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Abstract 
The biosynthesis of the lacdiNAc (GalNAcβ,4GlcNAc) epitope in the fruit fly Drosophila 

melanogaster is accomplished by two functionally active β1,4 N-acetylgalactosaminyltransferases 

(β4GalNAcTA and β4GalNAcTB). Using a heterologous expression cloning system β4GalNAcTB 

was shown to require a DHHC family protein for activity, while the second cloned GalNAc 

transferase (β4GalNAcTA) was cofactor independent. In my study the goal was pursued to develop 

a differential picture of the catalytic functions of β4GalNAcTA and β4GalNAcTB. Particular 

attention was thereby given to the question how the DHHC family protein, called GABPI (for 

β4GalNAcTB Pilot Protein), influences functionality. Detailed MALDI-TOF-MS analyses of 

Drosophila β4GalNAcTA and β4GalNAcTB mutants, which display relative mild phenotypes, 

confirmed that both transferases are involved in the biosynthesis of the lacdiNAc structure, which 

in the fly is a glycolipid specific modification. Moreover, it was also shown that β4GalNAcTB is 

the major enzyme in the lacdiNAc epitope biosynthesis. In a double mutant lacking β4GalNAcTA 

and TB, the trisaccharide product of egghead and brainiac (both essential glycosyltransferases in 

Drosophila), was the only glycosphingolipid structure, indicating that the trisaccharide is the 

minimally required structure for normal development in Drosophila. Glycolipid specificity for both 

transferases and the activity dependency of β4GalNAcTB on the presence of GABPI was 

demonstrated in different in vitro assay systems. Further experiments pointed out that 

β4GalNAcTB/GABPI complex formation and membrane integrity were essential requirements for 

functionality. In an RNAi based approach with Drosophila Schneider cells it was shown that 

lacdiNAc epitope formation was directly dependent on the expression of GABPI. GABPI could be 

characterized as a Golgi resident protein with six transmembrane domains. Functional analyses of 

GABPI truncation mutants demonstrated that only the four N-terminal transmembrane domains and 

the lumenal loops contained in this fragment are necessary for the activation process. Functional 

analyses and subcellular localisation studies carried out for GABPI and β4GalNAcTB in 

mammalian and insect cells indicated that β4GalNAcTB in the absence of GABPI is neither able to 

attain functional folding nor correct subcellular destination. If expressed alone, β4GalNAcTB 

remains in the ER as an inactive enzyme. In contrast, GABPI as well as β4GalNAcTA are 

autonomous folding units and contain all the information for correct targeting to the Golgi 

apparatus. With the help of hybrid constructs generated between β4GalNAcTA and –B, the 

catalytic domain and stem region of β4GalNAcTB could be identified as important for complex 

formation with GABPI. In summary, the identification of GABPI as a pilot for folding, subcellular 

transport and activity of β4GalNAcTB describes a novel way to generate specificity in the complex 

glycosylation pathway. 

 

Keywords: Glycosyltransferases, β4GalNAc transferases, Drosophila melanogaster
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Zusammenfassung 
Die Biosynthese der LacdiNAc (GalNAcβ,4GlcNAc) Struktur wird in der Fruchtfliege Drosophila 

melanogaster durch zwei funktionell aktive β1,4 N-Acetylgalactosaminyltransferasen 

(β4GalNAcTA und β4GalNAcTB) katalysiert. Mit Hilfe eines heterologen Expressionsansatzes 

konnten vor Beginn dieser Arbeit beide Enzyme kloniert werden. In Folge dieses 

Klonierungsprozesses hatte sich gezeigt, dass für die Aktivität der β4GalNAcTB in weiteres 

Protein benötigt wird, welches als Mitglied der DHHC Proteinfamilie identifiziert wurde. 

β4GalNAcTA war dagegen ein unabhängig aktives Enzym. Mit meiner Arbeit sollten die 

Unterschiede in den katalytischen Funktionen der β4GalNAc Transferasen herausgestellt und die 

Rolle des Kofaktors, des DHHC Proteins, welches im Verlauf dieser Arbeit als GABPI 

(β4GalNAcTB Pilot Protein) bezeichnet wurde, untersucht werden. Im ersten Teil dieser Arbeit 

wurden die Glycanprofile von Fliegen mit genetischen Defekten in den β4GalNAc Transferasen 

per MALDI-TOF-MS analysiert. Dabei zeigte sich, dass beide β4GalNAc Transferasen an der 

Synthese von LacdiNAc Strukturen, die in der Fliege allein auf Glykolipiden zu finden sind, 

beteiligt sind. Hauptenzym bei der Biosynthese des LacdiNAc Epitops ist jedoch β4GalNAcTB. In 

der Doppel-Mutante war kein LacdiNac mehr detektierbar, entsprechend war die 

Trisaccharidstruktur, die den Akzeptor für die β4GalNAc Transferasen darstellt deutlich 

angereichert. Dieses Trisaccharid, welches von den Glykosyltransferasen Egghead und Brainiac 

synthetisiert wird, ist für die Entwicklung von Drosophila essentiell. Die Phänotypen beider 

β4GalNAcT-Einzelmutanten, ebenso wie der Phänotyp der Doppelmutante, sind dagegen mild. In 

verschiedenen in vitro assay Systemen konnte für beide β4GalNAc Transferasen eine 

Substratspezifität für Glykolipide bestätigt werden. Die Aktivität der β4GalNAcTB war dabei stets 

an die Anwesenheit des Kofaktors GABPI gebunden. Mit Hilfe von RNAi Studien in Drosophila 

Schneider Zellen wurde der direkte Einfluss von GABPI auf die LacdiNAc Biosynthese 

nachgewiesen und in weiteren Experimenten wurde gezeigt, dass sowohl die β4GalNAcTB/GABPI 

Komplexbildung als auch die Stabilität dieses Komplexes im Golgi Apparat für die Aktivität von 

β4GalNAcTB essentiell ist. GABPI stellt ein Golgi lokalisiertes 6-Transmembranprotein dar. 

Verkürzungsmutanten zeigten jedoch, dass nur das N–terminale Fragment, welches die ersten vier 

Domänen umfasst, für die Aktivierung benötigt wird, wobei die luminalen loop Regionen ebenfalls 

essentiell sind. Subzelluläre Lokalisationsstudien in Säugetier- und Insektenzellen zeigten, dass 

β4GalNAcTB nach isolierter Expression als inaktives Enzym im ER verbleibt. Erst die 

Koexpression mit GABPI erlaubt den Transport in den Golgi. Aus den Transferasen A und B 

generierte Hybridkonstrukte zeigten schließlich, dass die katalytische Domäne und die 

Stammregion von β4GalNAcTB an der Interaktion mit GABPI beteiligt sind. Die 

Charakterisierung von GABPI als Kofaktor für Proteinfaltung, subzelluläre Lokalisation und 
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Aktivität von β4GalNAcTB zeigt einen neuen Mechanismus auf, über welchen Spezifität in 

komplexen Glykosylierungswegen hergestellt werden kann. 

 

Schlagwörter: Glykosyltransferasen, β4GalNAc-Transferasen, Drosophila melanogaster 

 

 



Introduction                                                                                                                          4 

1  Introduction 

1.1 Glycosylation 

1.1.1 General overview 

Glycosylation as a modification of proteins and lipids plays an important role in various 

biological processes like cell-cell adhesion and signaling, development, pathogen–host 

interactions, and oncogenesis. The location of the complex glycosylation machinery is the 

secretory pathway, including endoplasmic reticulum (ER) and Golgi apparatus. 

Glycosylation proceeds while the glycosylation acceptors (proteins and lipids) are 

transported through the intracellular compartments, where enzymes involved in this 

process are vectorially organized. The prominent enzymes in glycoconjugate production 

are the glycosyltransferases, which catalyze the biosynthesis of disaccharides, 

oligosaccharides, and polysaccharides using activated monosaccharides as substrates 

(Coutinho et al., 2003). The spatial organisation of glycosyltransferases within ER and 

Golgi apparatus is fundamental for the regulation of glycoprotein and glycolipid 

biosynthesis. Understanding the mechanisms that install and survey the organization in 

these compartments is of paramount importance to enable strategies, with which cellular 

glycosylation pathways can, e.g. under pathophysiological circumstances, be modulated. 

