

replicates. Left panel: TLC plate from cells grown in regular medium. Right panel: Lipids of AX2 grown in the 

regular medium was loaded again (first lane) in order to directly compare the TAG content on the same plate; 

lipid samples in the remaining lanes were from cells grown in PA-containing medium. TLC lipid separation and 

lipid standards (S) are described in Fig. 14A. An arrow refers to TAG migrating position on the both TLC plates. 

2.4.3.4.3 DGAT-DKO decreases LD formation further than DGAT1-KO  

In PA-supplemented medium, LDs from DGAT single and double mutant strains were 

visualized by incorporation of C1-BODIPY-C12 and observed by confocal microscopy (Fig. 

59). The DGAT2-KO showed a similar amount of LDs as AX2, which proved the result 

obtained previously from fixed cells (2.4.3.1, Fig. 48). The DGAT1-KO displayed a markedly 

reduced number of LDs. In DGAT-DKO cells, no more LDs existed, appearing visually like 
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wild type grown in normal medium. Thus, microscopic LD appearance in DGAT mutants 

perfectly matched the result of TAG content as determined by the TLC method. Accordingly, 

the observations indicate that both DGAT1 and DGAT2 contribute to TAG formation, but the 

function of DGAT1 greatly dominated over the contribution of DGAT2. 

 

Fig. 59: Differences of LD number in 3 DGAT mutants in live cells. All 3 DGAT mutants were incubated in PA-

containing medium for 3 h, and LDs were stained by incubation in C1-BODIPY-C12 for 15 min. Confocal 

images were taken immediately thereafter. Scale bar, 10 µm. 

Excess intracellular accumulation of FFA is toxic for cells and esterification of FFA to TAG is 

a strategy for cell to avoid the lipotoxicity. The toxic effect is especially obvious in the cells 

with deficiency in TAG-formation (1.4.1). Therefore, the growth rate and morphology of cells 

was monitored for 24 h in the 3 DGAT single and double mutants in the medium 

supplemented with PA, but no alterations were found (data not shown).  

2.4.3.4.4 DGAT-DKO decreases phagocytic rate as same as DGAT1-KO  

The DGAT2-KO did not affect phagocytosis significantly in the growth medium 

independently of PA, whereas DGAT1-KO has no effect of phagocytosis in normal medium 

but decreases phagocytic rate by 22% in PA-containing medium. To test whether the DGAT-

DKO inherited this property, two independent DGAT-DKO clones were analysed for 

phagocytosis efficiency in the presence and absence of PA. The DGAT-DKO showed no 

significant effect on phagocytosis as compared to AX2 in the regular growth medium (Fig. 

60A), but decreased phagocytic rate to 19% in PA-containing medium (Fig. 60B). This 

phagocytosis effect is similar to that observed in DGAT1-KO cells. There is no pronounced 

extra effect of knocking out both DGAT1 and DGAT2.  
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Fig. 60: Phagocytic behaviours of DGAT-DKO and DGAT1-KO are similar. Two independent DGAT-DKO 

clones 1-19 and 2-15 together with AX2 were employed for phagocytic analysis in normal medium (A) and in 

PA-containing medium (B). The phagocytic activity was determined as described in Fig. 24. The results come 

from 3 independent replicates. 

2.4.3.4.5 The DGAT-DKO, but not any of the single KO strains, fails in plaque 

formation on the bacterial lawn 

Since DGAT1-KO and DGAT-DKO decrease the phagocytosis of yeast in liquid growing 

medium, DAGT-DKO and the single knock-outs DGAT1-KO and DGAT2-KO were analysed 

in a plaque-assay on E.coli B/2 bacterial lawn.  

 

Fig. 61:  Plaque formation of DGAT mutants on bacteria. One clone of each DGAT single KO and 2 clones of 

the DGAT-DKO were grown on SM agar plates with E.coli B/2 as a food source. The plaques resulted from the 

uptake of bacteria by Dictyostelium and the diameter was measured after 3 to 6 days incubation at 22°C. The 

experiment was repeated for 3 times and relative diameters of plaques compared to WT are shown as mean ± 

SD. *** indicates p<0.001 compared to WT.  
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Normally, a plaque formed by Dictyostelium cells is visible after two days, and easily 

measured with about 0.3 cm in diameter after 3 days incubation together with bacteria on a 

SM-agar plate. The DGAT-DKO retarded plaque formation greatly. The diameter of plaques 

was less than 0.1 cm after 3 days growth on bacteria, and easily overlooked by bare eyes 

during the clone screening procedure. Therefore, this assay was measured until 6 days of 

incubation on bacteria lawn, when the single plaques from AX2 cells had almost coalesced. 

The DGAT-DKO remained at 20% of the WT plaque’s diameter (Fig. 61). The absolute 

diameter of plaques of DGAT-DKO is only about 0.2 cm wide after 6 days growth (data not 

shown). The result suggested that drastically reduced plaque formation of DGAT-DKO is 

probably not only due to the reduction of phagocytosis, since DGAT-DKO reduced the 

phagocytosis of particle in the medium with PA only to about 20%, much less than the 

reduction of plaque size. 

2.4.3.5 GFP-DGAT2 overexpression rescues DGAT1-KO and DGAT-DKO  

2.4.3.5.1 GFP-DGAT2 increases the cellular TAG content in correlation with its 

overexpression level 

In order to completely elucidate the function of DGAT2, it is important to investigate if the 

total TAG content is elevated in DGAT2-overexpressing cell lines. GFP-tagged DGAT2 

localizes on LDs in the presence of PA and even stimulates LD formation in the absence of PA 

(X. Du, Diploma thesis 2009).  

Total cellular TAG was quantified by enzymatic measurement and TLC in independent GFP-

DGAT2 cell lines with different level of DGAT2 overexpression (Fig. 62). DGAT2 

overexpression in cells leads to lipid accumulation in the presence and absence of PA in a 

dose dependent manner as measured by the TAG enzymatic assay (Fig. 62B). The strong 

overexpression of GFP-DGAT2 clones 1-1 and 2-3 (Fig. 62A) showed markedly increased 

TAG content (Fig. 62B), whereas the weak expression of GFP-DGAT clone 1-5 (Fig. 62A) 

showed almost no alteration as compared to the TAG level of WT (Fig. 62B). Similar to what 

is seen with the enzymatic TAG assay, TLC separation of total cellular lipids reveals that the 

TAG level was clearly increased in GFP-DGAT2 cells incubated in regular growth medium 

lacking PA. This enhanced rate also correlated with the DGAT2 overexpression level (Fig. 

62C, left panel). However, these differences faded out in cells incubated in PA-containing 

medium (Fig. 62C, right panel). One of the reasons may be that the high TAG content in PA-
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treated cells saturated the plate, so the slight increase is not distinguishable any more.  

Another reason may be that GFP-DGAT2 cells could not further increase the cellular content. 

In summary, according to the TAG measurements with the enzymatic test and TLC separation, 

GFP-DGAT2 overexpression induces the formation of surplus TAG. 

           

Fig. 62: GFP-DGAT2 overexpression enhances TAG content relating to DGAT2 overexpression level. A) The 

detection of GFP-DGAT2 expression in a Western-blot by antibody against GFP. Anti-severin antibody served as 

a loading control. A cell lysate extracted from AX2 is used as a negative control for GFP expression. Molecular 

weights of protein marker (M) are shown on the left. B) The enzymatic measurement of cellular TAG in the 

GFP-DGAT2 overexpression cells. The relative TAG content is exhibited by mean ± SD from 3 independent 

replicates. * p < 0.05 (one-tailed) compared to WT under the same growth conditions. C)  Quantification of 

neutral lipids with TLC separation in normal medium (left) or in medium with PA (right). TLC lipid separation 

and lipid standards (S) are described in Fig. 14A. Arrows point to the TAG position on the TLC plate.   

2.4.3.5.2 GFP-DGAT2 overexpression has no effect on phagocytosis  

For the sake of completeness, the effect of GFP-DGAT2 overexpression on phagocytosis was 

tested in normal medium to investigate if the enhanced TAG content could influence the 

phagocytic efficiency. None of three GFP-DGAT2 clones with different overexpression levels 

showed any changes in phagocytosis if compared to AX2 (Fig. 63). 
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2.4.3.5.3 Rescuing DGAT1-KO and DGAT-DKO with GFP-DGAT2 

GFP-DGAT2 stimulates LD formation even in regular medium, which has not been observed 

by other LD proteins so far. In PA-containing medium, it is possible that GFP-DGAT2 slightly 

enhances the TAG formation compared to AX2. Functional analysis of DGAT-KO mutants 

showed that DGAT1 played a major role in TAG formation. This raised the question whether 

GFP-DGAT2 overexpression was able to rescue the defects caused by DGAT1 loss and also 

by DGAT1 and DGAT2 double deletion. GFP-DGAT2 (plasmid #620) was transformed into 

DGAT1-KO and DGAT-DKO cells. The obtained Dictyostelium cells were named DGAT1-

KO rescue and DGAT-DKO rescue. Western-blot showed expression of GFP-DGAT2 in both 

genetic backgrounds (Fig. 64). DGAT1-KO rescue 1-24 and DGAT-DKO rescue 1-7 were 

chosen for further functional analysis. 

 

Fig. 64: Confirmation and comparison of GFP-DGAT2 overexpression in DGAT1-KO and DGAT-DKO cells by 

Western-blotting. 2x106 cells of each clone were denatured and loaded on a SDS-PAGE. The predicted molecular 

weight of GFP-DGAT2 is 64 kDa, and the fusion protein is visualized by anti-GFP antibody. Antibody anti-porin 

was blotted for protein quality control. Molecular weights of protein marker (M) are shown on the left.  

Fig. 63: GFP-DGAT2 overexpression 

does not affect phagocytosis in normal 

growth medium. Three GFP-DGAT2 

clones 1-1, 1-5 and 2-3 with different 

overexpression level as used for TAG 

measurement were investigated to detect 

the phagocytic activity of particles (n=3). 

The assay was performed and presented 

as in  Fig. 24. 
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2.4.3.5.4 DGAT1-KO rescue and DGAT-DKO rescue stimulate the LD accumulation  

GFP-DGAT2 was observed with confocal microscopy to detect whether the rescue cells are 

competent to form LDs. Due to the similarity of localization GFP-DGAT2 in WT and both 

rescue cells, only one cell line in each staining was representatively shown. Like GFP-DGAT2 

cells in the WT background, DGAT2 localize to the ER and the surface of LDs in both rescue 

cell lines (Fig. 65A upper panel, B upper panel).  In the medium supplemented with PA, ER 

localization was almost lost (Fig. 65A lower panel), but LD surface localization was more 

accentuated (Fig. 65B lower panel). The ring structure built around LDs in the PA-

supplemented medium appeared much larger than that in normal medium.  

 

2.4.3.5.5 GFP-DGAT2 overexpression restores the reduced TAG level, but does not the 

decreased UKL level in DGAT1-KO and DGAT-DKO 

Fig. 65: Cellular localization of 

DGAT1-KO rescue and DGAT-

DKO rescue. GFP-DGAT2 clone 

1-1 (in WT background), 

DGAT1-KO rescue 1-24 and 

DGAT-DKO rescue 1-7 were 

fixed and confocal images were 

taken to show the ER and LD 

localization. A) Clear ER 

localization is seen in the normal 

medium, whereas it is hardly 

visible upon addition of PA. ER 

was visualized by anti-PDI 

antibody.  B) LDs localization in 

normal and PA-containing 

medium. LDs were stained by 

LD540. The scale bar stands for 

5 µm. 
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The TAG content was evaluated with the enzymatic TAG assay and backed up by TLC 

separation of total cellular lipids in both rescue cell lines in comparison with the 

corresponding KO cells (Fig. 66 A and B). In normal medium, both DGAT2 expressing 

rescues (in the DGAT1-KO and DGAT-DKO backgrounds, respectively) significantly 

increased the TAG content; DGAT1-KO rescue 1-24 displayed even more TAG than DGAT-

DKO 1-7. Since the starting value for TAG of both KO mutants were on the same level, this 

effect must originate from the raised expression level of GFP-DGAT2 in rescue 1-24 as 

opposed to rescue DGAT-DKO 1-7 (Fig. 64). In the PA-supplemented medium, both rescues 

cell lines for DGAT1-KO and DGAT-DKO re-establish WT level of TAG.     

      

Fig. 66: Increased TAG content and unchanged UKL level in DGAT1-KO rescue and DGAT-DKO rescue 

compared to the respective KOs.  A) TAG content was measured by the enzymatic TAG assay and shown as 

mean ± SD from 3 repeated experiments. *** p < 0.001, comparison between DGAT1-KO 1-17 and its rescue 1-

24. ** p < 0.01, comparison between DGAT-DKO 1-19 and its rescue 1-7. B) The TAG and UKL content by 

TLC lipid separation. TLC performing and lipid standards were explained in Fig. 14A. The black and red arrows 

show the position of TAG and UKL on the TLC plate respectively. The two assays are shown correspondingly. 

Interestingly, GFP-DGAT2 expression fails to restore the decreased UKL content that was 

caused by lack of DGAT1 (Fig. 66B). 



 97 

2.4.3.5.6 GFP-DGAT2 overexpression rescues the plaque formation in DGAT-DKO 

Besides the reduced TAG level and barely visible LDs in PA-containing medium, the DGAT-

DKO has another salient feature, namely a decreased ability to form plaques. By GFP-DGAT2 

overexpression also plaque formation in DGAT-DKO on an E.coli B/2 plate could be restored 

to the level typical for WT cells (Fig. 67). 

To sum up, GFP-DGAT2 overexpression could rescue the defects which resulted from single 

loss of DGAT1 as well as DGAT1 and DGAT2 double deletion. It implied once again that 

DGAT2 did have a DGAT enzymatic function in producing TAG, although DGAT2 single KO 

failed to show a clear phenotype like DGAT1-KO did.    

            

Fig. 67: GFP-DGAT2 overexpression in the DGAT-DKO re-generates the normal plaque phenotype. The plaque 

diameter on bacterial lawn was evaluated in DGAT1-KO and DGAT-DKO and the respective rescues in relation 

to that of the WT AX2 cell. This assay was repeated three times and relative diameters are shown as mean values 

± SD. *** indicates p < 0.001, significant comparison between DGAT-DKO 1-19 and its rescue 1-7. 

 

 

 

  

0

20

40

60

80

100

120

140

3. day 4. day

di
am

et
er

 o
f p

la
qu

e 
(%

W
T

) 

 growing time on E.coli B/2 lawn 

AX2

DGAT1-KO 1-17

DGAT1-KO rescue 1-24

DGAT-DKO 1-19

DGAT-DKO rescue 1-7

 

   ***                    *** 

 

                  

***                      



 98 

3 Discussion 

3.1 Induction of LD-accumulation and LD-composition in response to 

various carbon sources 

In mammals, nutrient uptake regulates LD formation. A high fat diet induces fat storage in 

LDs directly. Furthermore, glucose is a source of glycerol-3-phosphate that can also form 

TAG. Glucose stimulates LD-formation in adipocytes (Li et al., 2003) but not in hepatocytes 

(Fujimoto et al., 2006). Supplemented with extra glucose, Dictyostelium cells did not show 

TAG accumulation and LD formation (Fig. 13). 

Yeast can form LDs in both, glucose or FA-containing medium, but the composition of LD 

varies with the carbon source. In the early stationary phase, the ratio of TAG to SE is about 

1:1 in cells grown in standard medium that contains 2% glucose. But adding oleate to the 

growth medium, SE formation is inhibited, but TAG synthesis is specifically induced, 

therefore, the TAG/SE ratio changes to 16:1. However, when yeast cells were treated with PA, 

the TAG/SE ratio was not affected and remained at 1:1 as in normal medium (Connerth et al., 

2010).   

Biophysical investigations of LDs in Saccharomyces (Czabany et al., 2008) suggest that TAG 

and SE are arranged in a segregated pattern rather than mixed homogenously. This structure is 

supported by freeze-fracture electron microscopic observation in macrophages induced by 

acetylated LDL, containing high levels of cholesteryl esters. It was demonstrated that the LD 

is constituted of rigidly packed concentric SE shells that surround TAG in the inner core,  

which give LD an onion-like appearance (Robenek et al., 2009). 

Both cholesterol and PA can induce Dictyostelium cell to accumulate LDs (Fig. 14C), 

although to a variable degree. Unlike LDs induced by exogenous fatty acids in 

Saccharomyces, the PA-treated Dictyostelium cells showed markedly increased TAG and 

UKL, but the SE level remained the same as in untreated cells (Fig. 14A). We conclude that 

the exogenous fatty acids cannot induce SE formation. The reason could lie in the limitation 

of the cholesterol source. Therefore, we assume that LDs formed after adding cholesterol 

only, are composed of a SE-rich hydrophobic core (Fig. 68A), while PA induces TAG-rich 

LDs (Fig. 68B). LDs induced by cholesterol together with PA (2.2.3), can be organized in a 
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structure similar to that of macrophage and yeast, i.e. SE shells encircle the relatively 

homogeneous inner content (Fig. 68C). The distribution of UKL within the Dictyostelium 

lipid droplets, however, remains unknown. Based only on its mobility on TLC plates, we 

consider it to share more properties with TAG than with SE. 