 

1.1.2 N-linked glycosylation  

N-linked glycosylation is a co-translational modification, in which the carbohydrate moiety 

is bound to a protein via the nitrogen atom of asparagine (Asn) residues in the sequence 

context Asn-X-Ser/Thr, where X is any amino acid except proline. The N-glycosylation 

pathway starts in the ER with the transfer of a preformed oligosaccharide (14mer) onto the 

glycosylation sites directly when the nascent protein emerges from the ribosome into the 

lumen of the ER. The preformed oligosaccharide is membrane linked via dolichol-

pyrophosphate (Abeijon and Hirschberg, 1992; Hirschberg and Snider, 1987). The enzyme 

that transfers the glycan to the protein is the oligosaccharyltransferase (OST), an hetero-

oligomeric protein complex comprising seven or eight subunits (Kelleher and Gilmore, 

2006). Complex processing steps in the cis-, medial-, and trans- Golgi cisternae lead to the 

characteristic N-linked glycan structures, specific for each cell type. 



Introduction                                                                                                                          5 

1.1.3 O-linked glycosylation 

In general, a linkage in which a monosaccharide is attached to the hydroxyl group of an 

amino acid (serin, threonine, tyrosine, hydroxyprolin and hydroxylysin) is referred to as O-

glycosidic bond. O-glycosylation, in contrast to N-glycosylation, is not restricted to clearly 

defined primary sequence motifs, and the glycan structure can be elongated by successive 

transfer of single monosaccharides resulting in oligosaccharides of various length with 

normally not more than two branches. Moreover, while the canonical O-glycan starts with 

GalNAc, this is not the only monosaccharide to prime a glycan chain. Alternatively, it can 

also be initiated by mannose, fucose, and glucose (for review see (Spiro, 2002)). Based on 

the chain initiating sugar, O-linked glycans are differentiated into subgroups. O-linked 

glycosylation is initiated in the ER for the O-mannose, fucose, and glucose, but the transfer 

of the most prominently added α-GalNAc seems to occur in the cis-Golgi. 

 

1.1.4 Glycosphingolipids 

Glycosphingolipids (GSLs) are molecules composed of a membrane bound sphingolipid or 

ceramide that is modified with an oligosaccharide chain. The minimal structural unit that 

defines a glycosphingolipid is a monosaccharide directly attached to a ceramide. GSLs are 

grouped into different series, which are defined by the third or the fourth sugar residue of 

the oligosaccharide structure. Vertebrate GSLs can be grouped into four main structural 

families: the ganglio-, globo-, isoglobo-, lacto-, and neolacto-series (Figure 1). In 

invertebrates different carbohydrate core structures could be identified: the arthro-, mollu-, 

schisto-, and spirometo-series (Lochnit G. et al., 2001) The GSL nomenclature follows the 

recommendations of the IUPAC-IUB Nomenclature Commission (1999). 

The transfer of the first monosaccharide to the membrane anchor is catalyzed in the lumen 

or on the cytoplasmic site of the ER by highly specific glycosyltransferases, comprising the 

galactosylceramide synthase or the glucosylceramide synthase (Figure 1) (Holthuis et al., 

2001). The monosaccharide-ceramide is translocated by an unknown mechanism to the 

Golgi lumen, where glycosyltransferases can catalyze the further elongation of the sugar 

chain by stepwise addition of nucleotide-sugars (Figure 1). Although all existing 

classifications of glycosphingolipids are based on variations in the core glycan structure, it 

is important to note that the ceramide moiety can also show substantial structural 

heterogeneity. The sphingosine base and the attached fatty acid chain can vary in length 

and degree of unsaturation and/or hydroxylation. 
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Figure 1: Pathways for the biosynthesis of the core structures of the glucosylceramides and 

galactosylceramides. Initiation takes place on the membranes of the ER or the Golgi. Further transfer of 

monosaccharides occurs in the Golgi. The types of possible outer chains and extensions are depicted. For 

simplicity only the arthro series of invertebrates is shown. Figure adapted and modified from Ajit Varki 

(Varki et al., 1999) 

 

1.2  The secretory pathway – from the ER to the Golgi 

1.2.1 General overview 

The secretory pathway of eukaryotic cells describes the transport route by which proteins 

are delivered from the ER via the Golgi apparatus to the plasma membrane (Teasdale and 

Jackson, 1996). Even proteins that are resident in the lumen of the ER and Golgi, or that 

are sorted into lysosomes and other intracellular vesicular structures are transported and 

matured in this pathway. Proteins destined to enter the secretory pathway contain an N-

terminally located signal peptide, which directs the peptides to the ribosomes on the 

surface of the ER and the proteins are synthezised into the lumen of this organelle. 

The ER provides a quality control station. Only proteins that have folded correctly and 

have reached their mature, native state are allowed to leave the organelle. These proteins 
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are incorporated into small transport vesicles, which are decorated by COPII coat proteins 

that mediate vesicular transport from the ER to either the ER-Golgi intermediated 

compartment (ERGIC) (Appenzeller-Herzog and Hauri, 2006) or the Golgi complex 

(Bonifacino and Glick, 2004). During the transport through the Golgi apparatus, proteins 

but also the glycolipids, are subjected to a variety of posttranslational modifications of 

which glycosylation is the most prominent. Proteins destined for residence in the plasma 

membrane, in endomsomes, or lysosomes are transported to these compartments in clathrin 

coated vesicles (Figure 2). Trafficking and sorting of proteins in the secretory pathway is a 

complex process. In general, vesicles bud from a “donor” compartment by specific 

processes that allow selective incorporation of cargo proteins into the forming vesicles. 

These vesicles are subsequently targeted to a specific “acceptor” compartment, where they 

fuse with the membrane and deliver cargo. The steps are tightly regulated and balanced so 

that the integrity and steady-state composition of the constituent organelle is maintained. 

For example, multiple mechanisms have been described for the retrieval of proteins from 

the Golgi to the ER, but only few signals that direct transport to the Golgi have been 

identified. The understanding of the Golgi complex as the organelle where complex 

glycans are formed and in which a multitude of proteins involved in the glycosylation 

machinery are localized, is fundamental towards understanding the regulation of 

glycoprotein and glycolipid biosynthesis. 

 

Figure 2:  Intracellular transport pathways. The scheme shows the compartments of the secretory, 

lysosomal/vacuolar, and endocytotic pathways. The transports steps and their direction are indicated with 

arrows. The different vesicles coats (COPI (red), COPII (blue) and clathrin (orange)) are indicated by 

different colors. For simplicity other coat-like complexes are not shown (adapted from (Bonifacino and 

Glick, 2004)). 
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1.2.2 Quality control system in the ER 

The ER is the location for “proof-reading” of newly synthesized proteins in the secretory 

pathway. This system is also known as quality control system. The function of quality 

control includes not only the folding processes, but also the regulation of degradation, a 

process called ER-associated degradation (ERAD). In contrast to the ER, the Golgi 

complex does not contain molecular chaperones and does not support protein folding. 

In the ER, a protein has to fold correctly and reach the so called “native conformation” to 

be allowed to exit the ER and reach the final destination. The environment of the ER is 

optimized for protein folding and maturation. Specific ion concentrations, redox 

conditions, and the specialized set of enzymes facilitate post-translational modifications 

like disulphide-bond formation, signal-peptide cleavage, N-linked glycosylation and 

glycophosphatidylinositol (GPI)-anchor addition. A large set of chaperones exist, which 

are responsible for the folding process or for dispatching any improperly folded proteins 

for destruction. The ER resident chaperones belong to different families. The protein BiP 

(immunoglobulin heavy-chain binding protein (Haas and Wabl, 1983)) is a member of the 

Hsp70 family. BiP participates in many aspects of the quality control process by binding 

nascent proteins and assisting their folding. In vitro it was shown that BiP binds to 

heptapeptides with aliphatic amino acid chains. A second Hsp70 family member is the 

glucose-regulated protein (GRP) 170, but its function is still unknown (Easton et al., 2000). 

The Hsp40 family is represented with five (Erdj1-5) proteins, which has in vitro been 

shown to stimulate BiP ATPase activity (Qiu et al., 2006). GRP94 is a member of the 

Hsp90 family (Argon and Simen, 1999; Ni and Lee, 2007). Other factors involved in the 

quality control system are the peptidyl-prolyl isomerase (important for the catalysis of 

cis/trans isomerization of peptidyl-prolyl bonds) and the thiol-disulphide oxidoreductase 

(PDI) that catalyses the oxidation, isomerization, and reduction of disulphide bonds in the 

ER. All these factors are reviewed in (Ellgaard and Helenius, 2003). The exposure of 

hydrophobic regions, unpaired cystein residues or the tendency to aggregate are signal tags 

for chaperone proteins, which after binding cause retention of proteins in the ER (Amara et 

al., 1992; Aridor and Balch, 1999; Ellgaard and Helenius, 2003; Rutishauser and Spiess, 

2002). 

One of the best characterized mechanisms in the ER quality control system is the 

calnexin/calreticulin cycle (Figure 3). The lectins calnexin and calreticulin are homologous 

ER resident proteins that promote folding of glycoproteins and trap non-folded proteins in 

the organelle lumen until a native conformation has been reached. When a nascent protein 
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chain emerges from the translocation machinery in the lumen of the ER, the 

oligosaccharide precursor Glc3Man9GlcNAc2 is transferred onto the nascent protein by the 

oligosaccharyltransferase. After the ER glucosidase I and II have removed two glucose 

residues, the structure Glc1Man9GlcNAc2 is recognized by the calnexin/calreticulin system 

and retained until functional folding has been reached. A key enzyme in this process is the 

thiol-disulphide oxidoreductase ERp57, which catalyses the formation of disulphide bonds. 

If functional folding is sensed by the ER enzyme glucosidase II, the residual glucose 

residue is cleaved of the N-glycan and terminates the interaction with the 

calnexin/calreticulin system. Correctly folded proteins can then exit the ER, while proteins 

that have not attained correct folding are recognized by the UDP-glucose:glycoprotein 

glucosyltransferase, are reglucosylated and delivered to a new quality control cycle. 

Proteins still misfolded after several rounds are recognized by α1,2-mannosidase I, which 

removes the mannose residues of the middle branch (Figure 3) and thus enables 

recognition of the glycoconjugate by the ER degradation-enhancing 1,2-mannosidase-like 

protein (EDEM), which finally targets misfolded proteins to the ER-associated degradation 

(ERAD) system (Williams, 2006).  
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Figure 3: The calnexin/calreticulin pathway. Calnexin and calreticulin assist the folding of N-linked 

glycoproteins. For simplicity the proposed mechanism is shown only for calnexin. After transfer of the core 

oligosaccharide to the nascent polypeptide, glucosidases I and II remove the two terminal glucose residues. 

The remaining saccharide is recognized by calnexin. The chaperone associates with the thiol-disulphide 
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oxidoreductase ERp57, which forms disulphide bonds in the interacting glycoprotein. Cleavage of the 

remaining glucose by glucosidase II terminates the interaction with calnexin and the protein can exit the ER. 

Incorrectly folded proteins are re-glucosylated by the UDP-glucose:glycoprotein glucosyltransferase, 

allowing entry in a new chaperon assisted folding cycle. Proteins that withstand folding over several cycles 

are delivered to ER α1,2- mannosidase I, which removes the mannose residues in the middle branch of the 

oligosaccharide and targets the protein to the ER-associated degradation (ERAD) (adapted and modified 

from (Williams, 2006)). 

 

1.2.3 Transport between ER and Golgi 

Transport between ER to Golgi represents a balanced system including forward and 

backward pathways. Generally, the transport is thought to be mediated by vesicular 

carriers. Formation of vesicles is thereby dependent on the assembly and binding of coat 

proteins (COPs) on the cytoplasmic face of the “donor” organelle membrane. Export of 

proteins from ER and transport to Golgi is mediated by COPII vesicles. COPII proteins 

recognize cargo proteins in the ER membrane and by physical rearrangements drive vesicle 

formation (Sato and Nakano, 2007). Proteins that have reached their native fold present 

export signals at the cytoplasmic site of the ER membrane, which directly or indirectly 

through transmembrane cargo adaptors and receptors interact with COPII coat subunits 

(Barlowe, 2003; Sato and Nakano, 2007). If proteins that are normally located in the ER 

are accidentally packed in vesicles and transported to the Golgi, a special retrograde 

transfer exist that shuttles proteins back to the ER. This pathway is also mediated by 

specific cytoplasmically located retrieval signals. The best known example is the KDEL 

sequence, but many other retrieval sequences have been described (Teasdale and Jackson, 

1996). This retrograde transport from the Golgi to the ER is mediated by the coat protein 

COPI (Figure 2) (Antonny et al., 2005). 

 

1.3  Glycosyltransferases 

Glycosyltransferases catalyze the biosynthesis of glycans by using metabolically activated 

monosaccharides as substrates. Glycans can be formed with free sugars as acceptors (e.g. 

lactose), can be pure carbohydrate polymers, or glycan additions on proteins and lipids, 

which commonly are called glycoconjugates. Most glycosyltransferases involved in the 

biosynthesis of glycoconjugates are type II transmembrane proteins with a short N-

terminal cytoplasmic tail, a transmembrane spanning region, and a lumenal stem region 

that is followed by the large C-terminal catalytic domain (Paulson and Colley, 1989). 
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Glycosyltransferases catalyze the sequential transfer of monosaccharides and are specific 

for the donor substrate, the acceptor that is modified, and the glycosidic linkage that is 

catalysed. Unique domain structures for substrate recognition and nucleotide-sugar binding 

are located within the enzymatic molecule (Kapitonov and Yu, 1999). Nevertheless, the 

molecular basis on how glycosyltransferases discriminate between identically decorated 

intermediate products for use in subsequent steps is still poorly understood. An important 

observation is that acceptor specificity in many glycosyltransferases is not just a matter of 

recognition of one or a few specifically linked monosaccharides. It has been demonstrated 

that some protein glycosylating enzymes achieve additional selectivity by recognition of 

specific amino acid sequences in the acceptor structure (Okajima et al., 2005; Smith and 

Baenziger, 1988). For glycolipid biosynthesis it is suggested that a membrane bound 

activator protein is required to present glycolipid acceptors to the modifying 

glycosyltransferases (Ramakrishnan et al., 2002). Furthermore the organisation of 

glycosyltransferases in multi-enzyme complexes point towards additional organisation 

mechanisms that direct glycosylation events (Giraudo et al., 2001; Giraudo and Maccioni, 

2003b; van Meer, 2001). Glycosyltransferases can also be switched in specificity e.g. by 

binding to factors that are not directly involved in the catalytic reaction, but trigger 

recognition of different substrates (Brew et al., 1968). The control of the vectorial 

organization of glycosyltransferases along the secretory pathway is crucial for their 

function. As a specific part of the quality control system in the ER, chaperones could be 

identified with high specificity for one client, e.g. the core 1 β3-GalT, an enzyme involved 

in generation of the core 1 O-glycan (T-antigen). In the ER this transferase forms a 

complex with the chaperone named Cosmc, which is needed for folding and transport of 

the transferase to the Golgi (Ju and Cummings, 2002). In the sorting of 

glycosyltransferases not only the cytoplasmic tail but also the membrane spanning domain 

and the lumenal oriented stem region can be involved. Moreover, the composition and 

thickness of compartmental membranes have been discussed to be part of the sorting 

machinery (Colley, 1997; Fenteany and Colley, 2005; Munro, 1995b; Munro, 1995a; 

Nilsson et al., 1991; Opat et al., 2001). Giraudo et al. identified the ER export motif 

[RK](X)[RK] at the N-terminus of Golgi resident glycosyltransferases (Giraudo and 

Maccioni, 2003a). Glycosyltransferases as well as other factors that are needed in 

particular places in the secretory pathway, but do not express targeting signals by 

themselves, can complex with other ER or Golgi resident factors and thus be hold in place. 

An example for this has been given in a previous study for the UDP-galactose transporter. 
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This protein, which lacks an ER retention or retrieval signal was shown to be retained in 

the ER via association with UDP-galactose:ceramide galactosyltransferase (Sprong et al., 

2003). Glycosyltransferases that have reached their final destination form complexes with 

other in the pathway located factors. The formation of these complexes is believed to 

increase the efficiency and stability of Golgi localization and inhibits forward transport 

(Giraudo et al., 2001; Giraudo and Maccioni, 2003b; Jungmann and Munro, 1998). 