 

Fig. 68: Hypothetical structure of LD neutral lipids core. A) SE-rich LD. Blue filling indicates SE-enriched LD-

core.  The purple rings indicate the phospholipid monolayer around the neutral lipid core of LD. B) LDs are 

composed of TAG and UKL in the core. Yellow filling indicates LD-core constituted by UKL and TAG.  C) 

TAG, UKL and SE are the components of neutral lipid core. The concentric SE shells surround the inner neutral 

lipids (TAG+UKL).  

3.2 The refined LD-proteome of Dictyostelium 

3.2.1 Purity and completeness of LD proteome with the modified method 

Initial attempts to purify lipid droplets by ultracentrifugation resulted in the identification of 

almost 300 protein constituents. The cellular localization of 13 LD-associated proteins was 

investigated by fluorescence microscopy of GFP-fusions (Tab. 2). Only 6 proteins (Plin, 

ADH, Ali, Smt1, PlsC1 and DGAT2) were confirmed to localize to LD (Fig. 69 blue ellipse 

on the left). These 6 proteins are also present in the LD-proteome obtained with the modified 

LD-isolation described in this thesis. In contrast, the 5 proteins that were previously 

confirmed not to localize to LDs (OSBP8, ASL, ACoAT, P47 and ABHD) were also absent 

from the LD-proteome generated with the modified method.  

Indeed, floating the LDs during the preparation from a middle position of the gradient to the 

top, specifically enriched TAG in comparison to lipids from the total cell homogenate (Fig. 

10B). The LD-marker protein GFP-Plin also relocated from the middle fraction in control 

cells to the top fraction in PA-induced cells. No other proteins specific for cytoplasm or 

mitochondria were detected in the LD fraction by Western blotting. Only PDI, a marker for 
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the ER, had a very weak signal in the lipid droplet fraction (Fig. 10A). This protein has been 

frequently identified in LD fractions from other organisms (Bouchoux et al., 2011; Grillitsch 

et al., 2011; Liu et al., 2004). The ER contaminates LD preparations probably because of the 

known interaction of these two organelles (see 3.2.2). 

 

In addition, the localization of 7 further proteins (Fig. 69 red ellipses on the right) from the 

LD-proteome obtained with the modified LD-isolation procedure was studied by GFP-tagging 

in the course of this thesis and in concurrent work (P. Paschke; T. Gottlieb) and all proteins 

were indeed confirmed to be LD constituents.  

Taken together, LD purifications with the modified method are largely free of contaminations 

and reflect the LD proteome more accurately than the method used previously. 

3.2.2 Conserved proteins in the LD-proteome 

Inspection of the Dictyostelium LD proteome identified 9 groups of proteins, that were 

compared to proteomes of two human non-adipocyte cell lines and Saccharomyces (Tab. 4). 

Proteins involved in lipid metabolism are of particular interest. 19% of the total protein set are 

related to the metabolism of TAGs, sterols and phospholipids as well as representing other 

LD-regulatory proteins. 84% (16/19) of proteins within this group are present in 

Saccharomyces-proteome and 53% (10/19) are found in the two compared human non-

adipocyte cell lines, indicating that LD-proteins are conserved within the eukaryotes.  

GPAT3 (DDB0235400), AGPAT3 (DDB0219382) and DGAT2 (DDB0233097) are proteins 

involved in the glycerol-3-phosphate pathway of TAG synthesis. All three GFP-tagged 

proteins were associated with LDs in PA-treated Dictyostelium cells (2.4.1.2, 2.4.2.2 and 

2.4.3.5.4). The yeast orthologues of these three proteins, Gat1p (homologous to GPAT), Slc1p 

Fig. 69: Model of identified LD-associated 

protein in Dictyostelium. This model shows LD-

proteins localize to the membrane of PA-induced 

LD. The phospholipid monolayer (purple) 

surrounds the LD-core is filled with TAG 

(yellow). The blue ellipses indicate the proteins 

identified from the LD-proteome performed 

previously, while the red ellipses represent the 

LD-proteins from the current LD-proteome.  

 



 101 

and Loa1p (homologous to AGPAT) and Dga1p (homologous to DGAT2) have been identified 

in LD-proteome studies (Grillitsch et al., 2011) (Tab. 4). Noteworthy, most other proteomic 

purifications from complex eukaryotes such as C. elegans (Zhang et al., 2012), Drosophila 

embryos (Cermelli et al., 2006) and fat body (Beller et al., 2006), Chinese hamster ovary cell 

(Liu et al., 2004) and human adipocytes (Brasaemle et al., 2004), insulin producing β-cells 

(Larsson et al., 2012), muscle (Fujimoto et al., 2006; Zhang et al., 2011), and hepatocytes 

(Fujimoto et al., 2004), failed to detect these three enzymes so far. By microscopy, only 

DGAT2 was recently reported to localize to LDs in human adipocytes and fibroblasts 

(Kuerschner et al., 2008), but seems to have been missed in proteome analysis.  

The Dictyostelium LD-proteome also included three enzymes involved in phospholipid and 

sphingolipid biosynthesis. Phosphate acyltransferase (DDB0205694) contains a PlsC 

acyltransferase domain and therefore was named PlsC1 (P. Thul, Diploma thesis 2009). GFP-

tagged PlsC1 was confirmed to localize to the ER and LDs in Dictyostelium cells using 

fluorescence microscopy (Tab. 2), but its metabolic role is unknown. 3-ketosphingamine 

reductases 1 and 2 (DDB0232044 and DDB0266928) catalyze sphingolipid synthesis. The 

orthologue in yeast is encoded by TSC10p and was also identified in a LD-proteome (Tab. 4) 

but the enzymatic activity was reported to reside in the ER, mitochondria and cytoplasm 

(Beeler et al., 1998).  

Dictyostelium LDs also comprise enzymes involved in sterol synthesis. The enzyme sterol-

4alpha-carboxylate 3-dehydrogenase (DDB0233059), is an orthologue of the human NSDHL 

(NAD(P)H steroid dehydrogenase-like protein) and the yeast ERG26p protein. Human 

NSDHL is involved in the conversion of lanosterol into cholesterol during cholesterol 

synthesis, and localizes to the ER in cells depleted of fatty acids, but surrounds LDs in cells 

supplemented with fatty acids (Ohashi et al., 2003). ERG26p has not been identified in LD-

proteomes in Saccharomyces so far. Delta-24-sterol-methyltransferase (Smt1 DDB0237965) 

is the orthologue of ERG6p that is involved in a late step of ergosterol synthesis. ERG6p is 

one of the first enzymes identified in the LD-proteome of Saccharomyces and in fact 

constitutes the major LD-protein (Athenstaedt et al., 1999). In Dictyostelium, GFP-tagged Smt 

1 localizes to LDs (C. Barisch, Dissertation 2010).  

Furthermore, five SDR superfamily proteins were identified in the Dictyostelium LD-

proteome and thus account for the largest enzyme group in this preparation. Despite the 

diverse functions ascribed to SDR family proteins in mammals, some of them were implicated 
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in LD formation. For example, human Dhrs3, was reported to be involved in retinol (vitamin 

A) metabolism (Feng et al., 2010). Dhrs3-GFP expressed in U2OS cells lines translocates 

from ER to LDs by addition of oleate and also enhances LD accumulation, if overexpressed 

strongly (Deisenroth et al., 2011).  DHS-3, the C. elegans homologue to human Dhrs 3, was 

also identified as a LD-associated protein by Western-blotting and immunofluorescence 

studies (Zhang et al., 2011).  

Two proteins Lipase 5 (DDB0230057) and alpha-beta hydrolase fold-1 domain-containing 

protein (DDB0252556) found in the Dictyostelium LD-proteome are assumed to contribute a 

lipolytic function. According to protein BLAST analysis, neither of the two proteins shares 

homology with the two well-characterized LD-resident lipases ATGL and HSL (1.4.3), which 

together account for over 95% of the TG hydrolase activity in murine adipose tissue 

(Schweiger et al., 2006). However, both of identified proteins in LD-proteome contain an N-

terminal alpha/beta hydrolase (ABHD) fold by conserved domain analysis from NCBI, and 

ABHD5 is essential for ATGL activity in adipocyte (1.4.3), suggesting at least an indirect 

involvement in the lipolytic processes at the LD surface in Dictyostelium.  

Fatty acid amide hydrolase (FAAH) encoded by DDB0266931 was identified for the first time 

in an LD-proteome. The enzyme has both, reported amidase and esterase activities. For 

example, sn2-MAG is one of the substrates of this enzyme (Gkini et al., 2009). Up to now 

FAAH activity was only found in the ER fraction of rat brain (Desarnaud et al., 1995). It will 

be noteworthy to see whether the FAAH localization to Dictyostelium LDs can be confirmed 

microscopically.  

Interestingly, a Dictyostelium seipin orthologue (DDB0187576) was identified in the LD-

proteome in this study. Seipin mutations result in the type 2 form of the Berardinelli-Seip 

congenital lipodystrophy (BSCL), which is an autosomal recessive disorder characterized by a 

nearly complete lack of WAT at birth, but extreme lipid storage in ectopic tissues, such as 

liver and skeletal muscle and further complications (Cartwright and Goodman, 2012). Seipin 

localizes to the ER with additionally concentrated puncta in specific subdomains of ER, 

possibly representing the junctions between ER and LD in humans (Windpassinger et al., 

2004), Saccharomyces (Szymanski et al., 2007), and shows a similar localization in the fat 

body of Drosophila larve (Tian et al., 2011). The lipidomic results from yeast (Fei et al., 

2008) and Drosophila (Tian et al., 2011) mutants suggest that seipin affects the LD formation 

because of changes in phospholipid metabolism; the ultrastructure of the yeast ER is 
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disturbed, and this subsequently impairs the assembly of normal numbers and normal sized 

LDs (Szymanski et al., 2007; Wolinski et al., 2011). 

Besides the protein involved in lipid metabolism, the identification of small GTPases, ER and 

mitochondrial, cytoskeleton, ribosome proteins and chaperones in LD-proteome was also 

reported in human and yeast (Tab. 4), as well as in Drosophila (Beller et al., 2006) and C. 

elegans (Zhang et al., 2012).  

Some small GTPase proteins identified in the LD proteome may be involved in the interaction 

with other organelles and/or regulate neutral lipid synthesis. A physical link between ER and 

LDs was reported in yeast and mammals (Jacquier et al., 2011; Robenek et al., 2006). Rab18 

was found to localize to LDs and regulate the interaction with ER, as well as affecting the 

neutral lipid level in the cell (Martin et al., 2005; Ozeki et al., 2005; Pulido et al., 2011). Rab5 

has a function in regulating the interaction between early phagosomes and LDs, and Rab5 

locates on the surface of LDs in oleate-treated HeLa cells (Liu et al., 2007). In addition, 

contacts between mitochondria and LDs were verified by transmission electron microscopy 

(Zhang et al., 2011). Mitochondria are the major site for TAG utilization, providing energy for 

cellular use.  

Although previous reports suggested that microtubules mediate the transport of  LDs within 

the cell (Savage et al., 1987; Welte et al., 1998), no microtubule associated proteins were 

identified in LD-proteome in Dictyostelium. The presence of actin and actin-associated 

proteins suggests that the cytoskeleton proteins might have a function to maintain the cellular 

position of LDs (Zhang et al., 2011).  

In summary, the LD proteome suggests that LDs are highly dynamic organelles regarding two 

aspects. On the one hand, Dictyostelium LDs are active in lipid metabolism including neutral 

lipids, steroles and phospholipids or sphingolipids.  Enzymes of a nearly complete glycerol-3-

phosphate pathway for TAG synthesis are present on LDs. Furthermore, lipid metabolism and 

LD morphology could be regulated by small GTPases and seipin. On the other hand, LDs may 

make contacts with other cellular compartments through small GTPases to exchange proteins 

and membrane lipids. All these proteins may contribute to the synthesis, storage, mobilization 

and transport of lipids so as to achieve a controlled cellular lipid homeostasis. 
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3.3 Dual localization of LD-associated proteins 

Almost all of the proteins from Dictyostelium LDs studied thus far show dual localisation to 

the ER and lipid droplets. This is true for Smt1, ADH, Ali, PlsC1 (Tab. 2) and includes Ldp 

investigated within this thesis (Fig. 18).  

Interestingly also candidates for all main activities needed for conjugating fatty acids to the 

three hydroxyl groups of glycerol are present in the Dictyostelium LD preparation. 

Dictyostelium GPAT3 localizes to the ER in cells grown in normal medium (Fig. 32). This 

distribution is consistent with the human homologues hGPAT3 and hGPAT4 (1.3.2). But, 

while hGPAT3 and hGPAT4 remain bound to the ER, the Dictyostelium enzyme relocates to 

LDs in PA-treated cells (Fig. 32). This dual localization is consistent with one of  the yeast 

GPATs, Gat1p, which also showed ER as well as LD localization and represents the only 

GPAT on LDs (Athenstaedt and Daum, 1997). The second GPAT enzyme, Gat2p was 

discovered in the ER only (Zheng and Zou, 2001).  

The sn-2 acylation of the G3P pathway is catalyzed by AGPAT (1.3.2). Dictyostelium 

AGPAT3 was investigated due to its presence in the LD-proteome. GFP-tagged AGPAT3 

localizes to ER in the absence of exogenous fatty acids, but a fraction of the fusion protein 

redistributes to LDs in cells supplemented with PA (Fig. 42). Although all investigated 

mammalian AGPATs localize to ER (Takeuchi and Reue, 2009), two of three identified yeast 

AGPATs localize to both, the ER and LDs, namely Slc1p (Nagiec et al., 1993) (Athenstaedt 

and Daum, 1997) and  Loa1p  (Ayciriex et al., 2011).  

DGAT enzymes complete TAG synthesis by further acylating DAG to TAG using acyl-CoA 

as substrate. GFP-tagged DGAT2 localizes to the ER and LDs (Fig. 64). In comparison to the 

localization of other proteins, two points are different. The clearest difference is that cells 

expressing GFP-tagged DGAT2 show small LDs diffusely distributed in the whole cell 

already if grown in normal medium, whereas most WT cells completely lack LDs and only a 

few cells have barely visible LDs under the same conditions. This indicates that DGAT2 

contributes significantly to LD formation. Since LDs become larger after adding exogenous 

FA, the accumulation of the DGAT2 fusion proteins on the surface is seen more strongly. In 

addition, almost all of DGAT2 protein localizes to LDs, but only part of GPAT3 and AGPAT3 

proteins shift to LDs after PA-treatment. Probably DGAT2 can undergo a complete 

redistribution, because DGAT1, a protein catalyzing the same reaction, remains entirely 
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within the ER (Fig. 52). Quite similarly, mammalian DGAT1 and DGAT2 are transmembrane 

proteins of the ER (Wakimoto et al., 2003). In addition, the homologues of DGAT2 are 

extensively reported to localize to LD in different organisms. Endogenous DGAT2 locates to 

the vicinity of LDs in the 3T3-L1 adipocyte model (Kuerschner et al., 2008). The DGAT2 

orthologue of Saccharomyces, Dga1p, localize both to  the ER and to  LDs (Sorger and Daum, 

2002), again behaving more similar to the Dictyostelium protein.  

In conclusion Ldp, GPAT3, AGPAT3 and DGAT2 have a dual localization at the ER and move 

to LDs upon a rise of the fatty acid level. We have observed that more or less of each LD-

protein is still retained in ER, although they simultaneously locate on the surface of LDs.  

This dual localization pattern is also exhibited in proteins from other organisms, such as 

ACSL3 (Poppelreuther et al., 2012), NSDHL (Ohashi et al., 2003), ALDI, AAM-B and 

caveolins in mammals, olesosins and caleosins in plant (Ingelmo-Torres et al., 2009), as well 

as Erg1p, Erg6p and Erg7p in yeast (Mullner et al., 2004). 

 

Fig. 70: Model of LD-protein targeting. In the process of LD budding from the ER, a set of proteins (blue 

rectangles) float peripherally from the cytoplasmic leaflet of the ER to the LD monolayer and stay bound to the 

mature LDs in cytoplasm. Some of proteins like DGAT2 (green rectangles) may target the ER and LDs through 

independent binding sites. But some proteins involved in lipid metabolism like DGAT1 (red rectangles) localize 

exclusively in the ER. 

The dual localization observed for nearly all LD-proteins has two possible explanations. For 

one, it may reflect the intimate structural and functional association between two cellular 

compartments, supporting the predominant view that LDs bud from the ER. Neutral lipids are 

synthesized and aggregate into a lens between the leaflets of the ER phospholipid bilayer (Fig. 

70). When the forming LD reaches the critical size, it is completely surrounded with the 



 106 

cytoplasmic leaflet of the ER and buds from the membrane to become an independent 

organelle (Martin and Parton, 2006). This is the moment where a specific subset of ER 

proteins could be incorporated into the LD membrane monolayer, and the efficiency of 

packaging would determine the steady state distribution of each protein between the ER and 

LD locations.  