 

1.3.1 The β1,4-galactosaminyltransferase family 

The name that is given to glycosyltransferases describes the stereochemistry of the 

reaction, the monosaccharide that is transferred and the recognized substrate. Comparison 

of sequences of different transferases pointed out that similarities exist in the primary 

nucleotide sequences. Based on these sequence similarities, different enzyme families were 

defined (Campbell et al., 1997; Coutinho et al., 2003). One example is the β1,4-

galactosyltransferase (β4GalT) family. β4GalTs catalyze the transfer of galactose from 

UDP-Gal to GlcNAc forming the Galβ1-4GlcNAc structure, which is known as lacNAc 

and commonly found in outer chain moieties of N-and O-linked oligosaccharides and in 

lacto-series GSLs (Amado et al., 1999; Furukawa and Sato, 1999). The members of the 

β4GalT gene family show high sequence homology in the catalytic domain. In this region, 

some characteristic short conserved sequence motifs were identified (FNRA, NVG, DVD 

and WGW(G/R)EDD(D/E)) (Amado et al., 1999). The crystal structure of the catalytic 

domain of the bovine β4GalT in complex with UDP-Gal demonstrated that these 

conserved motifs are located in the binding pocket and are involved in UDP-Gal and 

substrate binding (Gastinel et al., 1999). Next to the described motifs there are four cystein 

residues well conserved among the members of this family. By now, seven transferases of 

the β4GalT family have been identified in mammals (β4GalT1-7) (Amado et al., 1999; 

Furukawa and Sato, 1999). Six members of this family catalyze the transfer of Gal to 

acceptor substrates with terminal N-acetylglucosamine residues, and β4GalT-7 has been 

shown to transfer galactose to xyloseβ4-R (Almeida et al., 1999) and is involved in the 

biosynthesis of proteoglycan core structures. The primary function of β4GalT-1 is the 

transfer of UDP-Gal to terminal GlcNAc residues, forming lacNAc as part of 

glycoconjugates. In mammals, β4GalT-1 has been recruited for a second biosynthetic 

function, the tissue-specific production of the disaccharide lactose (Galβ,4Glc), which 

takes place exclusively in the lactating mammary gland. The synthesis of lactose is 
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mediated by a protein heterodimer assembled from β4GalT-1 and α-lactalbumin. This 

complex is termed lactose synthase (Ramakrishnan et al., 2001). The presence of 

α-lactalbumin also induces lactose synthase activity of β4GalT-2, whereas β4GalT-3 and 

β4GalT-5 are largely insensitive to α-lactalbumin modulation (Sato et al., 1998; 

Schwientek et al., 1998). β4GalT-3 and -4 catalyze the synthesis of lacNAc, whereby 

β4GalT-4 seems to be mainly involved in formation of this structure on glycolipids 

(Amado et al., 1999; Schwientek et al., 1998). The transferases β4GalT-5 and -6 have been 

shown to facilitate lacNAc synthesis on glycoproteins and additionally on glycolipids by 

galactosylation of Glcα1-Cer. The latter activity of β4GalT-5 is restricted to the membrane 

bound enzyme (Sato et al., 2000). 

Next to the vertebrate members of the β4GalT family, structurally related enzymes could 

be identified in invertebrates (Bakker et al., 1994; Kawar et al., 2002; Srivatsan et al., 

1994; Vadaie et al., 2002; Vadaie and Jarvis, 2004; van, I et al., 1996). These transferases 

exhibit different substrate specificity and are able to transfer Gal, GlcNAc or GalNAc 

nucleotide sugars to terminal GlcNAc residues. In the Drosophila melanogaster genome, 

three members of the β4GalT family exist (Haines and Irvine, 2005). One member is an 

ortholog of β4GalT-7 and catalyses the transfer of xylose residues to polypeptides to 

initiate the formation of the glycosaminoglycan linker regions in Drosophila (Nakamura et 

al., 2002; Vadaie et al., 2002). The two other Drosophila β4GalT family members have 

been shown to encode N-acetylgalactosaminyltransferases (GalNAcTs) that synthezise the 

GalNAcβ,4GlcNAc unit, which is also known as lacdiNAc structure (Haines and Irvine, 

2005; Sasaki et al., 2007a; Stolz et al., 2006) (Figure 4). 

 

lacdiNAcGlcNAc-R
 

Figure 4: Reaction catalysed by N-acetylgalactosaminyltransferases (β4GalNAcTs) 
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In D. melanogaster the lacdiNAc epitope is found on glycosphingolipids. The Drosophila 

β4GalNAc transferases were cloned by Dr. Hans Bakker in the group of Prof. Rita 

Gerardy-Schahn by using an heterologeous expression cloning system (Bakker et al., 

1997). In this system, a cDNA library from Drosophila melanogaster was constructed and 

expressed in lacdiNAc-negative CHO cells. β4GalNAc transferase activity, which resulted 

in the formation of the lacdiNAc epitope, was monitored with a monoclonal antibody 

(mAb). The mAb called 259-2A1 was originally raised against Schistosoma mansoni 

surface glycoconjugates, which are rich in lacdiNAc structures (van Remoortere et al., 

2000). Using an elaborated sibling selection procedure, Dr. Bakker was able to 

demonstrate that lacdiNAc formation was depended on the coordinated activity of the 

products of two genes. One clone encoded a member of the β4GalT family (β4GalNAcTB; 

flybase CG14517) (Haines and Irvine, 2005; van Die et al., 1997), while the second 

(flybase CG17257) encoded a type III membrane protein. Based on primary sequence 

characteristics, this protein was identified as a member of a gene family referred to as 

DHHC proteins (Mitchell et al., 2006). Activity for the full length or soluble expressed 

β4GalNAcTB was never detected in our laboratory as well as in others (Haines and Irvine, 

2005), but in co-expression of β4GalNAcTB with the type III membrane protein, lacdiNAc 

structures were synthezised. A second homologous enzyme β4GalNAcTA (flybase 

CG8536) was identified by BLAST search and cloned by PCR. In contrast to 

β4GalNAcTB, this enzyme exhibited autonomous activity after expression as full length or 

soluble enzyme (Haines and Irvine, 2005). 

 

1.4  The DHHC protein family 

DHHC proteins are multi-transmembrane proteins with a cysteine-rich domain (CRD) that 

presents a variant of the zinc finger domain (Putilina et al., 1999) and is further defined by 

the core Asp-His-His-Cys (DHHC) tetrapeptide sequence. This DHHC motif is required 

for the palmitoylation reaction catalyzed by the enzyme (for review see (Linder and 

Deschenes, 2007)). Palmitate is attached to a cystein residue in the cytoplasmic part of 

proteins normally close to the N-terminus of a protein through a reversible thioester 

linkage (S-palmitoylation). No signal sequence for palmitoylation has been identified yet 

(Linder and Deschenes, 2007). For catalytic reaction, the DHHC motif is required in vitro 

and in vivo and mutations in the amino acid sequence, especially replacement of the 

cystein residue, abolish protein acyltransferase (PAT) activity (Fernandez-Hernando et al., 
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2006; Linder and Deschenes, 2004; Lobo et al., 2002a; Nadolski and Linder, 2007; Roth et 

al., 2002a). Palmitoylation has been implicated in the process of protein trafficking 

between organelles (Smotrys and Linder, 2004) and plays a key role in the targeting of 

proteins to nerve terminals including synapses (Huang and El Husseini, 2005). 

Proteins containing a DHHC sequence and the cystein-rich domain are conserved 

throughout many species, but until now only a few are characterized in detail. The first 

DHHC proteins with PAT activity were identified in Saccharomyces cerevisiae (Lobo et 

al., 2002a; Roth et al., 2002a) and further biochemical studies confirmed PAT activity for 

three of the seven DHHC proteins in yeast (Linder and Deschenes, 2007). In mammals 23 

different DHHC protein genes are identified (Dietrich and Ungermann, 2004; Mitchell et 

al., 2006) and investigations to characterize substrates, expression pattern and subcellular 

localization are in process (Fernandez-Hernando et al., 2006; Fukata et al., 2004; Fukata et 

al., 2006; Ohno et al., 2006). Although many different screening procedures were 

established and applied to many of the mammalian DHHC proteins, only six 

(DHHC 2, 3, 7, 8, 15, and 21) were shown to have PAT activity. The function of the other 

DHHC protein members is still not known. 

 

1.5  Glycosylation in Drosophila melanogaster 

The fruit fly Drosophila melanogaster is one of the predominant organisms for genetic 

analyses. In the field of glycobiology the fly has been used to characterize the essential 

functions for a number of glycoconjugates in developmental processes. 

GSLs are important glycoconjugates during development in Drosophila melanogaster. The 

analyzed GSL structures in the fruit fly are characterized by a core structure with mannose 

linked to glucosylceramide that belong to the arthro-series (Seppo et al., 2000) and 

represent the common glycolipid series of arthropods and nematodes (Figure 1) (Sugita et 

al., 1982; Wiegandt, 1992). In Drosophila, acidic and zwitterionic GSLs are described. 