Because this model neglects the topological problem of how a protein can switch between a 

transmembrane state in the ER and association with a hemimembrane on the LD, an 

alternative explanation for dual targeting has to be considered. In this model, a given protein 

carries two independent targeting modules within its amino acid sequence. This property was 

recently unveiled for the mammalian DGAT2 enzyme, where specific truncated mutants were 

constructed that sorted exclusively to one organelle, the ER or the LD, but not both as the full 

length protein (McFie et al., 2011).  

3.4  Functional analysis of TAG synthesizing enzymes 

The enzymes Ldp, ADH and Ali did not have effects on TAG and SE synthesis as seen in the 

investigation of Ldp-KO, single and double ADH and Ali KO-mutants. We could not 

determine the functions of these enzymes from the data obtained. Therefore, only enzymes 

with a possible function in TAG synthesis are discussed below.  

Three enzymes, possibly responsible for the sequential addition of acyl chains during the G3P 

pathway, were found to localize to the ER, the main site of TAG synthesis, as well as to the 

LDs, assumed to be organelles of TAG storage. Their individual contributions to TAG 

production were addressed by analysis of the respective knockout mutants. 

3.4.1 GPAT3 fulfils the major GPAT function in Dictyostelium 

The addition of the first fatty acid to the sn-1 position of glycerol-3-phosphate, yielding 

lysophosphatidic acid (LPA) is mediated by GPAT enzymes. In yeast, both Gat1p and Gat2p 

exhibit GPAT activity in the ER (Zheng and Zou, 2001). The function of Gat1p on LDs was 

also confirmed, as LDs isolated from a Gat1p mutant were unable to form LPA (Athenstaedt 

and Daum, 1997). Both single Gat1p KO or Gat2p KO cells, suffer from a reduced LPA pool, 

but are still viable. The double KO mutant is lethal (Zheng and Zou, 2001), indicating that 

Gat1p and Gat2p have some functional redundancy.   
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Mammalian GPATs do not have obvious redundant function. The enzyme activity of GPAT1 is 

detected majorly in liver. A GPAT1-KO mouse is reduced in hepatic TAG content by 40% and 

plasma TAG by 15% (Hammond et al., 2002). Although both, GPAT1 and GPAT2 

overexpression leads to increased TAG content in cultured cells, and both localize to the ER, 

GPAT2 could not rescue the loss of liver TAG in the GPAT1-KO mouse (Hammond et al., 

2002). As mentioned before, mammalian GPAT3 and 4, the orthologues of Dictyostelium 

GPAT3, contribute 50% in the liver and 80-90% GPAT activity in adipose tissue (1.3.2). 

The Dictyostelium GPAT3-KO reduced the TAG level by 80% (2.4.1.4). Since GPAT is the 

initial enzyme in G3P pathway, the dramatically reduced TAG content in GPAT3-KO suggests 

that the G3P pathway is the primary route to synthesize TAG in Dictyostelium. The remaining 

minor amount of TAG could be synthesized by other means, such as the DHAP and MAG 

pathways (1.3.2), but no homologous protein to human MGAT 1-3 could be identified. There 

is at present also no hint pointing to the existence of a DHAP pathway in Dictyostelium. The 

most likely explanation for the residual TAG seen in the GPAT3-KO mutant is that another 

protein in Dictyostelium has GPAT function. A candidate protein is DDB0305750, a 

Dictyostelium GPAT homologue to human GPAT1 and GPAT2 (2.4.1.1).  

3.4.2 AGPAT3 is not crucial for TAG synthesis in Dictyostelium  

AGPAT enzymes add the second acyl moiety to the sn-2 position of LPA, and thus 

phosphatidic acid is formed. In Saccharomyces, where three AGPAT orthologues were 

identified until now, these enzymes showed functional redundancy. Deletion of Slc1p reduced 

ER-AGPAT activity by only 60%, indicating that at least one other AGPAT exists in the ER 

(Athenstaedt and Daum, 1997). Slc4p is the second identified AGPAT protein, and double 

deletion together with Slc1p, is lethal to yeast (Benghezal et al., 2007). However, the lethality 

seen in the double KO cannot be attributed to the total loss of AGPAT function, because it also 

could result from an impairment of phospholipid synthesis, since both, Slc1p and Slc4p, can 

use lyso-phospholipids as acyl acceptor (Benghezal et al., 2007). Supporting this assumption, 

a novel AGPAT enzyme, Loa1p, appears to play an important role in phosphatidic acid 

production and TAG synthesis. Absence of Loa1p in Saccharomyces increased the LD 

numbers (Fei et al., 2008) but these formed smaller LDs and their cellular TAG content was 

reduced by 43% (Ayciriex et al., 2011).   

Interestingly, AGPATs in mammals are non-redundant and display different physiological 

functions as well as substrate specificities (Coleman and Lee, 2004).  For instance AGPAT2, 
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deficient in BSCL type I, is not complemented by any other AGPAT isoform. This 

lipodystrophy is characterized by greatly reduced TAG levels in adipose tissue (Agarwal et 

al., 2002). In mammals, some of the AGPATs do not only show the expected activity towards 

TAG synthesis, but also lysophospholipid acyltransferase activity, adding fatty acid to the sn-

2-position of mature glycerophospholipids. Thus, AGPAT7 and AGPAT9 mainly act as 

lysophosphatidycholine acyltransferases with minor AGPAT activity (Agarwal et al., 2007; Ye 

et al., 2005). AGPAT8 has moderate AGPAT activity (Agarwal et al., 2006) and was reported 

to be a  lysocardiolipin acyltransferase in addition (Cao et al., 2004).  

The Dictyostelium AGPAT3-KO did not affect TAG content and LD formation (2.4.2.4), 

indicating that this constituent of lipid droplets is not essential for TAG synthesis in 

Dictyostelium. Three isoforms of AGPATs exist in the Dictyostelium genome, and all three 

AGPAT genes are expressed in the vegetative phase of Dictyostelium cells (according to 

Dictyexpress online databank resource). It is possible that AGPAT1 and/or AGPAT2 

compensate for the loss of AGAPT3. Alternatively, Dictyostelium AGPAT3 may prefer fatty 

acids other than the palmitic acid used in our experiments. Different fatty acid preferences are 

known from yeast AGPATs. Slc1p exhibits broad AGPAT activity on 18:1, 22:1, and 24:0-

CoA (Zou et al., 1997), whereas Loa1p has a high selectivity for oleoyl-CoA (18:1). 

3.4.3 Distinct contributions of DGAT1 and 2 to TAG and UKL synthesis in 

Dictyostelium 

Although DGAT1 and DGAT2 catalyze the same enzymatic reaction, namely the addition of 

the third fatty acid to diacylglycerol, they do not have sequence homology and belong to 

distinct protein families. In Dictyostelium, it is predicted that DGAT2 possesses one 

transmembrane domain at the N-terminus while DGAT1 has 9 transmembrane domains 

arrayed from the middle part to the C-terminus of the protein.  

A DGAT1-KO decreased TAG levels dramatically (Fig. 54 and Fig. 58) and reduced LDs 

correspondingly (Fig. 59), indicating that DGAT1 accounts for at least 80% DGAT activity in 

Dictyostelium. In contrast, DGAT2-KO cells did not differ significantly from WT regarding 

LD-formation and TAG accumulation.  However, a DGAT1/DGAT2 double KO completely 

lost TAG (Fig. 58) and had no visible LDs (Fig. 59). This indicates that the residual TAG 

observed in DGAT1-KO cells was due to DGAT2 activity. Furthermore, overexpression of 

DGAT2 also confirmed its enzymatic activity: GFP-DGAT2 expressing cells increased TAG 
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formation in a dose dependent manner even in normal medium (Fig. 62). In addition, GFP-

DGAT2 can restore TAG level, as well as LD formation, in DGAT1-KO and DGAT-DKO 

cells. Since DGAT2 contributes at most 20% to total TAG production, it becomes clear why 

DGAT1 is competent to compensate loss of DGAT2, but not vice versa.  

The DGAT1 orthologues in yeast, Are1p and Are2p, can work as DGATs for TAG synthesis, 

but at a limited efficiency; their major function is the formation of SE (1.3.2). Thus, the yeast 

orthologue of DGAT2, named Dga1p, is the most important enzyme in TAG synthesis. As 

mentioned in the introduction (1.3.2), four enzymes are responsible for TAG synthesis in 

Saccharomyces. The triple mutant strain, with only Dga1p active, synthesizes TAG at 87% of 

WT level (Sandager et al., 2002). In fact, most of this activity resides on LDs and only a 

negligible amount is associated with the ER (Sorger and Daum, 2002).  

Similar to yeast, mammalian DGAT2 appears to contribute the most important activity, 

according to the evidence from cell culture and KO mice. Overexpression of DGAT2 in 

hepatoma cells raised the TAG content 2-fold higher than DGAT1 overexpression did (Stone 

et al., 2004). DGAT2-KO mice possess almost no adipose tissue and die within several hours 

after birth, because of the absence of stored energy and dehydration caused by impaired 

permeability barrier function of the skin (Stone et al., 2004). In contrast, DGAT1-KO mice are 

viable and show only a moderate reduction of TAG levels in most tissues (Smith et al., 2000).  

A model was proposed for the TAG synthesis by DGAT1 and DGAT2 acting in the different 

pathways (Fig.  71) (Yen et al., 2008). From the severe phenotype of DGAT2-KO mice, one 

can derive that DGAT2 is related to the pathway of de novo FA biosynthesis, while DGAT1 

incorporates exogenous FAs into TAG. Therefore, DGAT1 is the enzyme that protects the 

cells from lipotoxicity if high amounts of exogenous fatty acids prevail (1.4.2).  

This model matches well to the results obtained in this thesis. Dictyostelium GFP-DGAT2 

transformants accumulated TAG and formed LDs under normal cultivation conditions, while 

they did not change when PA was added to the medium (Fig. 62 B and C). Also, in the 

presence of PA, the DGAT2-KO did not show any noticeable response but a DGAT1-KO 

reduced TAG formation strongly (Fig. 58).  

Most notably, mammalian DGAT1 also harbours activities other that TAG formation: It 

synthesizes retinyl esters, wax esters, LPA and DAG (Yen et al., 2005). In contrast, DGAT2 

mainly produces TAG and has only a very limited capacity to make wax esters (Cheng and 
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Russell, 2004; Yen et al., 2005). Knocking out DGAT1 in Dictyostelium cells did not only 

reduce TAG strongly, but also affected UKL markedly (Fig. 54). While the TAG content in 

KO cells can be restored by expression of GFP-DGAT2, UKL remains lost, indicating that 

DGAT1 alone is responsible for UKL synthesis. Due to its mobility on TLC plates (Fig. 66), 

UKL is assumed to represent retinyl esters or wax esters, but further examinations are 

required to test this assumption.  

 

In summary, Dictyostelium DGAT1 behaves like its mammalian counterpart in many respects, 

mostly relating to its broad substrate specificity and its detoxification function. It provides the 

main activity in the last step of Dictyostelium TAG synthesis, a role that is in contrast ascribed 

to DGAT2 in mammals and yeast. 

3.5 Hypothetical model of TAG biosynthesis at ER and LDs 

Experiments performed within this thesis have shown that the G3P pathway is the major route 

towards TAG synthesis in Dictyostelium. Most key enzymes are conserved from yeast, over 

Dictyostelium to mammals. Most similar to yeast, the Dictyostelium enzymes are present both 

in the ER and on LDs (Fig. 72). The activated fatty acids required for the sequential acylation 

reactions can be formed by FcsA on the cytoplasmic surface of the endosome (von Lohneysen 

Fig.  71: Hypothetical 

model of DGAT1 and 

DGAT2 function in 

different pathways of 

TAG synthesis (Yen et 

al., 2008). This model 

also applies for 

Dictyostelium, except 

that Glucose does not 

lead to measurable FA 

synthesis. Detailed 

descriptions see text. 
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et al., 2003). G3P molecules are sequentially acylated to form phosphatidic acid by GPATs 

and AGPATs acting in the ER and on LDs. Phosphatidic acid is then thought to be 

dephosphorylated by the lipin protein, to form DAG. A homologue to mammalian lipins1-3 

and yeast Pah1p is potentially encoded by DDB0307131 in Dictyostelium. Lipin is proposed 

to localize in the cytoplasm and to exert its function on ER (Coleman, 2007) and LDs through 

transient association with both organelles. TAG is then formed in the last acylation step, 

which is catalyzed by DGATs using DAG and acyl-CoA as substrates. TAG can either enter 

the pre-existing LDs or the interspace between the two leaflets of ER.   

This model relies on the observation that isolated LDs from yeast are able to perform most of 

these biochemical reactions (Athenstaedt and Daum, 1997; Sorger and Daum, 2002). 

However, the other extreme option, that has not yet been investigated, could be that 

Dictyostelium exports the biosynthetic proteins from the ER to LDs in order to remove them 

from the site of lipid synthesis, and thus limit the amount of activated fatty acids that go into 

TAG.  

 

Fig. 72: Favoured model of TAG synthesis in Dictyostelium. 
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3.6 Relationship between phagocytosis and the cellular TAG content 

In Dictyostelium cells that are supplemented with PA, and thus accumulate TAG, 

phagocytosis is reduced to roughly 50% as compared to cells cultured in normal medium (C. 

Barisch, Dissertation 2010, see also Fig. 45 as an example). On the contrary, FcsA-KO cells 

that showed reduced TAG synthesis by 53% had a concomitant increase of particle uptake by 

50% (C. Barisch, Dissertation 2010). Together these observations led to the hypothesis that a 

high TAG content may suppress the uptake of new food particles and vice versa. 

The idea gained further support by the finding that mammalian macrophages depend on 

energy produced from fatty acid oxidation for efficient particle uptake, and that it was also 

important that these fatty acids were released from TAG (Chandak et al., 2010; Yin et al., 

1997). In line with this finding, mutants in the Dictyostelium FcsB protein, thought to activate 

fatty acids for peroxisomal ß-oxidation, have a markedly decreased rate of phagocytosis 

(Paschke et al., 2012). 

 

Fig. 73: The changes of phagocytic rate and the expected phosphatidic acid level in mutants deficient in the 

enzymes important for TAG formation. 

For this reason, it was also investigated whether the changes of TAG content in different 

Dictyostelium mutants would result in alterations in phagocytosis. Five (Ldp-KO, Ali-KO, 

Ali-ADH-KO, AGPAT3-KO and DGAT2-KO) out of eight mutant strains, constructed in the 

course this thesis, proved to be not informative, because neither TAG content, nor 

phagocytosis rate were altered. In three strains (GPAT3-KO, DGAT1-KO and DGAT-DKO), 

however, showing dramatic reductions of TAG levels between 80 and 100%, phagocytosis 

efficiency differed from that of wild type. The GPAT3-KO increased phagocytosis by 46% in 
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PA-containing medium (Fig. 36). In contrast, the DGAT1-KO decreased phagocytosis by 27% 

under the same conditions (Fig. 55) and the cells of the DGAT-DKO behaved like the 

DGAT1-KO strain (Fig. 60). This observation made it clear, that the simple view of an inverse 

correlation between fat content and phagocytosis was no longer supported. For an overview, 

Fig. 73 summarizes the results from above.  

Now, that it seems reasonable to abandon the previous hypothesis, one could think about other 

metabolites in this pathway, which may exert a regulatory effect on phagocytosis. Again in 

Fig. 73, it is proposed to consider the level of phosphatidic acid as an object for further study. 