They specifically exhibit a high content of N-acetylhexosamine and the addition of 

phosphoethanolamine (PE) groups on GlcNAc residues. The initial GSL structure 

GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer contains the lacdiNAc epitope 

(GalNAcβ,4GlcNAc). The longest described neutral glycolipid structure is an 

octaosylceramide (GalNAcβ,4(PE-6)GlcNAcβ,3Galβ,3GalNAcα,4GalNAc 
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β,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer), designated as Nz8. The major acidic lipid, 

designated Az29, contains two PE groups and a glucuronic acid linked to a Gal-extended 

Nz28 oligosaccharide. 

The biological function of glycolipids in Drosophila has been demonstrated by mutants 

lacking mannosyltransferase (egghead, egh) or GlcNAc transferase (brainiac, brn) 

(Schwientek et al., 2002a; Wandall et al., 2003; Müller et al., 2002; Wandall et al., 2005). 

These enzymes are responsible for the second and third step of GSL sugar elongation. 

Mutant flies have very similar lethal phenotypes and show defects in epithelial 

morphogenesis during oogenesis and embryogenesis (Goode et al., 1992; Goode et al., 

1996). In contrast to this, mutants in the enzymes that are responsible for the transfer of the 

fourth sugar (β4GalNAcTA and β4GalNAcTB), show rather mild phenotypes. Drosophila 

mutants for β4GalNAcTA display an abnormal locomotion phenotype, indicating a role for 

this enzyme in the neuromuscular system (Haines and Irvine, 2005; Haines and Stewart, 

2007), whereas a small proportion of homozygous β4GalNAcTB mutant flies exhibit 

abnormal oogenesis (Chen et al., 2007). 

 

1.6  Aim of this study 

Two functionally active Drosophila β4GalNAcTs (β4GalNAcTA and β4GalNAcTB) were 

cloned in the laboratory of Prof. Gerady-Schahn and where demonstrated to behave very 

different in terms of functional activity. While β4GalNAcTA was active after expression in 

different mammalian cell systems, activity for β4GalNAcTB could only be installed if a 

second factor, belonging to the DHHC protein family, was co-expressed. The aim of this 

study was to analyze in detail the role played by the DHHC family protein in the activation 

of β4GalNAcTB and to discriminate features that mediate the selective interaction between 

the type III membrane protein and β4GalNAcTB. Moreover, because flies with single 

defects in the β4GalNAcTs had been generated in the laboratory of K. Irvine, it was my 

goal to use these models to study the impact of each enzyme for lacdiNAc production in 

vivo. To reach this goal the comparative analysis of the GSL fractions isolated from wild 

type and mutant flies by mass spectrometry was planed. 

 



Material and Methods                                                                                                           17 

2 Materials and Methods 

2.1 Material  

2.1.1 Chemicals 
 
Acetic acid (100 %) Merck 

Acetone Baker 

Acrylamide 40% 4 K-Mix (37.5:1) Serva 

Adenosine-5’-triphosphate (ATP)  Sigma 

Agarose Serva 

Ammonium chloride  Merck 

Ammonium persulfate (APS) Serva 

6-Aza-2-thiothymin (ATT)      Sigma 

BCA Protein Assay Reagent  Pierce  

Beta-Mercaptoethanol Sigma 

Borate, sodium salt Merck 

Bromophenol Blue, sodium salt Applichem 

BSA (Fraktion V) Applichem 

BSA protein standard Pierce 

Chloroform Baker 

Digitonin       Sigma 

Dimethylsulfoxide (DMSO) Merck 

Dipotassium hydrogen phosphate Merck 

Disodium hydrogen phosphate Merck 

Dithiothreitol (DTT) Sigma 

2,5-Dihydroxybenzoic acid (DHB) Bruker 

dNTPs (100 mM each) Pharmacia 

Dry milk Applichem 

EDTA, Disodium salt (Titriplex III) Merck 

Ethanol, absolute Baker 

Ethidium Bromide USB Corporation 

Fluorescent mounting medium      DakoCytomation 

Formaldehyde Sigma 
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Glycerol (99%) KMF 

Glycine Sigma 

Hexan       J.T. Baker 

Hydrochloric acid (38%) Baker 

Hydrogen peroxide Fluka 

Imidazole Fluka 

Isopropanol (2-Propanol) Merck 

Magnesium chloride Sigma 

Manganese chloride Merck 

Methanol Baker 

MOPS Applichem 

Moviol Baker 

NonidetP-40 (NP-40)       Roche 

Paraformaldehyde Sigma 

Phenylmethylsulfonyl fluorid (PMSF) Sigma 

Polyisobutylmethacrylat Sigma 

Ponceau S, sodium salt Sigma 

Potassium dihydrogen phosphate Merck 

Potassium chloride Applichem 

Proteaseinhibitor: Complete EDTA free Roche 

Roti-Blue Coomassie-stain (5x) Roth 

Saponin Sigma 

Sodium acetate Merck 

Sodium chloride Merck 

Sodium dihydrogen phosphate  Merck 

Sodium dodecylsulfate (SDS) Merck 

Sodium hydroxide Merck 

Sucrose Merck 

TEMED (N,N,N’,N’-Tetramethyl-ethylendiamin) Serva 

TRIS (Tris(hydroxymethyl)-aminomethan) Merck 

Tween-20 Fluka 

Urea GibcoBRL 

 
 



Material and Methods                                                                                                           19 

2.1.2 Standard buffer and media 
  
AP buffer 100 mM Tris-HCl pH 9.5  

100 mM NaCl 

5 mM MgCl2  

DNA loading buffer 

 

30 % Glycerol 

60 mM EDTA pH 8,0   

0,25 % (w/v) Orange G  

1x TBE 

2x Laemmli 200 mM Tris-HCl pH 6.8 

30% (v/v) glycerol 

3% (w/v) SDS 

0.1% (w/v) bromophenol Blue 

5% (v/v) 2-mercaptoethanol 

PBS 10 mM sodium phosphate pH 7.4 

150 mM NaCl 

PBS/EDTA 10 mM sodium phosphate, pH 7.4 

150 mM NaCl 

2 mM EDTA 

TAE 40 mM Tris-Acetate 

2 mM EDTA 

pH 8.5 

TBE 100 mM Tris-HCl, pH 8.0 

100 mM Borate 

2.5 mM EDTA 

TBS 20 mM Tris-HCl, pH 7.4 

150mM NaCl 

2x Urea buffer  

 

15 mM Tris/HCl pH 8,8  

1 % SDS 

10 % Glycerol    

8,0 M Urea 
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2.1.3 Culture media and additives 
 
Ampicillin, sodium salt Serva 

Carbenicillin, disodium salt Fluka 

DMEM/HAM´s medium Biochrom AG 

Foetal calf serum (FCS) Invitrogen 

G 418 (50 mg/ml)       Calbiochem 

TC100 Insect cell medium      Biochrom AG 

Kanamycin Sigma 

Korsolex plus Roche 

LB-agar Becton Dickinson 

LB-medium  Becton Dickinson 

Metafectene         Biontex 

OptiMEM       GibcoBRL 

Poly (L)-lysine Sigma 

Tryptan blue solution (0,4 %)     Sigma 

Trypsin/EDTA BiochromAG 

 

2.1.4 Kits and further materials 
 
Cell culture bottles and dishes Sarstedt 

Electroporation cuvettes BioRad 

Filter paper  Whatman 

Glas capillaries Macherey-Nagel 

Glas tubes with Teflon cap DIONEX 

HPTLC-plates Nano-DURASIL-20 size 10 x 10 cm  Macherey-Nagel 

MEGASCRIPT T7 transcription kit      Ambion 

Microtiter plates 96-well polystyrol (U-bottom) Greiner 

PVDF-membrane Waters 

PCR-tubes (0,2 ml) Biozym 

Polypropylen tubes (14 ml, 50 ml) Greiner 

QIAGEN Plasmid Mini und Midi Kit Qiagen 

Qiaquick Gel Extraction Kit Qiagen 
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Qiaquick PCR purification kit Qiagen 

Reaction tubes (0.5 ml, 1.5 ml) Sarstedt 

Reaction tubes safelock (1.5 ml, 2 ml) Eppendorf 

Sterile filters Millex GP (0,22 µM) Milipore 

 

2.1.5 Laboratory Equipment 
 
AlphaImager  Alpha Innotech 

Blotting chamber  Fast-Blot B44 Biometra 

Centrifuges :  - Biofuge fresco  

 - Biofuge pico  

 - Multifuge 3 S-R 

 - Centrifuge 5415C 

 - Coulter Avanti J-30I 

Rotors: - JA 25.50 

 - JLA 10.500 

 - JS-24.15 

Heraeus  

Heraeus 

Heraeus 

Eppendorf 

Beckman 

Beckman 

Beckman 

Beckman 

Electroporator BioRad 

Electrophoresis chamber for agarose-gels peqlab 

Electrophoresis chamber for SDS-PAGE BioMetra 

ELISA-Reader: DigiScan Asys Hitech 

Heatingblock TB1 BioMetra 

HeraSafe Hood Heraeus 

Incubators Heraeus 

Odyssey Infrared Imaging System  LI-COR Biosciences 

Scales CP 224S (µg) / CP 3202 (g) Sartorius 

Sonifier 450 Branson 

Spectrophotometer Ultrospec 2100 pro Amersham Biosciences 

Speedvac RVC 2-18 Christ 

Standard Power Pack P25 Biometra 

Thermocycler T1 and T Gradient Biometra 
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Thermomixer compact Eppendorf 

ULTRAFLEX™ MALDI-TOF/TOF spectrometer Bruker 

 

2.1.5 Enzymes 
 

cloned Pfu-DNA-Polymerase  Stratagene 

Restriction enzymes  New England Biolabs 

T4-DNA-Ligase  New England Biolabs  

Taq-DNA-Polymerase  Sigma 

PhusionTM High-Fidelity DNA Polymerase Finnzymes 

 

2.1.6 Molecular weight markers 
 
 ‘1 kb DNA ladder’        Invitrogen 

‘SDS-PAGE molecular weight standards high range’   BioRad 

‘Prestained Protein Marker’       New England Biolabs 

 
 

2.1.7 Antibodies 
 
2.1.7.1 Primary Antibodies 

mAb 259-2A1: monoclonal antibody (mouse IgG1) directed against lacdiNAc 

supplied by Cornelis Hokke (van Remoortere et al., 2000) 

anti-myc 9E10: monoclonal antibody (mouse) directed against the myc- epitope 

EQKLISEEDL (in house production) 

anti-Flag M5: monoclonal antibody (mouse IgG1) directed against the FLAG-

epitope DYKDDDDK (Sigma) 

anti-HA 12CA5: monoclonal antibody (mouse) directed against the HA- epitope 

YPYDVPDYA (in house production) 

anti-HA 3F10  monoclonal antibody (rat) directed against the HA- epitope 

YPYDVPDYA (Roche) 

anti-giantin polyclonal antibody (antiserum rabbit) directed against the N-

terminus of human giantin (Covance) 

anti-calnexin polyclonal antibody  575-593 (rabbit) against the ER protein 

calnexin (Acris) 
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anti-mannosidase II polyclonal antibody  575-593 (rabbit) against the Golgi protein 

mannosidase II (Acris) 

 
2.1.7.2 Secondary Antibodies 

Anti-mouse-IgG Cy3 conjugate     Sigma 

Anti-rabbit-IgG Alexa 488 conjugate    Molecular Probes 

Anti-rat-IgG-Cy3 conjugate      Chemicon 

Anti-mouse-Ig AP conjugate      Dianova 

Anti-mouse-Ig HRP conjugate     Dianova 

Streptavidin AP conjugate      Caltag 

Anti-mouse-IgG IRDye800 conjugate    LI-COR Biosciences 

Anti-rat-IgG IRDye800 conjugate     LI-COR Biosciences 

 

2.1.8 Oligonucleotides 
 
All oligonucleotides were purchased from MWG. 
 
Sequencing primers (5’ ➠ 3’) 
T7   TAATACGACTCACTATA 

Sp6   GCATTTAGGTGACACTATAGAATAG 

pcDNA3.1  CTCTGGCTAACTAGAGAAC 

BGH-reverse  TAGAAGGCACAGTCGAGG 

 

PCR amplification primers (5’ ➠ 3’) 

for dsRNA synthesis 

AS3 GAATTAATACGACTCACTATAGGGAGACCGGCACCTCCAATTTTCTTTC 

AS4 GAATTAATACGACTCACTATAGGGAGAGTCCATATCCCCCACCTCGTCA 

AS5 GAATTAATACGACTCACTATAGGGAGAATGTACCTCTTCACCAAGGCGA 

AS6 GAATTAATACGACTCACTATAGGGAGAATAACCAATGTTCATCATGGCA 

AS7 GAATTAATACGACTCACTATAGGGAGATCAACTTTTCCTGCCAACAATG 

AS8 GAATTAATACGACTCACTATAGGGAGAACCACGCCGCCGAAAAGACC 

 
 
for GABPI deletion constructs 

AS16  AGTACTCGAGCGCGGAGGAGCCAAGCGA 

AS17  AGTACTCGAGAACTCAAAGACCGCCATAG 

AS18  AGTACTCGAGCGGACCGCCACGCGGACA 
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AS28           AGTACTCGAGCAGGTTCCTCTGCTGGAG 

AS31  AGTACTCGAGTACTGGCTAAACTGCTGC 

AS32  AGATTCTAGAGCAGCAGTTTAGCCAGTA 

AS33  AGATTCTAGATGGATAACCAAGCGGTCG 

HB36  AGTACTCGAGATGTTCTTGATGACAGCCGGCA 

HB38  GTGATCTAGAGTAGTCACTTTAAGATGG 

HB74  CAAGTCTAGACTTTAAGATGGCTCGCCAGT 

HB85  AGATGACGTCCCCGATTACGCTTCGAGTGGCGAGGAGCA 

HB86  AGATGACGTCATAAGGGTACTCGGCGATCCCAGGCAGCT 

 

for internal HA-tag GABPI constructs 

AS11  AGTAGACGTGGTATGGATAACCAAGCGGTCGCAC 

AS12  AGATGACGTCCCCGATTACGAGGAGAACTACGCGTTAATG 

AS13  AGATGACGTCGTATGGATAAACCTGAAACTCAAATATG 

AS14  AGATGACGTCCCCGATTACCGGACAAACTTCTTTTTGAGC 

AS15  AGATGACGTCATAAGGGTACCGCTTAGCCAGCTCCATGCC 

AS57  AGATGACGTCCCCGACTACTGCAGTGAGGTGTTCGAAG 

 

for GABPI mutagenesis 

AS37  TTTGAGTTTCAGGTTGCTCTGCTGGAGCTGGCT 

AS38  AGCCAGCTCCAGCAGACGAACCTGGAAACTCAAA 

AS39  CAGGTTCCTCTGCTGGCGCTGGCTCCGGAGGAG 

AS40  CTCCTCCGGAGCCAGCGCCAGCAGAGGAACCTG 

AS41  CTGGAGCTGGCTCCGGCGGCGAACTACGCGTTAATG 

AS42  CATTAACGCGTAGTTCGCCGCCGGAGCCAGCTCCAG 

AS43  CTGCTGGAGCTGGCTGCGGAGGAGAACTACGCG 

AS44  CGCGTAGTTCTCCTCCGCAGCCAGCTCCAGCAG  

AS45  CGACCGCTTGGTTATGCAGTTCTTTTGCCCGAC 

AS46  GTCGGGCAAAAGAACTGCATAACCAAGCGGTCG 

AS47  TATCCAGTTCTTTTGGCCGACGACTGCAGTGAG 

AS48  CTCACTGCAGTCGTCGGCCAAAAGAACTGGATA 

AS49  CTTTTGCCCGACGACGCCAGTGAGGTGTTCGAA 

AS50  TTCGAACACCTCACTGGCGTCGTCGGGCAAAAG 

AS51  CCAGTTCTTTTGCCCGCCGCCTGCAGTGAGGTGTTC 

AS52  GAACACCTCACTGCAGGCGGCGGGCAAAAGAACTGG 

AS53  TGCGTGAAGAGGCGCGCTCATCACAGCTACTGG 

AS54  CCAGTAGCTGTGATGAGCGCGCCTCTTCACGCA 

AS55  ACCTGCGTGAAGAGGCGCGCTGCTGCCGCCTACTGGCTAAACTGCTGC 

AS56  GCAGCAGTTTAGCCAGTAGGCGGCAGCAGCGCGCCTCTTCACGCAGGT 

AS58  TACATGATCATCATATTTGCGTTTCAGGTTCCTCTGCTG 
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AS59  CAGCAGAGGAACCTGAAACGCAAATATGATGATCATGTA  