Obviously, the expected changes of phosphatidic acid match the observed changes in 

phagocytosis much better than TAG levels do. Still there is a prominent inverse correlation 

between these two parameters. As phosphatidic acid is ideally positioned at the crossroads 

between the production of TAG and the synthesis of membrane lipids (Fig. 4), a low level of 

this metabolite would signal to the cell that building blocks for membrane lipids are scarce, 

and should be replenished by phagocytosis. Food uptake brings in complex nutrients, and only 

if the needs of membrane expansion (in preparation for cell division) are satisfied, excess 

metabolites would be preferentially re-routed towards TAG as the universal energy storage 

molecule.  
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4 Materials 
4.1 Devices 

Autoclave Zirbus       Bad Grund 

Balances  

         Analytical balance     Sartorius, Göttingen 

         PE360 Delta Range     Mettler-Toledo, Gießen 

Binocular       Zeiss, Göttingen 

 “Cell cracker” homogenizer     EMBL Heidelberg 

Centrifuges 

 Biofuge pico   Heraeus, Osterode 

 Biofuge fresco   Heraeus, Osterode 

 Biofuge stratus   Heraeus, Osterode 

 Centrifuge 5415 C   Eppendorf, Hamburg 

 Centrifuge 5432   Eppendorf, Hamburg 

 MiniSpin        Eppendorf, Hamburg 

Rotanta/R   Hettich, Tuttlingen 

Rotina 48R   Hettich, Tuttlingen 

Ultracentrifuge 

OptimaTM L-100XP     Beckmann Coulter, Krefeld 

AirfugeTM Air-driven    Beckmann Coulter, Krefeld 

Coulter Counter    Beckman Coulter, Krefeld 

Cryogenic storage tank    Cryoson, Schüllkrippen  

Cuvettes (Quartz)    Hellma, Müllheim 

Electrophoresis Chambers    MPI Martinsried 

   Biometra, Göttingen 

   Workshop of University Kassel 

Fireboy eco   Integra Bioscience, Fernwald 

Fluorescence spectrophotometer   Katron-Instruments, Eichingen 

Fluorescence spectrophotometer F-2700   HITACHI, Japan 

Freezer: -20ºC   Liebherr, Ochsenhausen 

Freezer: -70ºC   Heraeus, Osterode 

Bio Doc IITM   Biometra, Göttingen 

Gene Pulser® II   Bio-Rad, Canada 

Glasware    Schott, Mainz 
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Glass pipettes    Hirschmann, Germany 

    Brand, Wertheim 

Heating block   MPI, Martinsried 

Heating plate with magnetic stirrer   IKA, Staufen im Breisgau 

Hamilton syringes       Hamilton-Bonaduz, Switzland 

Lab Shaker   Adolf Kühner AG, Switzerland 

Microscopes: 

 Fluorescence microscope   Miroscope Leica, Bensheim 

 Confocal Laser Scanning Microscope    Leica, Bensheim 

Microwave   Daewoo, Korea 

PCR-Thermocycler PCR-Express   Hybaid, Heidelberg 

PCR T Gradient    Biometra, Göttingen 

Biometra TProfessional Basic 96 Gradient   Biometra, Göttingen 

pH-meter 523   WTW 

Pipetting: 

 Pipeboy    Integra Bioscience, Fernwald 

 Accu Jet    Brand, Wertheim 

 Pipette (2 μl, 20 μl, 200 μl, 1000 μl)    Gilson, France 

 Multipette®    Eppendorf, Hamburg 

    Gilson, France 

Photometer Ultrospec 3000 pro   Amersham Pharmacia, Freiburg 

Power supplies   Amersham Pharmacia, Freiburg 

   MPI Martinsried 

   Biometra, Göttingen 

Shaking plate GFL® 3015   GFL, Burgwedel 

SpeedVac Concentrator 5301   Eppendorf, Hamburg 

Sterile Benches      Holten, Denmark 

Swinging-plate WT 12   Biometra, Göttingen 

Refrigerator: 4ºC   Liebherr, Ochsenhausen 

Thermomixer comfort   Eppendorf, Hamburg 

Theromix for wasserbath   B. Braun, Melsungen 

Ultrasonic bath Sonorex TK52   Bandelin, Berlin 

Vortex   Genie Bender & Hohbein AG, CH 

Whatman Fastblot B44   Biometra Göttingen 
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4.2 Other materials 

Blotting membrane     ROTI-Nylon® plus Roth, Karlsruhe 

Costar-plates (24 wells)      Sarstedt, Nümbrecht 

CryoTubes        Sarstedt, Nümbrecht 

Plastic cuvettes       Ratiolab Gmbh, Dreieich 

EP cuvettes        Bio-Rad, Canada 

Falcons (15ml; 50ml)      Sarstedt, Nümbrecht 

Filter paper        Whatman, Göttingen 

flexiPERM disc      Sigma-Aldrich, München 

Parafilm M        American National Can, USA 

Petri dishes (10ml; 5ml)      Sarstedt, Nümbrecht 

Pipette tips        Gilson, France 

Syringes and needles      Braun AG, Melsungen 

Tubes (0.2 ml; 0.5 ml; 1.5 ml; 2 ml)     Sarstedt, Nümbrecht 

20 x 20 cm TLC silica gel 60 plates    Macherey-Nagel, Düren  

10 x 10 cm TLC silica gel 60 plates     Merck, Darmstadt 

 

4.3 Reagents 

Acetic acid    Roth, Karlsruhe 

Agarose    Invitrogen, USA 

APS (ammonium peroxydisulfate)    Roth, Karlsruhe 

Bacto agar    Difco 

Bacto tryptone   Difco 

BCIP (5-bromo-4-chloro-3-indolyl phosphate)  Roth, Karlsruhe 

Bisodium hydrogen phosphate (Na2HPO4)   Roth, Karlsruhe 

Blasticidin S        ICN, Eschwege 

BODIPY 493/503              Invetrogen, USA 

C1-BODIPY 500/510-C12      Molecular-Probes, the Netherlands  

Boric acid        Roth, Karlsruhe 

Brilliant blue R 250       Roth, Karlsruhe 

Bromophenol blue       Merck, Darmstadt 

Bovine serum albumin (BSA)    Sigma-Aldrich, München 

BSA, fatty acid free      Sigma-Aldrich, München 
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DEPC (diethyl pyrocarbonate)    Roth, Karlsruhe 

Diethyl ether        Roth, Karlsruhe 

DTT (dithiothreitol)       Roth, Karlsruhe 

EDTA (ethylenediaminetetraacetic acid)    Roth, Karlsruhe 

Ethanol        Roth, Karlsruhe 

Ethidium bromide (EtBr)      Roth, Karlsruhe 

Film sealer, FS 400 Vacuplus    Petra-electric, Jettingen-Scheppach 

Fish gelatine (45%)      Sigma-Aldrich, München 

Geneticin (G418) (100 mg/ml)     ICN, Eschwege 

Gelvatol        Sigma-Aldrich, München 

Glucose       Roth, Karlsruhe 

Glycerol        Roth, Karlsruhe 

Glycine        Roth, Karlsruhe 

Guanidinium isothiocyanate (GTC)     Roth, Karlsruhe 

HEPES (4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid) 

Roth, Karlsruhe 

Hexane        Roth, Karlsruhe 

Hydrochloric acid       Roth, Karlsruhe 

Isopropanol        Roth, Karlsruhe 

Lipid Standards 

Cholesterol      Sigma-Aldrich, München 

Cholesteryl palmitate      Sigma-Aldrich, München 

Glyceryl trioleate      Sigma-Aldrich, München 

Methyl oleate (MO)     Sigma-Aldrich, München 

Lithium chloride (LiCl)      Roth, Karlsruhe 

Magnesium chloride (MgCl2)     Roth, Karlsruhe 

Magnesium sulfate (MgSO4)     Roth, Karlsruhe 

β-Mercaptoethanol       Roth, Karlsruhe 

Methanol        Roth, Karlsruhe 

Milk powder (for blotting)      Roth, Karlsruhe 

MOPS (3-(N-Morpholino) Propanesulfonic Acid)  

Roth, Karlsruhe 

NBT (nitro blue tetrazolium)     Roth, Karlsruhe   

Nile Red       ICN Biochemicals, USA 

Paraformaldehyde       Roth, Karlsruhe 

Peptone        Merck, Darmstadt 
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Penicillin/Streptomycin (10.000 U/ml)    Gibco BRL, Eggenstein 

Phenol/Chloroform/Isoamyl alcohol     Roth, Karlsruhe 

PIPES (Piperazine-N, N′-bis (2-Ethanesulfonic Acid)) 

Roth, Karlsruhe 

Picric acid        Merck, Darmstadt 

Potassium acetate (KAc)      Roth, Karlsruhe 

Potassium chloride (KCl)     Roth, Karlsruhe 

Potassium bihydrogen phosphate (KH2PO4)   Roth, Karlsruhe 

Proteose-peptone       Oxoid, England 

Repel-Silane ES      Amersham, Freiburg 

Rotiphorese® Gel 30       Roth, Karlsruhe 

Rubidium chloride (RbCl)     Roth, Karlsruhe 

Sucrose       Roth, Karlsruhe 

Sodium dodecyl sulfate (SDS)    Roth, Karlsruhe 

Sodium acetate (NaAc)      Roth, Karlsruhe 

Sodium carbonate (NaCO3)      Roth, Karlsruhe 

Sodium chloride (NaCl)      Roth, Karlsruhe 

Sodium bihydrogen phosphate (NaH2PO4)   Roth, Karlsruhe 

Sodium hydroxide (NaOH)      Roth, Karlsruhe 

Sodium palmitate      Sigma-Aldrich, München 

Sucrose       Roth, Karlsruhe 

TEMED (N,N,N’,N’-tetramethylethylenediamine) 

Roth, Karlsruhe 

Tris (Tris tris-hydroxymethyl aminomethane)  Roth, Karlsruhe 

TRITC (tetramethylrhodamine isothiocyanate)  Sigma-Aldrich, München 

Tween® 20        Roth, Karlsruhe 

Trypan blue        Sigma-Aldrich, München 

Yeast extract        Oxoid, England 

Kits 
Mucleospin® Gel and PCR Clean-up    Macherey-Nagel, Düren 

Mucleospin® Plasmid QuickPure (clean mini)  Macherey-Nagel, Düren 

Pierce BCA Protein Assay Kit     Thermo, Rockford USA 

QIAquick PCR Purification Kit    QIAGEN, Hilden 

PureLinkTM HiPure Plasmid DNA Purification Kit (Midi)  Invitrogen, USA 

Markers 
GeneRuler™ 1kb DNA Ladder     Fermentas, St. Leon-Rot 
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GeneRuler™ 100bp DNA Ladder Plus     Fermentas, St. Leon-Rot 

Prestained Protein Molecular Weight Marker   Fermentas, St. Leon-Rot 

PageRuler™ Plus Prestained Protein Ladder   Fermentas, St. Leon-Rot 

4.4 Buffers and solutions 

BCIP 

     50mg/ml DMF 

Blocking solution 

3-5% (w/v)   Milk powder in 1 x PBS 

Carbonate buffer (pH 10.2) 

100 mM   Na2CO3 

Cell lysis buffer for extraction of genomic DNA in Dictyostelium (pH 7.5) 

50 mM   HEPES 

40 mM   MgCl2 

20 mM    KCl 

5% (w/v)   Sucrose 

ad 1 l   H2O, sterilized by filter 

Coomassie solution 
2% (v/v)   Phosphoric acid (85 %) 

6% (w/v)   Ammonium sulfate 

0.1% (w/v)   Brilliant Blue R-250 

DEPC water 0.5% (v/v)   DEPC in water, stirring overnight, autoclave 

6 x DNA loading dye solution (Fermentas protocol) 

60% (v/v)   Glycerol 

10 Mm   Tris-HCl (pH 7.6) 

60 mM   EDTA 

0.03% (w/v)   Bromophenol blue 

0.03% (w/v)  Xylene cyanol FF  

EP buffer (No requirement for pH adjustment) 

10 mM   Na2HPO4 

50 mM   Sucrose 

Ethidium bromide solution 10 mg/10 ml 

10 x Laemmli buffer (pH 6.8) 

2.5 g    Tris 

33.3 ml   Glycerol 

6.7 g    SDS 
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16.7 ml   β-Mercaptoethanol 

8.3 mg   Bromophenol blue 

ad 100 ml   H2O 

LyB buffer (pH 8.3) 

10 mM   Tris  

50 mM   KCl 

2.5 mM   MgCl2 

0.45%    NP40 

0.45 %   Tween® 20 

NBT   

  75 mg/ml dimethylformamide (DMF) 

10 x PAA buffer 

0.25 M   Tris 

1.9 M    Glycine 

1% (w/v)   SDS 

PBG  

0.5 %    BSA  

0.045 %   Fish gelatine  

ad 1 l    1 x PBS 

10 x PBS (pH 7.4) 

1370 mM   NaCl 

81 mM   Na2HPO4 (2H2O) 

27 mM   KCl 

15 mM   KH2PO4 

ad 2 l    H2O 

PBS/glycine 

  100 mM   Glycine in 1 x PBS buffer 

PIPES buffer (pH 6.0) 

20 mM   PIPES in ddH2O  

10 x TBE buffer (pH 8.3) 

1 M    Tris-HCl  

0.83 M   Boric acid 

10 mM   EDTA 

SDS lysis buffer 

0.7 % (w/v)   SDS in TE buffer 

SDS stacking gel buffer (pH 6.8) 
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0.5 M    Tris 

14 mM   SDS 

SDS resolving gel buffer (pH 8.8) 

1.5 mM  Tris 

14 mM   SDS 

Semidry blot buffer (pH 8.2 – 8.4) 

48 mM   Tris 

39 mM   Glycine 

0.04% (w/v)  SDS 

20% (v/v)   Methanol 

Soerensen phosphate buffer (pH 6.0) (Malchow et al., 1972) 

2 mM    Na2HPO4 

15 mM   KH2PO4 

Sodium acetate buffer (pH 4.5) 

100 mM   NaAc 

Solution I (pH 7.4) 

25 mM   Tris-HCl  

10 mM   EDTA 

15%   Sucrose 

Solution II 

200 mM   NaOH 

1 mM    SDS 

Solution III (pH 4.6)   

  3 M    NaAc 

 

Solution D (stable for 1 year) (pH 7.0) 

4 M    GTC 

25 mM   NaAc  

0.5% (w/v)   N-Lauroylsacrosine 

Solution D complete (stable for a few days), adding 

0.1 M    β-Mercaptoethanol 

TE buffer (pH 8.0) 

10 mM   Tris-HCl  

1 mM    EDTA 

TFB1 

30 mM   KAc  
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100 mM   RbCl 

10 mM   CaCl2 

50 mM   MnCl2 

15% (v/v)  Glycerol (100%) 

 

TFB2 

10 mM   MOPS 

75 mM   CaCl2 

10 mM   RbCl 

15%    Glycerol (100%) 

TLC buffer (pH 7.5) 

20 mM   HEPES    

150 mM   NaCl    

STKM buffer (pH 7.6) 

  50 mM    Tris    

  25 mM   KCl 

  5 mM     MgCl2  

     Sucrose (concentration varied from 0.1 to 1.8 M) 

Trypan blue 

0.087 g   NaCl 

0.058 g   Citrate 

0.02 g    Trypan blue 

ad 10 ml   H2O 

4.5 Media and agar 

E. coli 

LB medium (pH 7.0) 

10 g    Bacto tryptone 

5 g    yeast extract 

5 g    NaCl 

ad 1 l    H2O 

LBamp medium   LB medium + 50 μg/ml ampicillin 

LB agar    LB medium + 13 g agar-agar 

LBamp agar    LB agar + 50 μg/ml ampicillin 

Dictyostelium 
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E.coli B/2 plate   SM-agar plate + E.coli B/2 (incubation at 37ºC) 

HL5 medium (pH 6.7) (Watts and Ashworth, 1970) 

2.5 g    Bacto tryptone 

2.5 g    Peptone 

5 g    Proteose-peptone 

5 g    Yeast extract 

10 g   Glucose 

1.2 g    KH2PO4 

0.35 g    Na2HPO4 (2x H2O) 

ad 1 l    H2O  

G0 medium    HL5 medium + penicillin/streptomycin (100 U/ml) 

G10 medium    G0 medium + Geneticin/G418 (10 μg/ml) 

G30 medium    G0 medium + Geneticin/G418 (30 μg/ml) 

B10 medium    G0 medium + Blasticidin S (10 μg/ml) 

SM-agar plates (pH 6.5)  

15 g    Bacto agar 

10 g   Peptone 

10 g    Glucose 

1 g    Yeast extract 

1 g    MgSO4 

2.2 g    KH2PO4 

1 g    K2HPO4 

ad 1 l   H2O 

Phosphate-agar plates (pH 6.0) 

15 g    Bacto agar 

ad 1 l    Soerensen phosphate buffer 

4.6 Enzymes 

Phusion™ High-Fidelity DNA polymerase    Finnzymes, Finland 

Proteinase K        Fermentas, St. Leon-Rot 

Proteinase K powder       Roth, Karlsruhe 

proteinase inhibitor cocktail     Sigma-Aldrich, München 

Restriction enzymes (+ Reaction Buffer)    Fermentas, St. Leon-Rot 

Hybaid, Heidelberg 

Revert Aid™ M-MuLV RT (+ Reaction Buffer)   Fermentas, St. Leon-Rot 

RiboLock™ Ribonuclease Inhibitor     Fermentas, St. Leon-Rot 
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FastAP™ Thermosensitive Alkaline Phosphatase  Fermentas, St. Leon-Rot 

T4-DNA-Ligase (+ Reaction Buffer)    Fermentas, St. Leon-Rot 

Taq-DNA-Polymerase     Dept. of Genetics., Kassel University 

Taq Reaction Buffer       Fermentas, St. Leon-Rot 

dNTPs        Fermentas, St. Leon-Rot 

4.7 Plasmids 

4.7.1  Present plasmids 

#48 A15gfp w/o ATG 

#68 PDneogfp 

#393 pLRBLP floxed-Bsr 

#394 pDEX-NLS-Cre 

#550 pGEM-T Easy-Ali 

#620 GFP-DGAT2 

#623 pGEM-T Easy-DGAT2-Bsr fwd 

#624 pGEM-T Easy-DGAT2-Bsr rev 

#660 pGEM-T Easy-Ali w/o stop 

pGEM® T Easy Vector System (Promega, Mannheim) 

 

4.7.2  New constructed plasmids 

#571 Ldp-GFP 

The genomic Ldp was amplified with primer #304 5’-Ldp (for #48) and #305 3’-Ldp (for 

#48) using the genomic AX2 as template, and then ligated into vector #48 A15gfp w/o ATG 

by site EcoRI and BamHI. This plasmid was sequenced as correct. 

#581 GFP-Ldp 
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The genomic Ldp was amplified with primer #302 5’-Ldp (for #68) and #303 3’-Ldp (for 

#68) using the genomic AX2 as template, and then ligated into vector #68 PDneogfp by site 

EcoRI and BamHI. This plasmid was sequenced as correct. 