AS60  ACCCTCACTTCCATTTGCGCTCCGTTTATGGTGGTGCGA 

AS61  TCGCACCACCATAAACGGAGCGCAAATGGAAGTGAGGGT 

AS62  CTCACTTCCATTTGCCATGCGTTTATGGTGGTGCGACCG 

AS63  CGGTCGCACCACCATAAACGCATGGCAAATGGAAGTGAG 

AS64  TGCGTGAAGAGGCGCGATGCTCACAGCTACTGG 

AS65  CCAGTAGCTGTGAGCATCGCGCCTCTTCACGCA 

AS66  TGCGTGAAGAGGCGCGATCATGCCAGCTACTGG 

AS67  CCAGTAGCTGGCATGATCGCGCCTCTTCACGCA 

AS77  CTGGAGCTGGCTCCGCAGCAGAACTACGCGTTAATG 

AS78   CATTAACGCGTAGTTCTGCTGCGGAGCCAGCTCCAG 

HB89  GAAGAGGCGCGATCATCACTGCTACTGGCTAAACTGCTG 

HB90  CAGCAGTTTAGCCAGTAGCAGTGATGATCGCGCCTCTTC 

HB91  GAAGAGGCGCGATCATCACGCCTACTGGCTAAACTGCTG 

HB92  CAGCAGTTTAGCCAGTAGGCGTGATGATCGCGCCTCTTC 

 

for β4GalNAcTA/β4GalNAcTB hybrid constructs 

HB70  GCAATGATCTCCGAGTAGGTGCAGTTGGCAAGGAGG 

HB73  TCCGCCCTCCTTGCCAACTGCACCTACTCGGAGATCAT 

HB77  GTGCTTAACTTTGTGGGCTTCCGGTTCGCATCGCACT 

HB78  CGTAGTGCGATGCGAACCGGAAGCCCACAAAGTTAAG 

HB79  TCCGCCCTCCTTGCCAACTGCACCTACTCGGAGATCAT 

HB80  GCAATGATCTCCGAGTAGGTGCAGTTGGCAAGGAGG 

HB134  AGCAGCGATGGAGCCGGAGGCTGCACCTACTCGGAGATCATT 

HB135  AATGATCTCCGAGTAGGTGCAGCCTCCGGCTCCATCGCTGCT 

HB136  AGCAGCGATGGAGCCGGAGGCTGCACTGATCCCGATCCCCGT 

HB137  ACGGGGATCGGGATCAGTGCAGCCTCCGGCTCCATCGCTGCT 

 

2.1.9 Plasmids 
 
pcDNA3   Eukaryotic expression vector (Invitrogen) 

pcDNA3Flag  Eukaryotic expression vector based on pcDNA3 bearing a 
Flag epitope (N-MBYKDDDDK-C) between the restriction sites 
KpnI/BamHI (synthezised by Anja Münster) 
 

Flag-GalNAcTB Eukaryotic expression vector based on pcDNA3 bearing Flag-
tagged GalNAcTB (1507); PCR on cDNA library clone with 
primer HB033 and T7 cloned with BamHI/XhoI in pcDNA3Flag 

 
Flag-GalNAcTA Eukaryotic expression vector based on pcDNA3 bearing Flag-

tagged GalNAcTA (1559); PCR on larval mRNA with primer 
HB54 and HB55 cloned with EcoRI/XbaI in pcDNA3Flag 
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myc-GABPI Eukaryotic expression vector based on pcDNA3 bearing myc-

tagged GABPI (1506); PCR on larval mRNA with primer HB36 
and HB38 cloned with XhoI/XbaI in pcDNA3Myc2 

 
myc-GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI (1744); 
PCR on 1506 with primer HB74 and T7 cloned with HindIII/XbaI 

 
myc-∆90 GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
terminal deletion (2338); PCR on 1506 with primer AS16 and 
HB74 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆117 GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
terminal deletion (2339); PCR on 1506 with primer AS17 and 
HB74 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆141 GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
terminal deletion (2340); PCR on 1506 with primer AS18 and 
HB74 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆167 GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
terminal deletion (2484); PCR on 1744 with primer AS28 and 
HB74 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆296 GABPI-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
terminal deletion (2487); PCR on 1744 with primer AS31 and 
HB74 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆141GABPI∆80-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
and C-terminal deletion (2491); PCR on 1744 with primer AS18 
and HB33 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-∆141 GABPI∆124-HA Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and C-terminal HA-tagged GABPI with N-
and C-terminal deletion (2489); PCR on 1744 with primer AS18 
and HB32 cloned with XhoI/XbaI in myc-GABPI-HA 

 
myc-HA∆143-145 GABPI Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and internal HA-tagged GABPI (2343); PCR 
on 1506 with primer AS14/HB38 and AS15/HB36  cloned with 
AatII/XbaI and AatII/XhoI in myc-GABPI 

 
myc-HA∆170-176 GABPI Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and internal HA-tagged GABPI (2342); PCR 
on 1506 with primer AS12/HB38 and AS13/HB36  cloned with 
AatII/XbaI and AatII/XhoI in myc-GABPI 
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myc-HA222 GABPI Eukaryotic expression vector based on pcDNA3 bearing N-
terminal myc-tagged and internal HA-tagged GABPI (1901); PCR 
on 1506 with primer HB85/HB38 and HB86/HB36  cloned with 
AatII/XbaI and AatII/XhoI in myc-GABPI 

 
myc-HA∆346-353 GABPI Eukaryotic expression vector based on pcDNA3 bearing N-

terminal myc-tagged and internal HA-tagged GABPI (2341); PCR 
on 1506 with primer AS57/HB38 and AS11/HB36  cloned with 
AatII/XbaI and AatII/XhoI in myc-GABPI 

 
pBSK myc-GABPI  Eukaryotic expression vector based on pBlueScript vector bearing 

N-terminal myc-tagged GABPI (1928); 1506  cut XhoI/XbaI in 
pBSK vector 

 
pIB/V5-His Insect cell expression vector (1555) 
 
pIB-His-myc-GABPI Insect cell expression vector based on the pIB/V5 His bearing N-

terminally myc-tagged GABPI (1597); cut with HindIII/XbaI from 
1506 in insect cell vector 1555 

 
pIB-His-Flag-β4GalNAcTA Insect cell expression vector based on the pIB/V5 His bearing N-

terminally Flag-tagged β4GalNAcTA (1599); cut with cut with 
HindIII/XbaI from 1559 in insect cell vector 1555 

 
 
pIB-His-Flag-β4GalNAcTB Insect cell expression vector based on the pIB/V5 His bearing N-

terminally Flag-tagged β4GalNAcTB (1598); cut with cut with 
HindIII/XbaI from 1507 in insect cell vector 1555 

 
 
 
2.1.9.1  Plasmids with site-directed mutagenesis 

All plasmids generated by site-directed mutagenesis have a eukaryotic expression vector 

based on pcDNA3 bearing a point-mutated, N-terminally myc-tagged GABPI. PCRs were 

performed on pBSK myc-GABPI with primer as indicated. The PCR products were cut 

with XhoI/XbaI and cloned in 1506. 

 

myc-E166A-DHHC  (2604); primer AS58/AS59 
myc-P170A DHHC   (2563); primer AS37/AS38 
myc-E173A-DHHC   (2564); primer AS39/AS40 
myc-EE177/178AA-DHHC   (2565); primer AS41/AS42 
myc-P176A-DHHC   (2566); primer AS43/AS44 
 
 
 
myc-H335A-DHHC  (2605); primer AS60/AS61 
myc-P336A-DHHC  (2606); primer AS62/AS63 
myc-P346A-DHHC   (2567); primer AS45/AS46 
myc-P350A-DHHC   (2568); primer AS47/AS48 
myc-C353A-DHHC   (2569); primer AS49/AS50 
myc-DD351/352AA-DHHC   (2570); primer AS51/AS52 
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myc-D293A-DHHC   (2571); primer AS53/AS54 
myc-H294A-DHHC  (2607); primer AS64/AS65 
myc-A295A-DHHC  (2608); primer AS66/AS67 
myc-DHHC/AAAA   (2572); primer AS55/AS56 
pBdrDHHC-S-C   (1921); primer HB89/HB90 
pBdrDHHC-S-A   (1922); primer HB91/HB92 
 
 

2.1.10 Laboratory animals 

 
Drosophila melanogaster wild-type  Wild-type strain Oregon R was kindly 

provided by Prof. Gerd Bicker, 

Tiermedizinische Hochschule Hannover. 

 

Drosophila melanogaster β4GalNAcTA4.1
  Single mutant flies of β4GalNAcTA (CG8536) 

were generated by P transposable element 

insertion in the 5´untranslated region. This 

strain as well as the following two were kindly 

provided by Nicola Haines, Department of 

Biology, University of Toronto, Canada. 