#665 pGEM-T Easy-Ldp 

The genomic DNA of Ldp was amplified with primer #302 5’-Ldp (for #68) and #303 (for 

#68) using plasmid #581 GFP-Ldp as template, and then ligated into pGEM-T Easy vector 

through A-tailing.  

#712 pGEM-T Easy-Ldp in dam־ 

Plasmid #665 pGEM-T Easy-Ldp was transformed in E.coli JM 2163 (dam methyltransferase 

deficient) competent cells, since BsaBI site for construction of Ldp-KO would be overlapped 

by dam methyltransferase.  

#713 pGEM-T Easy-Ldp-Bsr fwd 

The floxed Bsr cassette was cut out from the #393 with SmaI, and then blunt ligated into the 

plasmid #712 pGEM-T Easy-Ldp in dam־ which was digested by BsaBI. Bsr fwd means that 

the Ldp and Bsr cassette bear the same direction in the open reading frame. 

#714 pGEM-T Easy-Ldp-Bsr rev 

This plasmid varies from #713 pGEM-T Easy-Ldp-Bsr fwd is only that the Bsr cassette will 

be transcribed in the opposite direction to Ldp in Dictyostelium. 

#751 GFP-DGAT1 

The full length of DGAT1 was amplified by phusion PCR from cDNA library of AX2 using 

primer #500 5’-DGAT1 and #501 3’-DGAT1. The fragment was cut out by BamHI and then 

ligated into plasmid #68 PDneogfp with the same site. The plasmid was sequenced as correct. 

#752  DGAT1-GFP 

The coding sequence of DGAT1 was amplified on cDNA of AX2 by phusion PCR using 

primer #500 5’-DGAT1 and #502 3’-DGAT1 w/o stop and then ligated into plasmid #48 

A15gfp w/o ATG using BamHI site. The plasmid was sequenced as correct. 
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#761 pGEM-T Easy with BamHI 

Plasmid #660 pGEM-T Easy-Ali w/o stop was digested by BamHI so that fragment Ali was 

cut out. The rest of plasmid relegated itself, and generated a pGEM-T Easy vector with 

BamHI site just behind the position for A-Tailing.  

#816 pGEM-T Easy-5'-DGAT1 (gDNA) 

The 5’gene region of DGAT1 with the length about 0.9 kb was amplified with primer #500 5’-

DGAT1 and primer #590 3’-DGAT1 new using phusion polymerase. This fragment was 

ligated to pGEM-T Easy by A-tailing.  

#817 pGEM-T Easy with BamHI (SpeI blunting in pGEM-T Easy) 

In order to construct DGAT1-KO, SpeI site in the plasmid #761 pGEM-T Easy with BamHI 

must be abolished. #761 pGEM-T Easy with BamHI was digested by SpeI and blunted with 

T4 DNA polymerase, subsequently religated by blunt end ligation.  

#818 pGEM-T Easy-5'-DGAT1 (with SpeI blunting in pGEM-T Easy) 

5’-DGAT1 genomic DNA was cut out of the #816 pGEM-T Easy-5'-DGAT1 (gDNA) by 

BamHI, then ligated into #817 pGEM-T Easy with BamHI (SpeI blunting in T Easy) through 

the BamHI site. 

#839 pGEM-T Easy-Ali-Bsr 

#550 pGEM-T Easy-Ali was digested by ClaI and blunted by Klenow fragment. The floxed 

Bsr cassette cut out of #393 pLRBLP floxed-Bsr by SmaI was ligated into #550 pGEM-T 

Easy-Ali with the blunt ends. The Bsr cassette has the opposite orientation to the gene Ali. 

#840 pGEM-T Easy-5'-DGAT1-Bsr 

#818 pGEM-T Easy-5'-DGAT1 (with SpeI blunting in pGEM-T Easy) was cut by SpeI and 

then blunted by Klenow fragment. Floxed Bsr-cassette was cut out from plasmid #393 

pLRBLP floxed-Bsr by SmaI, then blunt ligated into #818 pGEM-T Easy-5'-DGAT1(with 

SpeI blunting in pGEM-T Easy). The orientation of Bsr cassette is the same as the DGAT1 

gene in Dictyostelium.  
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#847 GFP-AGPAT3 

AGPAT3 was cut out of #860 pGEM-T Easy-AGPAT3 (cDNA) by EcoRI and BglII, and then 

ligated into also with EcoRI and BglII digested vector #68 PDneogfp. 

#859 pGEM-T Easy-AGPAT3 (gDNA) 

AGPAT3 was amplified with Taq polymerase on gDNA of AX2 using primer #729 5’-

AGPAT3 and #730 3’-AGPAT3, then directly ligated into pGEM-T Easy vector.  

#860 pGEM-T Easy-AGPAT3(cDNA) 

AGPAT3 was amplified with phusion polymerase on cDNA library of AX2 using primer #729 

5’-AGPAT3 and #730 3’-AGPAT3, then ligated into pGEM-T Easy by A-tailing. The 

sequence was confirmed by sequencing using primer SP6 and T7 from Fermentas stock. 

#861 pGEM-T Easy-AGPAT3 w/o stop (cDNA) 

AGPAT3 without stop codon was amplified with phusion polymerase on cDNA of AX2 using 

primer #729 5’-AGPAT3 and #731 3’-AGPAT3 w/o stop, then ligated into pGEM-T Easy by 

A-tailing. 

#864 AGPAT3-GFP 

AGPAT3 was cut out of #861 pGEM-T Easy-AGPAT3 w/o stop (cDNA) by enzyme EcoRI 

and BglII, then ligated into also with EcoRI and BglII digested #48 A15gfp w/o ATG vector. 

#865 pGEM-T Easy-AGPAT3 (gDNA) without SpeI in pGEM-T Easy 

pGEM-T Easy was digested by EcoRI, so that the SpeI site in the multi-cloning site was 

deleted between the both EcoRI site, since SpeI site in AGPAT3 would be used for Bsr 

cassette insertion. Genomic AGPAT3 was cut out of #859 pGEM-T Easy-AGPAT3 (gDNA), 

and then ligated into with EcoRI digested pGEM-T Easy vector. 

#901 pGEM-T Easy-AGPAT3-Bsr fwd 

Floxed Bsr cassette was digested out of plasmid #393 pLRBLP floxed-Bsr by SmaI, then 

blunt ligated into #865 pGEM-T Easy-AGPAT3 (without SpeI in pGEM-T Easy) that had 
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been digested by SpeI and then blunted by T4 DNA polymerase. Bsr cassette has the same 

orientation to be transcribed as AGPAT3. 

#902 pGEM-T Easy-AGPAT3-Bsr-rev 

The difference between this plasmid and #901 pGEM-T Easy-AGPAT3-Bsr fwd is that Bsr 

cassette was inserted in the reverse orientation, so that Bsr cassette would be transcribed in an 

opposite direction with the AGPAT3in Dictyostelium cell. 

#921 pGEM-T Easy-GPAT3 (cDNA) 

The full length of ORF for GPAT3 was amplified on AX2 cDNA by phusion PCR using the 

primer #771 5’-GPAT3 and #772 3’-GPAT3, and then cloned in pGEM-T Easy through A-

tailing. After confirmation of correct coding sequence of GPAT3 in pGEM-T Easy vector, the 

fragment was further cloned in N-terminal GFP-vector (#68 PDneogfp). 

#922 pGEM-T Easy-5’-GPAT3 (gDNA) 

5’ region of genomic GPAT3 was amplified on gDNA of AX2 cells using primer #771 5’-

GPAT3 and #774 3’-GPAT3 new by Taq-polymerase, and then ligated directly into pGEM-T 

Easy. The plasmid was further applied to construct GPAT3-KO. 

#923 pGEM-T Easy-GPAT3 w/o stop (cDNA) 

The 1.5 kb coding region of GPAT3 without stop codon was amplified from AX2 cDNA by 

phusion PCR with the primer #771 5’-GPAT3 and #773 3’-GPAT3 w/o stop, and ligated into 

pGEM-T Easy by A-tailing. The insertion region from GPAT3 cDNA w/o stop codon was 

sequenced as correct.  

#927 pGEM-T Easy-5’-GPAT3 (gDNA) in Dam־ 

Plasmid #922 pGEM-T Easy-5’-GPAT3 (gDNA) was retransformed into the Dam־ competent 

E.coli JM 2163 cells, in order to use the ClaI site for insertion of Bsr-cassette. 

#931 pGEM-T Easy-5’-GPAT3-Bsr 

Plasmid #927 pGEM-T Easy-5’-GPAT3 (gDNA) in Dam־ was digested with ClaI and then 

blunted with Klenow fragment. Floxed Bsr cassette was cut out from #393 pLRBLP floxed-
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Bsr by SmaI, and then cloned into #927 pGEM-T Easy-5’-GPAT3 (gDNA) in Dam־ with 

blunt-end ligation. 

#937 GFP-GPAT3 

GPAT3 cDNA was digested out from #921 pGEM-T Easy-GPAT3 (cDNA) with BamHI, and 

cloned into the N-terminal GFP expression vector #68 PDneogfp with the same restriction 

site. 

#938 GPAT3-GFP 

GPAT3 cDNA without stop codon was cut out of #923 pGEM-T Easy-GPAT3 w/o stop 

(cDNA) with BamHI, and then ligated to also with BamHI digested C-terminal GFP 

expression vector #48 A15gfp w/o ATG. 

4.8 Oligonucleotides 

Number  name Sequence (5’→3’) 

#57  Bsr-G1 CGCTACTTCTACTAATTCTAGA 

#216 5’-TRX GAACGAGCTCCATGGCCAATAGAGTAATTAATG 

#217  3’-TRX CGCGGATCCTTATTTGTTTGCTTCTAGAGTACTTC 

#253  5’-ADH CCGAATTCATGGCAGTGCTAACTGATATAT 

#254  3’-ADH CCGAATTCCTTATTTATTATGAGTCTTAATTTTTTG 

#302 5’-Ldp (for #68) CGGGATCCAAAATGAATACTTCAACAACAAC 

#303 3’-Ldp (for #68) CCGAATTCTTAATTACGTTTATTTTTTTTACC 

#304 5’-Ldp (for #48) CCGAATTCAAAATGAATACTTCAACAACAAC 

#305 3’-Ldp (for #48) CCGGATCCATTACGTTTATTTTTTTTACCC 

#352 Bsr T2  CAGATACATTTTGAATGGTGAAG 

#354 3’-DGAT2 KO CAATTTAAAATTATTTCTAATTAATACCAAAC 

#359 5’-DGAT2 KO new TGGTAAATGGTGCATC 

#361 5’-DGAT2 KO GTTGCAATAGTGTGTATATATGTAC 

#455 3’-DGAT2 KO new CCATGAATAATGGTGGTGCG 

#456 Bsr-middle GGAGTTGATTTCAGACTATGC 

#500 5’-DGAT1  CGTATGGATCCAAAATGGAACCAA TTCCACCATC 

#501 3’-DGAT1  CGCTAGGATCCTTAATAAAATGGCATTACAGGTGG 

#502 3’-DGAT1 w/o stop CGCTAGGATCCATAAAATGGCATTACAGGTGG 

#510 5’-Ldp KO CCATATGTTGGCATTTTTGTGC 

#511 3’-Ldp KO CCAAAAAGTGGGTGTTCAC 

#512 5’-Ldp new CTCTTGGAGGGTTTATTTCC 
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#513 3’-Ldp new CTCCAAAAGAATAGGGTACAAG 

#585 5’- DGAT1 KO CACTAGGGCAAATGGATGC 

#590 3’- DGAT1 new  CCGGATCCCCTGGCCATCTATGATATTC 

#627 5’-Ali KO GGAGCAGGTATCTAATGTACATTCG 

#628 3’-Ali KO GGTCCAAACTGTGGATGTC 

#667 3’-Ali new GACTTTCAATAGTTCCAGCATTTGC 

#674 5’-SMT1  CCATAGAATTCAAAATGAATACTCAACAACGTGCTATGG 

#675 3’-SMT1  CCATAGAATTCTTAATCAGTGCTTGGTTTACGACATAATAAG 

#729 5’-AGPAT3 CGATGAATTCAAAATGGAACCATTAACAACTTCAACTTCAACAAC 

#730 3’-AGPAT3  CGATAGATCTCTATTCAGATTTCTTCTTTTTTAAAGATAGTTTTTC 

#731 3’- AGPAT3 w/o 

stop  

CGATAGATCTTTCAGATTTCTTCTTTTTTAAAGATAGTTTTTCATTTTT

ATAAAG 

#750 5’-AGPAT3 KO CTGTGAATATTATTAGTTATAATAGTAGTGGTAG 

#751 3' -AGPAT3 KO CCA TTTGAACCATCAATTAAAATTCCAG 

#752 5'-AGPAT3 new CCCAGTGTTAGCAATTGTAGCATTAGC 

#753 3’-AGPAT3 new CCCCACCAAGATTGATACCAATAGTTCCAACGG 

#771 5’-GPAT3  CCGGATCCAAAATGGGGAAAGAAAGTAGTGATAATTCATCATTATCG 

#772 3’-GPAT3  CCGGATCCTTATTCGTTTGGGGTTGCCAATTTTC 

#773 3’-GPAT3 w/o stop  CCGGATCCTTCGTTTGGGGTTGCCAATTTTC 

#774 3’-GPAT3 new  CCGGATCCCCAACTATTAAACAAGTTAGTCTTAATGG 

#775 5’-GPAT3 KO CATATAGCAATAGAATCAAGTTTGATAAAAATAC 

 

4.9 Biological materials 

Bacteria:   E. coli JM105 

   E.coli JM 2163 (dam methyltransferase deficient) 

E. coli DH5α 

E. coli TOP10 (Invitrogen, USA) 

E. coli B/2 

E. coli B/r 

Klebsiella aerogenes 

Yeast:    cat. #Ysc-2, sigma (Sigma, Germany) 

Dicytostelium:  AX2  (Watts and Ashworth, 1970) 
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4.10 Online software  

Database of Dictyostelium http://www.Dictybase.org/ 

SMART   http://smart.embl-heidelberg.de/ 

Conserved domains   http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml 

computer pI/Mw  http://web.expasy.org/protparam/ 

ImageJ    http://rsbweb.nih.gov/ij/ 

Protein BLAST  http://www.ncbi.nlm.nih.gov/BLAST/ 

Multi alignment   http://igs-server.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi 

    http://www.ebi.ac.uk/Tools/msa/clustalw2/ 

     http://blast.ncbi.nlm.nih.gov/Blast.cgi 

    http://bioinfo.genotoul.fr/multalin/multalin.html 

Enzyme information  http://www.thermoscientificbio.com/ 

Oligoanalyzer   http://eu.idtdna.com/analyzer/applications/oligoanalyzer/  

4.11 Antibodies 

4.11.1 Monoclonal primary antibodies 

Anti-GFP  64-449-2 Chemicon, Temecula, USA 

Anti-PDI  221-64-1  (Monnat et al., 1997) 

Αnti-porin  70-100-1 (Troll et al., 1992) 

Anti-severin   42-65-11 (Schleicher et al., 1984) 

Anti-vacuolin  263-37-1 (Wienke et al., 2006)  

 

4.11.2 Secondary antibodies 

Rabbit  anti-mouse IgG      Dianova, Germany 

(alkaline phosphatase-conjugated AffiniPure) 

AffiniPure rabbit Anti-mouse IgG (H+L)   Dianova, Germany 

(conjugated with Cy3) 

Goat anti-mouse IgG      Novagen, USA 

(conjugated with Cy3 )  

http://www.dictybase.org/
http://smart.embl-heidelberg.de/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://web.expasy.org/protparam/
http://rsbweb.nih.gov/ij/
http://www.ncbi.nlm.nih.gov/BLAST/
http://igs-server.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://bioinfo.genotoul.fr/multalin/multalin.html
http://www.thermoscientificbio.com/
http://eu.idtdna.com/analyzer/applications/oligoanalyzer/
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5 Methods 

5.1 Molecular biology methods 

5.1.1 Preparation of nucleic acid from E. coli 

5.1.1.1 Mini-preparation of plasmid DNA  

The alkaline lysis method is used to isolate the plasmid DNA from the E.coli cells 

(Birnboim and Doly, 1979). The single colony from transformation plate was picked with 

toothpick and transferred into 1 ml LBamp medium. The culture was incubated overnight 

with shaking at 37°C. At the next day, the cells were centrifuged at 1,200 g for 3 min. The 

pellet was resuspended in 200 µl solution I by vortexing, then 200 µl solution II was added 

and incubated for 5 min at room temperature after inverting the tube for 5 times. This is 

followed by addition of 200 µl solution III and the mixture was mixed carefully. The 

formation of a white precipitate was observed. After centrifugation for 10 min at full speed, 

the supernatant was transferred into a new 1.5 ml tube and mixed well with 350 µl of 

isopropanol. The plasmid DNA was precipitated by centrifugation at full speed for 10 min.  

This, as well as all following centrifugation step were performed at 4°C, in order to increase 

the yield of small DNA amounts. The resulting pellet was washed with 600 µl of 70% ethanol 

by another centrifugation at full speed for 10 min, dried in a vacuum centrifuge and dissolved 

in 20 µl double-distilled H2O (ddH2O) at 65°C for 10 min. 5 µl of plasmid DNA were used in 

a restriction digest (5.1.3.4). 

5.1.1.2 Midi-preparation of plasmid DNA  

The preparation of plasmid DNA from a 50 ml cell culture is performed by PureLinkTM 

HiPure Plasmid DNA Purification Kit from Invitrogen. The LBamp medium had been 

prepared in an Erlenmeyer flask, inoculated by transformed E.coli cells and incubated 

overnight with shaking at 37°C. The isolated and dried DNA was dissolved in 200 µl ddH2O 

with gentle shaking at 65°C for 10 min. It is followed by photometric determination of the 

DNA concentration (5.1.4.1). 
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5.1.2 Preparation of nucleic acid from Dictyostelium 

5.1.2.1 Isolation of genomic DNA (maxi) 

50 ml-100 ml culture at the density of 3-5 x 106 cells/ml was centrifuged at 400 g for 5 

min at 4°C. Cell pellets were washed twice with ice cold Soerensen phosphate buffer 

(phosphate buffer) and then resuspended in 45 ml cell lysis buffer. 5 ml 10% NP-40 

were added in order to achieve the cells lysis completely, but leave the nuclei intact. 

The tube was mixed gently by inverting until the mixture became clear. The mixture 

was centrifuged at 3,000 g for 15 min at 4°C. The obtained nuclear pellet was then 

carefully resuspended in 5 ml 0.7% SDS lysis buffer and incubated with 100 μl 

proteinase K (25 mg/ml) at 65°C for 2 h. Proteinase K inhibits all proteins that could 

interact with the genomic DNA. The genomic DNA was then purified by twice phenol 

extraction. Two volume (vol) of phenol-chloroform-isoamyl alcohol (PCIA, 25:24:1) 

was added to nuclear suspension and mixed by gently but thoroughly inverting the 

capped tube. After centrifugation at 10,000 g for 10 min at room temperature, the 

viscous aqueous phase (upper phase) was carefully transferred into a new tube. If he 

upper phase are still unclear after the second extraction, then the phenol extraction can be 

repeated. After phenol extraction process, the genomic DNA was precipitated by adding 2 

vol of 100% ethanol and 1/10 vol of 3 M NaAc (pH 5.2) and centrifuged at full speed 

for 30 min at 4°C. The obtained DNA pellet was washed with 70% ethanol and dried in 

a vacuum centrifuge for a few min or in air overnight. The dried DNA pellet was dissolved in 

100 µl ddH2O at 65°C for 20 min. In order to obtain the intact genomic DNA, shaking should 

be avoided during the DNA dissolving. The DNA concentration was determined by a 

photometer (5.1.4.1) and should be approximately at 500 µg/ml.  

5.1.2.2 Preparation of genomic DNA (fast and dirty) 

The rapid purification of genomic DNA  in Dictyostelium was applied for the screening of 

sub-clones via PCR (Charette and Cosson, 2004). The obtained DNA of this kind of 

preparation is not pure, but worked well for amplification of a fragment smaller than 1.5 kb. 

Cells grown on 24-well Costar plates (approximately 1 x 106 cells) were transferred into 1.5 

ml reaction tube and harvested by centrifugation at 1,000 g for 1 min at room temperature. 

The pellet was resuspended in 100 μl LyB-buffer with 2 μl Proteinase K, mixed well by 

vortexing and then incubated for 5 min at room temperature, in order to denature the 
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membranes. The obtained dirty DNA was heated at 95°C for 10 min to inactivate the 

Proteinase K and thereafter it could be subjected to PCR reaction directly after being cooled. 

5 μl was used as template in a 20 μl PCR reaction (5.1.3.1). 

5.1.2.3 Isolation of total RNA 

All centrifugation steps were performed at 4°C. All solutions used for the RNA preparation 

are dissolved in DEPC water. 

1.5 x 107 cells were harvested at 400 g for 5 min, washed with phosphate buffer. The pellet 

was resuspended in 500 µl solution D (complete) and then transferred to a 1.5 ml reaction 

tube. After the addition of 50 µl 3 M NaAc (pH 4.7) and 500 µl PCIA, the mixture was 

incubated at -20°C for 1 h and then centrifuged for 10 min at full speed. The upper aqueous 

phase was transferred into a new reaction tube and subjected to phenol extraction once more 

in order to achieve the pure RNA.  Subsequently, 1 vol isopropanol or 2.5 vol 100% ethanol 

was added and incubated again for 1 h at -20°C to precipitate RNA. After 30 min 

centrifugation, the pellet was resuspended in 300 µl DEPC water, 30 µl 8 M LiCl and 750 µl 

100% ethanol, so that the final ethanol concentration is 70%. It was followed by a 

centrifugation at full speed for 10 min. The pellet was dried with a vacuum centrifuge, and 

then dissolved in 100 µl DEPC water at 65°C for 20 min. The concentration of total RNA was 

determined by a photometer (5.1.4.1).  

5.1.3 Enzymatic reactions 

5.1.3.1 Polymerase chain reaction (PCR) 

PCR is an enzymatic reaction to amplify the specific DNA fragments in vitro. PCR reaction 

mixture includes double-stranded DNA template, a pair of primers specific for the beginning 

sequences of each DNA strand, dNTPs, a DNA polymerase and the appropriate buffer. Each 

cycle consists of DNA denaturation, binding of the primers to the single-stranded template 

DNA (annealing) and synthesizing new DNA (elongation), so that the desired double-stranded 

DNA will be amplified in large quantity at the end of PCR. The most commonly used 

polymerase is Taq polymerase, isolated from the thermophilic bacterium Thermus aquaticus. 

The optimal elongation temperature for Taq-polymerase is 72°C, and with an amplification 
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rate of 1kb/min. All Taq-PCR used in the study were based on the following standard 

programs:  

Standard PCR reaction for Taq-polymerase: 

DNA template    ca. 100 ng 

5’ primer (10 pmol/μl)   2 μl 

3’ primer (10 pmol/μl)   2 μl 

10 x PCR buffer   2 μl 

MgCl2 (25 mM)   2 μl 

dNTP mix (2 mM each)  2 μl 

Taq polymerase    0.5 μl 

H2O     ad to 20 μl 

 

Standard PCR program for Taq-polymerase: 

1st step            95 ºC   5 min  initial denaturation 

2nd step:    25-35 cycles 

95 ºC   30 s   denaturation    

55 ºC   variable annealing 

72 ºC   variable elongation 

 3rd step                72 ºC     5 min  final elongation 

4 ºC       hold the final products of PCRs 

The use of Phusion (Biozyme) and KOD Hot Start (Novagen) DNA polymerase ensures high 

accuracy in amplification and high processivity because of the combination of a Pyrococcus 

similar DNA-polymerase with a double-stranded DNA binding domain. The amount of 

components in a PCR reactions and the PCR-program for these two DNA-polymerases are 

included in the manufacturer’s instruction. 

5.1.3.2 A-tailing of PCR fragments and ligation into pGEM®-T Easy vector 

PCR product amplified by phusion and KOD Hot Start polymerase are blunt-end. In order to 

be used in the pGEM®-T Easy Vector System from Promega, it must be subjected to the A-

tailing reaction. This was achieved by addition of an adenosine at the 3’-end of the DNA-

fragments using Taq DNA polymerase. 10 µl reaction mixture were usually composed of 5 µl 

purified PCR fragment, 2 µl 1 mM ATP, 1µl 10 x Taq DNA Polymerase Reaction Buffer, 1 µl 

25 mM MgCl2 and 1 µl 5 U Taq DNA polymerase,  mixed and incubated at 70°C for 30 min. 
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For the subsequent ligation, the components of 3 µl A-Tailing product, 5 µl 2 x Rapid 

Ligation Buffer, 1 µl pGEM®-T Easy Vector and 1 µl T4 DNA ligase (the last three reagents 

are from the pGEM®-T Easy Vector System I) were mixed and kept at room temperature for 

1-2 hours. The ligation product was then transformed in competent E. coli cells (5.2.1.2). The 

detection of positive transformants was achieved by the blue-white selection (5.1.3.3). 

5.1.3.3 Blue-white selection 

LacZ gene encoding β-galactosidase enzyme is in the pGEM®-T Easy vector. This enzyme 

breaks down a series of synthetic materials besides the natural substrate lactose, such as here 

used X-Gal (5-bromo-4-chloro-3-indolyl-ß-D-galactoside). X-gal is hydrolyzed to the 

colorless galactose and the blue precipitate of 4-chloro-3-bromo-indigo. The colony appears 

blue, if it is capable of producing the β-galactosidase enzyme. However, the colony appears 

white if the expression of the β-galactosidase was destroyed by the insertion of foreign DNA. 

In order to prove successful transformation of a cloned pGEM®-T Easy Vector, the 

transformation mixture was plated out on the antibiotic selective plates together with 20 µl 

100 mM IPTG (isopropyl-β-D-thiogalactopyranoside) and 35 µl X-Gal (50 mg/1 ml of DMF) 

and incubated overnight at 37°C. IPTG is a synthetic analogue of lactose and induces the 

synthesis of the β-galactosidase by inactivating the lacZ repressor. White Colonies were 

picked and incubated in 1 ml of selective medium at 37°C and subjected to a mini preparation 

(5.1.1.1) on the next day.  

5.1.3.4 Restriction endonuclease digestion of DNA 

Restriction endonucleases are widely used for analytical digestion of plasmids and for the 

construction of recombinant DNA molecules.  It should be noted that the amount of enzyme is 

at most 10% of the total volume, in order to avoid negative effects of glycerol. 3-5 µg DNA 

were usually applied for the ligation reaction. After 1-2 h incubation at the appropriate 

temperature, the digestion was tested by agarose-gel electrophoresis (5.1.4.2).  

5.1.3.5 Generation of blunt ends 

Blunting of a cohesive end from a restriction digestion were used to inactive an enzyme site 

or prepare for the blunt-end ligation. T4 DNA polymerase was majorly used to removal of 3’-

overhang due to its strong 3’→5’ exonuclease activity, while the Klenow-fragment, the large 
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fragment of DNA polymerase I,  blunts DNA by filling-in 5’-overhangs. Both enzymes for 

DNA blunting were applied according to the protocol from manufacturer. 

5.1.3.6 Dephosphorylation of 5’-OH group in vectors 

If the vector was digested by a single enzyme, it was dephosphorylated before ligation in 

order to prevent a re-ligation with itself. For this purpose, 1 µl alkaline phosphatase (Fast AP 

from Fermentas) was added to the 20 µl digestion and incubated for 30 min at 37°C. Since 

Fast AP is active in all kinds of buffers for digestion, the specific buffer is not required.  

5.1.3.7 Ligation of DNA fragments 

The ligation of two DNA fragments is carried out in a reaction with total volume of 20 µl, 

where the concentration (in molar) of insert was 3-5 fold excess to that of the vector. The 

Amount of T4 DNA ligase and the T4 DNA ligase buffer were applied according to the 

manufacturer's instructions. The reaction takes place at room temperature: 20 min for "sticky 

end" ligation and 30 min for a "blunt end" ligation. The ligase did not need to be purified or 

deactivated for transformation into E. coli competent cells. 

5.1.3.8 RT-PCR 

The RT-PCR includes reverse transcription reaction (RT) of mRNA into cDNA and a 

following PCR reaction using the obtained cDNA as template. RT-PCR was used to detect 

RNA expression levels and also to amplify the coding sequence of the target gene. Before RT 

reaction, DNaseI (RNase-free, Fermentas) was added to RNA sample at 37°C for 30 min for 

removal of the DNA contamination. After addition of 25 mM EDTA, DNaseI was inactivated 

by heating at 65°C for 10 min. After denaturation of the template RNA at 70°C for 5 min, the 

Revert Aid™ M-MuLV Reverse Transcriptase catalyzed the RT reaction to generate total 

cDNA library by incubation at 42ºC for 60 min in the presence of oligo dT primer, dNTPs, 

RNase inhibitor and reaction buffer. The reaction was stopped by heating at 70ºC for 10 min. 

2 µl of the reaction mixture was used in a PCR reaction with primers specific for a targeting 

DNA fragment (5.1.3.1). 
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5.1.4 Purification, enrichment and detection of nucleic acids 

5.1.4.1 Determination of the nucleic acid concentration 

The concentration of genomic DNA (5.1.2.1) and total RNA (5.1.2.3) isolated from 

Dictyostelium was measured with photometer. The absorption at 260 nm correlates with the 

concentration of nucleic acids. The quality of nucleic acid preparation was determined by 

measuring the ratio of the absorption at 260 nm and 280 nm, and the normal value should be 

1.8-2.0. The ratio with lower value than 1.8 indicates the phenol or protein contamination. 

5.1.4.2 Separation of DNA by agarose-gel electrophoresis  

The agarose-gel electrophoresis is an effective method to separate DNA fragments according 

to their size. 1% agarose (w/v) was used in this work. For the preparation of the gels, the 

agarose was dissolved in 1 × TBE buffer by boiling it with a microwave. The addition of 5 µl 

ethidium bromide (EtBr) to 500 ml melted agarose allows the DNA in the gel visualized under 

UV light. After the boiled agarose cooled slightly, it was poured into an agarose gel chamber 

and equipped with a sample comb that served to form the wells in which the DNA samples 

were loaded after removal of the sample comb. When the agarose gel turned hard, the comb 

was removed and 1 x TBE buffer was poured into the chamber to submerge the agarose gel. 

The DNA samples in 1x DNA loading buffer were then loaded in the wells together with a 

DNA size standard. Electric power was then switched on and the gel was run at 5-10 volt/cm 

according to the distance between the two electrodes. By the influence of the electric field, the 

negatively charged DNA migrates toward the positively charged anode. The electrophoresis 

was stopped when the bromophenol blue has run 3/4 the length of the gel and could be 

checked in the UV light-box.  

5.1.4.3 Purification of DNA fragments 

The DNA fragment from agarose gel, PCR product or after an enzymatic reaction, such as 

dephosphorylation, restriction digestion and blunting, were purified in order to be further used 

without the impairment of the downstream reactions. QIAquick® PCR purification kit from 

Qiagen or the NucleoSpin® Extract II kit from Macherey-Nagel were used for DNA 

purification. 
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5.2 Transformation techniques 

5.2.1 E. coli transformation 

5.2.1.1 Generation of competent cells 

E.coli competent cells can be prepared with a variety of methods. RbCl chemical method 

works well and therefore used in our lab. E.coli cells (DH5α, JM109 or Top 10) were 

inoculated on an LB plate and incubated at 37°C overnight. One colony was picked into 5 ml 

LB media and grown at 37°C overnight with shaking at 220 rpm. The 3 ml overnight cell 

culture was then transferred into 250 ml fresh LB medium with 20 mM MgSO4 (final 

concentration) and allow cell to grow at 37°C (220 rpm) until OD600 reached to 0.4-0.6. The 

following steps were performed at low temperature (4°C) in order to increase the competence 

of the cells and all the used instruments such as pipette tips, reaction tubs were pre-cooled. 

The 250 ml cell culture were divided into 50 ml falcon tubes and centrifuged at 3,000 g for 5 

min and the resulting pellet was resuspended carefully into 100 ml TFB1 buffer. After being 

incubated on ice for 5 min, cells in TFB1 buffer were centrifuged once more and the pellet 

was resuspended in 10 ml TFB2 buffer for further incubation on ice for 60 min. The prepared 

cells were aliquoted at 200 µl aliquot per tube and frozen in liquid nitrogen. The competent 

cells stored at -70°C can be used for transformation (5.2.1.2) for up to 6 months. 

5.2.1.2 Transformation of competent cells 

The competent E.coli cells were thawed on ice. Then the cells together with the plasmid from 

the ligation (5.1.3.7) incubated for 30 min on ice, and further incubated at 42°C in water bath 

for exactly 60 sec (heat shock). After that, samples were transferred on ice immediately and 

incubated on ice for 2-3 min. Finally, samples were directly plated out on LBamp plate and 

incubated overnight at 37°C. 

5.2.2 Transformation of Dictyostelium cells 

Plasmids (for overexpressing construct) or DNA fragments (for KO construct) were 

introduced into Dictyostelium cells by electroporation (EP). 2 x107 Dictyostelium cells from 

shaking axenic culture at the density of 1-2 x106/ml were transferred to a falcon tube and 

incubated for 10 min on ice. The cells were centrifuged at 400 g for 3 min at 4°C and washed 

once in ice-cold phosphate buffer, and twice in ice-cold EP buffer. The resulting pellet was re-
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suspension in 700 µl EP buffer and transferred into an EP cuvette with an electrode distance 

of 4 mm. After addition of 20 µg plasmid DNA or 10 µg DNA fragments, small amount of EP 

buffer was then added again in order that total volume in the EP cuvette reached to 800 µl. 

The mixture in the EP cuvette was incubated on ice for 10 min. The EP-process was carried 

out in Gene Pulser from Bio-Rad in the following settings: 25 µF and 1 kV. The time constant 

should be between 2 and 3 milliseconds. The EP cuvette after the electric pulse was cooled on 

ice for a further 10 min. The mixture was then transferred into a Petri dish (∅ 10 cm) in order 

to regenerate the cells in 8 µl 100 mM MgCl2 and 8 µl 100 mM CaCl2 and incubated for 15 

min. Finally, 10 ml G0 medium was placed on Petri-dish and replaced by appropriate 

selection medium at the next day. The selection medium was renewed every other day. For 

successful transformation, clones should be seen after 5-10 days after EP transformation. 

5.3 Cell biology methods 

5.3.1 Cultivation of Dictyostelium in liquid medium 

5.3.1.1 Growth in axenic medium 

Dictyostelium cells are grown under sterile condition. WT laboratory strain AX2 can grow in 

G0 medium, either in Costar-wells and in Petri dishes (∅ 5 cm, 10 cm) or in shaking flasks. 

The incubation in the flask was under constant and gentle shaking at 150 rpm. Moreover, the 

culture should not exceed 1/3 of the flask volume in order to ensure an adequate oxygen 

supply. Culture from either dilution of a pre-culture or by thawing spores should have a 

minimal density of 5 x 104 cells /ml, because cultures of lower density lag for a period of time 

before they begin to grow. Since only cells in exponential growth phase were investigated in 

this work, the cells on the plates or in shaking medium were kept at a density lower than 5 x 

106 cells/ml. The cell density of Dictyostelium was determined by counting with a Coulter 

counter. The transformants were grown in the G0 medium supplemented with appropriate 

antibiotic according to the introduction of the corresponding antibiotic resistance into the 

cells. The generation time of AX2 is about 10 h at a constant temperature of 22°C. But the 

generation rate may be different in the transformants.  

For LD investigation, PA with 200 µM final concentration was added to axenic medium to 

induce TAG accumulation and LD formation. Dictyostelium cells grown in PA-containing 

medium are about 70% in size as compared to cells grown in normal axenic medium 
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(performed by H. Otto).  Therefore, the quantitative assays performed in this work were 

normalized by total protein amount, but not the cell density. 

5.3.1.2 Growth in live bacterial suspension 

The suspension of two bacterial strains, Klebsiella aerogeneses (K.a) and E.coli B/r, were 

used for the growth of Dictyostelium WT cells. The bacterial cultures were grown overnight at 

37°C in LB medium and harvested by centrifugation at 3,000 g for 15 min at 4°C. After twice 

wash with phosphate buffer, bacteria were resuspended in phosphate buffer at an OD600 of 8.0. 

Bacteria in phosphate buffer are still alive but cannot grow, and serve as the only food source 

for Dictyostelium. Cells grow in bacterial suspension is faster than in axenic medium and the 

doubling time is approximately 4 h at 22°C and with shaking at 150 rpm. Therefore, 

Dictyostelium cells were inoculated into bacterial suspension at a lower density of 3 x 103 to 1 

x 104/ml (final concentration), in order to avoid the depletion of food source through the 

overnight growth. The cell density of Dictyostelium in bacterial suspension was determined 

by a hemocytometer. 

5.3.2 Subcloning of transformed Dictyostelium cells 

Subcloning is used to clonal isolation of Dictyostelium transformation. The clones on an EP-

plate were resuspended in 200-1000 µl phosphate buffer depending on the clone numbers and 

dilution series (1:100; 1:1000, 1:10000 - about 200 µl per set) was achieved with E.coli B/2 or 

K.a suspension. It is noted that E.coli B/2 cells are used for Dictyostelium growth in plastic 

plate while E.coli B/r are suitable for growth in shaking culture. The dilution sets were then 

plated out on SM plates and incubated at 22°C. After 3 days, transparent plaques were formed 

from the consumption of bacteria by Dictyostelium cells. The plaque is composed of spores 

inside formed by starvation and the vegetative cells at the edge. The vegetative cells from 

isolated plaques were transferred with a toothpick into 24-well Costar Plate with the 

appropriate selection medium and further incubated at 22°C. 

5.3.3 Plaque-assay 

Plaque assay is used to examine the plaque formation behaviour of Dictyostelium mutants on 

bacterial plates in comparison with that of WT. The density of Dictyostelium culture in 

shaking culture was determined by Coulter Counter. The culture was so diluted in phosphate 

buffer that 5 cells on average were finally inoculated in 200 µl E. coli B/2 suspension. The 
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mixture was then plated out on SM plate. As mentioned above (5.3.2), the plaques are visible 

on SM-plate after 3 days incubation at 22°C. The diameters of the formed plaques on the SM-

plates were measured with a calliper. For checking the continuity of plaque formation, the 

diameters of plaques were measured again at 4 days incubation. For each cell strain, plaques 

in three such bacterial plates were checked, so that the diameters of at least 10 plaques were 

measured. 

5.3.4 Spore production 

As mentioned before, scarce of food source induced the spore formation. Spores can be 

induced with this principle to preserve the cell lines. Approximate 1-1.5 x108 Dictyostelium 

cells from axenic medium were harvested by centrifugation at 400 g for 3 min at 4°C and 

washed twice with phosphate buffer. The resulting pellet was resuspended in 500 µl 

phosphate buffer and plated out on phosphate agar plate (∅ 10 cm), then incubated at 22°C. 

The fruiting bodies were formed after two days and transferred into 1 ml phosphate buffer in 

cryotube with an inoculating loop. The cryotube was rapidly frozen in liquid nitrogen and 

stored in -70°C. To inoculate a fresh culture, the desired amount of spores were thawed (50-

100 µl) in G0 medium at 22 ° C. Dictyostelium cells were visible after two day incubation and 

then G0 medium can be replaced by selective medium. 

5.3.5 Phagocytosis assay 

5.3.5.1 Preparation of TRITC-labelled yeast 

Five gram of dried Saccharomyces cerevisiae were incubated in 50 ml 1 x PBS with stirring 

in the boiling water (in water bath) for 30 min. Then the yeasts were washed five times with 1 

× PBS and twice with phosphate buffer at 1,250 g for 5 min each. The concentration of yeast 

was adjusted to 1 x 109 cells/ml with phosphate buffer, and the yeast could be stored at -20°C.  

For the labelling with TRITC, 2 x 1010 yeasts were harvested and resuspended in 20 ml of 50 

mM Na2HPO4 (pH 9.2), and added 2 mg in 200 µl of DMSO dissolved TRITC. The 

suspension was incubated for 30 min at 37°C with shaking. This is followed by washing twice 

with 50 mM Na2HPO4 (pH 9.2) and washed four times with phosphate buffer at 1,250 g for 5 

min each. The concentration of the yeasts was adjusted to 1 x 109 / ml with phosphate buffer. 

The TRITC-labelled yeast was transferred in 1 ml Aliquots and stored at -20°C. 



 143 

5.3.5.2 Determination of phagocytic activity  

This assay determine internalization rate of Dictyostelium cells by measurement of 

fluorescence changes over 120 min after adding the TRITC-labelled yeast cells into 

Dictyostelium shaking culture. To avoid adhesion of Dictyostelium cells on the glass surface, 

the assay was performed in previously silanized 25 ml conical flask. This was achieved by 

adding 15 ml silane solution in a flask under the hood and incubated for a few minutes with 

slight shaking. After removal of silane solution, the flask was washed with 100% ethanol and 

subsequently with ddH2O and then dried with lint-free tissues. After silinization treatment, the 

flask can be used up to three times. 

This assay was performed at 22°C. 10 ml Dictyostelium cells grown in axenic medium were 

transferred to a silanized conical flask and kept shaking at 150 rpm. 120 µl of ultra-sonicated 

TRITC-labelled yeasts were added to the Dictyostelium shaking culture, and immediately 1 

ml culture were transferred into a 1.5 ml reaction tube and mixed with 100 µl trypan blue ( t = 

0 min). Trypan blue was used to quench the fluorescence of the yeasts in the medium (not 

phagocytozed). After 3 min shaking in a mixer, the sample was centrifuged at 1,000 g for 2 

min. The supernatant was removed thoroughly, and the pellet was resuspended in 1 ml 

phosphate buffer and mixed well. The sample was measured by a fluorescence 

spectrophotometer (fluorimeter) with the excitation of 544 nm and the emission of 574 

nm. The fluorescence was measured at a 15 min interval for total 120 min. The 

obtained values were normalized by protein amount (5.5.1.1) and evaluated graphically 

using Microsoft Excel.  

5.4 Microscopic analysis 

5.4.1 Fluorescence microscopy for live Dictyostelium cells 

Live cell microscopy was majorly used for LD staining. 500 µl Dictyostelium cells grown at 

the density of 2 x106/ml transferred in flexiPERM silcon disc (15 x 15 mm each chamber) that 

can stick to the 5 x 5 cm coverslip with its adhesive side, so that it formed 4 closed chamber.  

Dictyostelium cells were allowed attach to the coverslip for 30-45 min, LD staining (5.4.3) 

would be performed and analysed with a Leica SP2 confocal microscope (5.4.4). 
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5.4.2 Fluorescence microscopy for fixed Dictyostelium cells 

5.4.2.1 Fixative from 4% paraformaldehyde with picric acid  

Paraformaldehyde joints the nitrogen atoms between the nearby amino groups by a CH2- 

linkage to preserves the protein structure. The fixative was freshly made with high purity 

paraformaldehyde powder and saturated picric acid solution. 0.2 g paraformaldehyde powder 

was dissolved in 3.2 ml ddH2O. The dissolving of paraformaldehyde was facilitated by 

heating at about 40ºC under stirring and adding 3 drops of 2 M NaOH with glass Pasteur 

pipette. The heating temperature should not be over 50°C, because overheating of the 

paraformaldehyde would break the aldehyde group. Once completely dissolved, the 

paraformaldehyde solution was added by 5 ml 20 mM PIPES (pH 6.0) and 1.5 ml saturated 

picric acid solution. Finally, the pH of the fixative was adjusted to 6.0.  

5.4.2.2 Cell fixation  

300 µl Dictyostelium cells at the density of 1-2 x 106 cells /ml were transferred onto 18 x18 

mm coverslip for attachment for 30 to 45 min at 22°C. Medium was removed and then the 

cells were fixed with 200 µl 4% PFA with picric acid (5.4.2.1) for 30 min. After fixation, the 

coverslip was washed by being immersed in 10 mM pipes buffer and PBS/glycine buffer to 

remove the paraformaldehyde and picric acid, and then covered with PBS/glycine buffer for 5 

min.  After further 5 min washing with PBS/glycine buffer, the cells on the coverslip were 

post-fixed with 70% ethanol for 10 min, and washed twice with PBS/glycine for 5 min each. 

The fixed Dictyostelium cells could be further treated with antibody (5.4.2.3) or stained by 

LD-dyes (5.4.3.1).  

5.4.2.3 Immunostaining with antibody 

The fixed cells (5.4.2.2) were blocked with 250 µl PBG twice for 15 min each and overnight 

incubated in 200 µl primary antibody from the supernatant of hybridoma culture, which had 

been centrifuged at 16,000 g for 3 min before use in order to remove the cell debris. After 6 

times wash with PBG for 5 min of each time, Dictyostelium cells were incubated in 200 µl 

cy3 labelled secondary antibody for 2 h at room temperature or at 37°C for 1 h, then washed 

twice with PBG and 3 times with PBS for 5 min each. Then the cells were prepared for 

mounting (5.4.2.4.2). 
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5.4.2.4 Mounting of fixed cells 

5.4.2.4.1 Generation of embedding medium for fluorescence microscopy 

10 ml of 0.1 M KH2PO4 solution was mixed with a 0.1 M Na2HPO4 solution until the final pH 

reached to 7.2 and the resulting solution was diluted 1:10. 20 g polyvinyl alcohol solution 

(Gelvatol) was added to the solution and stirred overnight. Subsequently, 40 ml glycerol was 

added and stirred for a further night. The solution was then centrifuged at 10,000 g for 15 

min. The supernatant was adjusted to pH of 6-7 and added with DABCO (1.4-

diazabicyclo[2.2.2]octane) to a final concentration of  25 μg/ml, which was aliquoted in 10 ml 

syringes and stored at -20ºC. 

5.4.2.4.2 Embedding process 

The embedding medium was thawed at 37°C before use. A small drop of embedding medium 

was laid on glass slide. Fixed Dictyostelium cells after immunostaining (5.4.2.3) or LD-

staining (5.4.3) were washed with double distilled water to remove the rest buffer on the 

coverslip, and then mounted with cells facing to glass slide. 

5.4.3 LD staining 

5.4.3.1 LD staining by lipophilic dyes 

LDs were stained by several lipophilic dyes, Nile Red, BODIPY 493/503 and LD540. LD-

dyes from stock solutions were diluted in PBS to the required concentration before staining, 

and could be used both for fixed and live Dictyostelium cells (Tab. 12).  

Tab. 12: Application of dyes for LD-staining 

LD-dye Stock solution Final concentration for LD-staining Staining time 

Nile Red 3 mM in ethanol 2 µM in PBS 10-15 min 

BODIPY 493/503 10 mM in DSMO 5 µM in PBS 10-15 min 

LD540 0.5 mg/ml in ethanol 0.1 µg/ml in PBS 15-30 min 

The prepared LD-dye could directly exchange with culture medium for the attached live 

Dictyostelium cells on coverslip. After the incubation, LD could be observed with 

conventional fluorescence microscope or confocal laser scanning microscope (CLSM).  
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LD-dye can also stain fixed Dictyostelium cells after washing twice with PBS/glycine for the 

post-fixation step (5.4.2.2). The cells were at first washed once with PBS for 5 min, and then 

stained with the LD-dye for the recommend time in Tab. 12 respectively and then washed 

with PBS three times for 5 min each. Finally, the cell was embedded in Gelvatol mounting 

medium (5.4.2.4.2).  

5.4.3.2 LD visualization by incorporation of C1-BODIPY-C12 

LDs can be also visible by incorporation of BODIPY-labelled FAs, C1-BODIPY-C12. 2.47 

mM stock solution was prepared by dissolving C1-BODIPY-C12 in DMSO. The 

incorporation of C1-BODIPY-C12 was achieved by incubation of cells in a C1-BODIPY-C12  

exchanging medium, in which C1-BODIPY-C12 together with FA-free BSA (bovine serum 

albumin) were diluted to the final concentration of 20 μM each with G0 medium. BSA can 

help to uptake C1-BODIPY-C12 and 0.8 mM stock solution dissolved in phosphate buffer 

was used. The required amount of C1-BODIPY-C12 and BSA were mixed thoroughly in a 

mixer for 5 min. Then G0 medium was added to finish preparing the C1-BODIPY-C12 

exchanging solution. PA-treated cells on coverslip had been allowed to attach to the surface of 

coverslip and incubated in C1-BODIPY-C12 exchanging solution for 15 min at 22°C. After 

that, cells could be directly subjected to live cell microscopy for LD-staining (5.4.1) or fixed 

(5.4.2.2) and embedded (5.4.2.4.2).  

5.4.4 Confocal microscopy analysis 

In this work, fluorescently labelled cells were observed both with a conventional fluorescence 

microscope, as well as with a CLSM. In both cases, 100x oil immersion objective was used. 

The fluorescence of GFP and BODIPY were excited by blue light in the conventional 

microscope and by the Ar laser (488 nm) in the CLSM. Cy3, Nile Red and LD540 dye were 

visible by green light in the conventional microscope and by the HeNe laser (543 nm) with 

the CLSM. The overlay of the two images from different channels was performed using the 

Leica Confocal Software LCS Lite software. 
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5.5 Biochemical methods 

5.5.1 Protein analysis 

5.5.1.1 Determination of protein concentration 

5.5.1.1.1 Measurement with BCA kit 

About 2 x 106 Dictyostelium cells were harvested at 1,200 g for 3 min and washed once with 

phosphate buffer. The supernatant was discarded, while the pellet could be stored at -20°C. 

The stored or freshly prepared pellet was resuspended in 300 µl phosphate buffer. The sample 

was then frozen in liquid nitrogen subsequent thawed at 37°C and this process was repeated 

for three times in order to achieve the complete lysis of the cells. After centrifugation at 

16,000 g for 1 h at 4°C, 50 µl of the supernatant was mixed with 1 ml BCA working reagent 

(50 parts reagent A, 1 part of mixed reagent B) and incubated for 30 min at 37°C. After 3 min 

cooling at room temperature, the OD value of the sample was measured at a wavelength of 

562 nm by a photometer. The OD value of phosphate buffer was used as reference. 

Measurement of protein amount with BCA kit was used for each phagocytosis assay (5.3.5.2) 

and TAG assay (5.5.3.1) to normalize the measured values, as well as for determination of 

sample amount loading on TLC plate (5.5.3.2.2). For this purpose, determination of absolute 

protein concentration was not required.  

5.5.1.1.2 Measurement with Bradford reagent 

Protein concentration of LD-fractions was determined by Bradford protein quantitation assay. 

2 µl of each fraction was added to 1 ml of diluted 1x Roti-quant protein dye reagent (Roth, 

Karlsruhe) and mixed by inverting the cuvettes. The sample was incubated at room 

temperature for 5 minutes. Then the OD was measured at wavelength of 595 nm with the 

photometer and the protein concentrations were determined by comparisons with BSA 

standards. 

5.5.1.2 Protein sample preparation for SDS-PAGE 

2 x 106 Dictyostelium cells (if not mentioned otherwise in this thesis) were centrifuged at 

1,200 g for 3 min, resuspended in 40 µl 2x Laemmli buffer and then immediately heated at 
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95°C for 10 min, in order to denature the whole cellular protein. The sample was short 

centrifuged and then stored at -20°C freezer before use. 

5.5.1.3 SDS-PAGE 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze protein samples. 

At first, the PAA gel was prepared. A chamber for preparing and later running PAA-gel was 

formed by two glass plates with the size of 20 x 16 cm and 20 x 14 cm and the interspace 

between the two sheets of glass was generated by adding 3 spacers with a thickness of 1.5 mm 

at the both sides and bottom between the two sheets. The glass plates had been cleaned with 

soap and polished with 100% ethanol before use. The equipped chamber was fixed with metal 

clamps and sealed with 0.2% melted agarose. The freshly prepared and non-polymerized 

separating gel (10% PAA, recipe see below) was poured in the chamber in the vertical 

position to 80% of the chamber height. Isobutanol was placed above the separating gel to 

provide it a straight and smooth surface. After polymerization of the separating gel, the 

isobutanol was removed and the rest chamber was filled by the stacking gel (3% PAA, recipe 

see below) and the sample comb was placed at the top of the glass plates. The clamps and 

bottom spacer were removed after polymerization of the stacking gel. PAA-gel in the glass 

chamber was then set up in the gel-running apparatus, which is filled with 1x PAA running 

buffer. The sample comb was removed and the space at the bottom of the gel created by 

removing the bottom spacer was rinsed with a syringe needle to flush the air bubbles out.   

Protein samples and molecular weight marker were loaded and the protein gel was allowed to 

run at 120 volt in the range of stacking gel and at 200 volt in the area of the separation gel. A 

gel in this length generally runs for 3-4 h. After the gel running was terminated, the separating 

gel was isolated from the apparatus and prepared for the subsequent Western-blotting (5.5.1.3) 

or Coomassie staining (5.5.1.5). 

resolving/separating gel (10 % PAA)  stacking gel (3.4% PAA) 

ddH2O    8.5 ml     6.9 ml 

SDS gel buffer   5.4 ml (resolving gel buffer)  2.7 ml (stacking gel buffer) 

Rotiphorese® Gel 30   7.3 ml     1.2 ml 

TEMED    5.4 μl                       5.4 µl 

20 % APS    240 µl     160 µl 
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5.5.1.4 Western-blotting 

The proteins from the separating gel (5.5.1.3) were transferred to a nitrocellulose membrane 

for Western-blot analysis. The apparatus used for this purpose consists of two graphite 

electrodes, between which the transfer of the proteins from the gel onto the membrane takes 

place. 4 layers of Whatman filter paper (3mm) and a layer of nitrocellulose membrane were 

prepared at the same size of separating gel. The Whatman paper, nitrocellulose membrane and 

separating gel were soaked in semidry blotting buffer before being laid on the blot chamber. 

The bubble-free laying in the blot chamber from Anode to cathode followed this order: 2 

layers of Whatman filter membrane, separating gel, nitrocellulose membrane and 2 layers of 

Whatman filter. After blotting for 30 min at a current of 5 mA/cm2 blot. The membrane was 

washed twice with 1x PBS for 5 min each and was ready for antibody detection. 

After the blot membrane was incubated in blocking solution for 30 min to saturate the non-

specific binding sites on the membrane, it was then incubated in the primary antibody (1:5 

diluted in blocking solution) overnight. On the next day, the membrane after washed three 

times in 1x PBS for 5 min each and incubated in the secondary antibody (1:5000 dilution in 

blocking solution) that is labeled with alkaline phosphatase for 2 h. It was followed by washes 

in 1 × PBS twice and the equilibration in carbonate buffer (pH 10.2). The secondary antibody 

was visualized by adding NBT and BCIP which interact with alkaline phosphatase and 

therefore produce a blue-violet precipitation where the secondary antibody locates. For this 

reaction, 60 µl NBT and 112.5 µl BCIP was added in 30 ml carbonate buffer and the 

membrane was incubated till the bands with blue-violet color were clearly visible. This 

reaction was stopped by deionized water. 

5.5.1.5 Coomassie staining of PAA gel 

Coomassie stains proteins non-specifically in the PAA gel. By the interaction of the dye 

Brilliant Blue R-250 with the side chains of the amino acids, the proteins in the gel can be 

visible. The resolving gel with the separated proteins was stained overnight in Coomassie 

staining solution by gently shaking at the room temperature. On the next day, the gel was 

destained with warm tap water for several times and eventually only the proteins retain the 

blue color. The protein bands can be visualized more clearly by observing the protein gel on a 

light table. 
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5.5.2 Membrane association 

This experiment was performed using protocol from (Becker et al., 1999), could detect 

whether a protein is soluble or associated with membrane integrally or  peripherally.   2 x 107 

Dictyostelium cells were harvested at 400 g for 5 min, and washed once with phosphate buffer 

and then resuspended in 1 ml freshly prepared 1 x homogenization buffer. The cells were then 

disintergrated by a “cell cracker” homogenizer (European Molecular Biology Laboratory, 

Heidelberg, Germany) with an 8.006 mm ball. The plasma membrane was broken by pressing 

the sample through the gap between the ball and chamber membrane for 20 times using 1 ml 

syringe. The mechanical force in this process disrupted the plasma membrane but the 

organelles still kept intact. Cell homogenates were centrifuged at 1,000 g for 3 min at 4°C to 

remove large cell debris and nuclei. The post nuclear supernatant (PNS) was transferred to a 

fresh reaction tube. 125 µl PNS was then mixed with the same amount of 1 x homogenization 

buffer, 2 M NaCl, 0.2 M Na2CO3 (pH 10.3) and 2% Triton X-100 respectively in the 

ultracentrifugation tubes. The 4 tubes of mixture were subjected to ultracentrifugation 

(AirfugeTM Air-driven) at 10,000 g for 30 min at 4°C.  The supernatant was transferred to 1.5 

ml reaction tubes, while the pellets were resuspended in 250 µl 1 x homogenization buffer and 

also transferred to 1.5 ml reaction tubes. The supernatant and resuspension of pellets was 

added 28 µl 10 x Laemmli buffer respectively and heated at 95°C for 10 min for the 

denaturation of proteins. 100 µl of protein samples were then subjected to SDS-PAGE 

(5.5.1.3) and the desired protein was detected with Western-blotting (5.5.1.4).   

1.5 x homogenization buffer    1 x homogenization buffer  (1ml) 

30 mM  Tris/HCl, pH 7.4        330 µl   phosphate buffer  

2 mM  DTT    660 µl  1.5 x homogenization buffer   

4 mM  EGTA    10 µl  Protease inhibitor cocktail 

2 mM   EDTA 

5 mM   benzamidin 

30% (w/v)  sucrose 

5.5.3 Lipid analysis 

5.5.3.1 Enzymatic measurement of cellular TAG content 

The kit from firm LT-SYS® is used to quantify the cellular TAG based on the colorimetric 

enzymatic test. The TAG values are indirectly determined by measuring the glycerol content. 
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The TAG was at first dissociated to glycerol and fatty acids by lipoprotein lipase. Glycerol 

then was phosphorylated to Glycerol-3-phosphate, which was oxidized under the catalytic 

function of glycerol-3-phosphate oxidase (GPO) and generated H2O2. H2O2 oxidized 4-

aminoantipyrine and 4-chlorphenol so that the final product chinonimin was generated as 

colour indicator. The reactions are described below in detail. 

 

About 2.5 x 107  Dictyostelium cells from shaking culture were harvested at 400 g for 5 min at 

4°C, washed twice with phosphate buffer. After complete removal of the supernatant derived 

from centrifugation, the pellet was resuspended in 200 µl TLC buffer, which was frozen in 

liquid nitrogen and thawed at 37°C for three times, so that cells were disrupted and cellular 

lipids were released. After being vortexed, 50 µl of the sample was added in 1 ml TAG 

reagent in the cuvette. The mixture was protected from light and incubated for 20 min at the 

room temperature. Then the colourful changes of the mixture in the cuvette would be 

measured by photometer at the wave length of 500.    

5.5.3.2 Thin layer chromatography (TLC)   

5.5.3.2.1 Extraction of total cellular lipids 

The total cell lipids were extracted using adapted method established by Bligh & Dyer (1959). 

Dictyostelium cells were grown in shaking culture at the density about 2.5 x 106 cells /ml. 

About 0.5 x 107 cells were centrifuged at 400 g for 5 min at 4°C. After being washed twice in 

phosphate buffer, the pellet was resuspended in 1 ml TLC buffer. The cell suspension could be 

used directly for lipid extraction or frozen shortly in liquid hydrogen and then stored in -20°C 

for later use.  

Calculated volumes for equal amount of protein were transferred into a glass tube in each cell 

line according to protein concentration measured with BCA kit (5.5.1.1.1). The total sample 

volume for lipid extraction was adjusted to 1.2 ml with TLC buffer. Firstly, 4.5 ml mixture of 
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chloroform: methanol 1:2 (v/v) was added to the sample and mixed for 1 min. Secondly, 1.5 

ml chloroform and finally 1.5 ml ddH2O was added to the sample, so that the ration of 

chloroform: methanol: water is 2:2:1.8. For each step the mixture was vortexed thoroughly. 

Then the mixture was centrifuged at 2,000 g for 10 min at the room temperature. If loading 

control (20 µl of 1 µg/ml methyl oleate) was used, it should be added before centrifugation. 

Three phases were obtained after the centrifugation: a lower chloroform phase, an upper 

water/methanol phase and an interphase that consists mostly of precipitated protein. All 

chloroform phase, which contains all polar and non-polar lipids, was collected with a glass 

Pasteur pipette and transferred into a new glass tube. The obtained chloroform phase was 

evaporated by gas nitrogen till no chloroform existed. The lipid extract was then dissolved in 

100 µl chloroform for further thin layer chromatography. 

5.5.3.2.2 TLC lipid separation 

TLC experiments were performed on 20 x 20 cm or 10 x10 cm TLC silica gel 60 plates. The 

lipid standard mixture consisted of cholesterol (Chol), cholesteryl palmitate, glyceryl trioleate 

and methyl oleate (MO) is dissolved in chloroform with a final concentration of 1 µg/ml each. 

20 µl of sample from total extracted lipids as well as lipid standards were spotted on silica 

plate using Hamilton syringes as thin rows at 1 cm distance above the bottom of the silica 

plate under gas nitrogen. Neutral lipids were separated either with single solvent system 

hexane/diethyl ether/acetic acid (70:30:1, v:v:v) from bottom to top of the TLC plate, or 

sequentially with two different solvent systems, hexane/diethyl ether/acetic acid (70:30:1, 

v:v:v)  and hexan/diethyl ether (49:1, v:v). The separation of neutral lipids is better in two 

different solvent systems. The mixture of the first solvent system, hexane/diethyl ether/acetic 

acid, was poured into TLC container for about 1 cm above the bottom. The loaded silica plate 

was laid with the bottom in the mixture and taken out till the solvent run up to half of the 

plate, air dried. Then the silica plate was further laid in the second solvent system, 

hexan/diethyl ether till the solvent ran up to top of plate, taken out from the container, air 

dried.  Finally the plates was stained with copper sulfate (0.3 M CuSO4 · 5 H2O, dissolved in 

8.5 % (v/v) H3PO4) and the separated lipids could be visualized by charring the plates at 

160°C for 15 min.  
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5.5.3.3 TAG measurement of cells grown in bacterial suspension 

Dictyostelium cells were grown in the bacterial suspension overnight. In order to completely 

separate the Dictyostelium cells from the bacterial suspension, a method called PEG-cushion 

was applied.  

The cell density of Dictyostelium was determined by counting an aliquot of the culture in a 

hemocytometer. 30 ml Dictyostelium cells at the density of 3.5 x 106 cells/ml were centrifuged 

at 500 g for 5 min together with the bacterial suspension. The resulting pellet was 

resuspended in 1 ml phosphate buffer, and the suspension was transferred carefully into 15 ml 

falcon which had been filled with 10 ml 20% PEG. The mixture was centrifuged at 1,000 g 

for 10 min. Three phases were formed after the centrifugation according to the different 

density: bacteria cells in the top phase, 20 % PEG in the middle phase and Dictyostelium cells 

in the bottom phase. After removal of the top and middle phases, the Dictyostelium cells were 

washed twice with phosphate buffer by centrifugation at 800 g for 5 min each. The pellet was 

resuspended in 1.5 ml phosphate buffer and then the sample was divided into three 1.5 ml 

reaction tubes. Two tubes with 0.2 ml sample were used for enzymatic TAG measurement 

(5.5.3.1) and protein quantitative measurement with BCA kit (5.5.1.1.1) while one tube with 

1 ml were used for TLC lipid separation (5.5.3.2). All the samples were frozen in liquid 

nitrogen and stored at -20°C before use.  

5.5.3.4 LD isolation and mass spectrometry (MS)  

5.5.3.4.1 LD isolation from PA-induced GFP-Plin cell 

Sucrose density gradient ultracentrifugation was used for LD purification. The protocol used 

for this work is adapted from LD-purification in mammalian cells (Fujimoto et al., 2004). 

Organelles according to their densities were separated in the sucrose gradient. About 5 x 108 

Dictyostelium cells from shaking culture were centrifuged at 400 g for 5 min at 4°C. The 

pellets were then washed twice with phosphate buffer at 400 g and once with 0.25 M STKM 

buffer at 1,000 g for 5 min at 4°C. Then the pellets were resuspended in 1ml 0.25 M STKM 

buffer containing protease inhibitor cocktail (100 µl/1.5 x109 cells) in order to prevent protein 

degradation. The cells were then homogenized by pressing them through a “cell cracker” 

homogenizer with an 8.006 mm ball for 20 times using 1 ml syringe. Cell homogenate was 

centrifuged at 1,000 g for 30 min at 4°C to remove large cell debris and nuclei. The PNS 
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homogenate in 0.25 M STKM buffer was then adjusted to 0.8 M sucrose with higher 

concentrated STKM buffer. The final sample volume was about 1.2 ml.  

The sucrose gradients were loaded into an SW40 ultra centrifugal tube from bottom to top 

with decreased densities from 1.8 M to 0.1 M. First, 1ml 1.8 M STKM buffer was loaded on 

the bottom, then 1.5 ml 1.5 M, 1.5 ml 1.3  M and 1.5 ml 1.1 M STKM buffer was sequentially 

loaded. The 1.2 ml PNS sample in 0.8 M STKM buffer was then loaded on 1.1 M STKM 

buffer. Finally, 1.5 ml 0.5 M, 1.5 ml 0.25 M and 2 ml 0.1 M STKM buffer were overlaid on 

top sequentially. The tube was centrifuged at 180,000 g for 2.5 h at 4°C. 

The sucrose gradients were fractionated from top to bottom after ultracentrifugation in the 

cool room. The LD fraction (the first fraction) was the 400 µl from the top layer, together with 

the floating LDs on top of sucrose gradient that were carefully collected with an inoculation 

loop, so that LDs in this fraction were at very high concentration. And then 800 µl of each 

fraction was taken for the rest of gradients from top to bottom. The protein sample for 

Western-blot and for mass spectrometry analysis were immediately prepared and then stored 

at -20°C before use. 

5.5.3.4.2 Protein sample preparation of LD-fractions for NuPAGE® Novex® Bis-Tris 

Mini Gel 

NuPAGE® Novex® Bis-Tris Mini Gel is commercially PAA protein gel from invitrogen. This 

gel was applied for separating proteins which would be further cut out for in-gel digestion and 

mass spectromic analysis. 30 µl samples inclusive loading buffer can be loaded of each cell. 

The detailed instruction could be obtained by manufacturer. 

The fractions after LD-purification (5.5.3.4.1) were treated with sample buffers described 

below and then heated at 70°C for 10 min. After that, samples were stored at -20°C before 

use. 

 Sample      19.5 µl 

 4x NuPAGE® LDS sample buffer   2.5 µl 

 10x Dithiothreitol (DTT)        1 µl 

 Total volume       30 µl 

5.5.3.4.3 Mass spectrometric analysis  
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In order to identify the LD-proteome, mass spectrometric analysis was applied using an LC-

ESI MS instrument (ABI Q-Trap 4000). The experimental work was performed by Oliver 

Bertinetti in the department of biochemistry of University of Kassel. The entire lane of LD-

enriched fraction in SDS-PAGE (5.5.3.4.2) was split into 22 sections and in-gel digested with 

proteases. In order to increase the protein concentration, the sample were concentrated with a 

centrifugal filter to 50-fold higher than that used for SDS-PAGE. The concentrated protein 

sample was then also subjected to protease digestion. The resultant peptides from both 

experiments were run through mass spectrometry. The mass spectrometric data were 

compared with Dictyostelium protein database using MASCOT software from Matrix 

Science. Then the data from the 2 different methods as well as that from the different 

isolations were compared with Excel from Microsoft.  

5.6 Statistical analysis 

Phagocytosis assays were present at mean ± SD for at least three independent replicates. 

The data from enzymatic TAG-assays and plaque-assays was presented as mean ± SD for at 

least three independent measurements. Significance resulted from the comparison between 

WT and investigated mutant cell lines using student’s t-test (unpaired, two-tailed if not 

mentioned otherwise).  Differences at p-value <0.05 were considered significant. 
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