Drosophila melanogaster β4GalNAcTBGT Single mutant flies of β4GalNAcTB 

(CG14517) were generated by gene-targeted 

homologous recombination. 

Drosophila melanogaster  

β4GalNAcTA4.1;β4GalNAcTBGT  Double mutant flies of β4GalNAcTA and 

β4GalNAcTB were generated by crossing.  

2.1.11 Eukaryotic cell lines 

 
CHO K1 (C6)  Chinese hamster ovary cell line, subclone of 

the fibroblast line CHO K1 (ATCC CRL 9618) 

produced by Dr. M. Eckhardt. 

  

HEK293   Human embryonic kidney cells, original 

generated by transformation with sheared 

adenovirus 5´ DNA. 
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S2 cells  Drosophila S2 cells (Schneider cells) 

(Invitrogen) 

The S2 cell line was derived from a primary 

culture of late stage (20-24 hours old) 

Drosophila melanogaster embryos. 

 

2.1.12 Bacterial strains 

 
E.coli XL-1 blue (Stratagene) Genotype: recA1 endA1 gyr96 thi-1 hsdR17 

supE44 relA1 lac  [F’ proAB lacIqZ∆M15 Tn 

10 (Tetr)] 

 
E. coli YZ 2000 (Gene Bridges)  Genotype: thr-1 leu-6 thi-1 lacY1 galK2 ara- 

14 xyl-5 mtl-1 proA2 his-4 argE3 str-31 tsx-33 

supE44 recB21, recC22, sbcA23, rpsL31, tsx-

33, supE44, his-328, mcrA, mcrBC, mrr,  

hsdMRS  
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2.2 Methods 

2.2.1 Cell biological techniques 

CHO and HEK293 cells were cultured in a humidified incubator at 37°C and 5% CO2. 

CHO cells were grown in α-MEM (GibcoBRL) and HEK293 cells in DMEM/HAM´s 

(Biochrom AG) supplemented with 10% FCS. Every 3-4 days, confluent cell layers were 

detached from the cell culture flask with Trypsin/EDTA (GibcoBRL) and transferred to a 

new devise at a concentration of 5x105 cells/75 cm2 for CHO cells and 2x106 cells/75 cm2 

cells for HEK293 cells.  

 

Drosophila Schneider cells were cultured in a humidified incubator at 27°C. The cells were 

grown in TC100 insect cell medium (Biochrom AG) supplemented with 10% FCS and 

2mM Glut-L. Once a week, cell suspension cultures were transferred to a new devise at a 

concentration of 5 x 105cells/175 cm2. 

 

For long term storage in liquid nitrogen, cells were pelleted by centrifugation (5 min, 

1000 x g, RT) and resuspended in culture medium containing 10 % FCS and 10 % DMSO 

at a concentration of 0.5 x 107 cells/ml. Aliquots of 1 ml were filled in cryo vials, stored 

overnight at -80°C and then transferred to liquid nitrogen. 

 

To recover frozen cell pellets, the cells were thawed at room temperature (RT) and 

transferred into 10 ml α-MEM or DMEM/HAMs supplemented with 10% FCS. After 

centrifugation (5 min, 1000 x g, RT) the cell pellet was resuspended in culture medium 

(5 % FCS) and transferred to a culture flask. 

 

2.2.1.1   Transient transfection of HEK293 cells  

For the transient transfection of HEK293 cells in 75 cm2 flasks, the cells were seeded at a 

concentration of 1.5 x 106 cells/75 cm2 (of 1.2 x 105 cells/9.6 cm2 well) and incubated for 

one day. For each flask (well), a transfection mixture was prepared by combining 7.5 µg 

DNA in 750 µl OptiMEM (1 µg DNA with 100 µl OptiMEM) with 45 µl Metafectene® in 

750 µl OptiMEM (6 µl Metafectene® in 100 µl OptiMEM). For cotransfection of two 

different plasmids a DNA concentration of 3.75 µg/plasmid was used. The mixture was 

incubated for 30 min at RT. Prior to the addition of the transfection mixture, 6 ml of fresh 
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medium was added to the cell layer. After 4 hours incubation at 37°C, 8 ml culture 

medium was added and the cells were analysed after 48 hours. 

 

2.2.1.2   Transient transfection of S2 cells  

For transient transfection, Drosophila Schneider cells were seeded in 6-well plates 

(9.6 cm2) at a concentration of 2 x 106 cells/well and incubated over night. For each well, a 

transfection mixture was prepared by combining 2 µg DNA in 100 µl OptiMEM with 8 µl 

Cellfectin in 92 µl OptiMEM. For cotransfection of two different plasmids a DNA 

concentration of 1 µg/plasmid was used. The mixture was incubated for 20 min at RT. 

Prior to the addition of the transfection mixture, 800 µl OptiMEM/well was added to the 

cell layer. After 4 hours of incubation at 27°C, 2 ml culture medium was added and the 

cells were analysed after 48 hours. 

 

2.2.1.3   Generation of semi stable HEK293 cells 

For the generation of a semi stable cells line, HEK293 cells were seeded in 6-well plates 

(9.6 cm2) at a concentration of 1.2 x 105 cells/ well and incubated for one day. The cells 

were transfected with the plasmid of interest as described in 2.2.1.1. One day after 

transfection the cells were resuspended and transfer in a 75 cm2 flask. Two days later fresh 

medium containing the antibiotic G418 (neomycin) at a concentration of 800 µg/ml was 

added to the cells. The cells were grown in antibiotic containing medium until single 

colonies became visible. The single colonies were resuspended and incubated in the flasks 

until a dense cell layer was optained. A part of the cells was prepared for long term storage 

in liquid nitrogen and the other part was seeded on glass cover slips for 

immunoprecipitation experiments or further transfection. 

 

2.2.1.3   RNAi treatment of Drosophila Schneider cells 

For RNAi knock-down experiments, 1 x 106 cells were plated per 6-well in serum-free 

medium and dsRNA was added directly to the media in a final concentration of 37 nM 

(15 µg) (Caplen et al., 2000). After 30 min at room temperature, 2 ml of Schneider´s 

medium containing FCS were added and incubation was continued for 3 days at 27°C. For 

the immunocytochemical analysis of surface expressed lacdiNAc structures, the protocol 

described in 2.2.1.4 was used. To determine the subcellular localization of tagged proteins 

in dsRNA treated cells, the tagged enzymes were transiently transfected as described above 

(2.2.1.2) into cultures that were treated with dsRNA for 3 days. Immediately after 
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transfection, cells were washed with serum-free medium and RNAi treatment was repeated 

with a concentration of 18.5 nM dsRNA. Two days after transfection, indirect 

immunofluorescence staining (2.2.1.5) was used to visualize the tagged proteins, while 

markers for Golgi (dGrasp-GFP) (Kondylis et al., 2005) and ER (KDEL-GFP) (Okajima et 

al., 2005) were detected by direct fluorescence. 

 

2.2.1.4   Immunocytochemistry 

For immunocytochemistry, transiently transfected CHO, HEK293 or S2 cells (2.2.1.1), 

were washed once with 1 ml PBS and were fixed with 1 ml 1.5% glutaraldehyde in PBS 

for 10 min. The cell layer was washed twice with TBS and blocked in 2% milk 

powder/TBS for 30 min at RT. Cells were stained with mouse mAb 259-2A1 (1:350) in the 

same solution. This IgG3 antibody was originally raised against Schistosoma mansoni 

surface glycoconjugates (van Remoortere et al., 2000) and kindly provided from Cornelis 

Hokke from the Institute of Parasitology, Leiden Medical Center, The Netherlands. The 

first incubation was followed by HRP-conjugated goat-anti-mouse secondary antibody 

(1:4000). The cells were washed 3-4 times with 2 ml TBST (0.05% Tween) after each 

antibody incubation. Signal amplification was achieved by the incubation with a 

biotintyramid solution (Molecular Probes) in TBS for 10 min at RT, consisting of 0.1 M 

imidazole pH 7.6, 0.001% H2O2 and 1,7 mM biotintyramid (Speel et al., 2006). The cells 

were washed twice in TBST and incubated with Streptavidin AP (1:500). 

For colour development, the substrate Fast-Red (Sigma) was dissolved in 0.1 M Tris/HCl 

pH 8.5 and 0.2 mg/ml Naphtol (Sigma) at a concentration of 1 mg/ml and incubated with 

the cells. The reaction was stopped by the addition of 1 ml water. Plates were analysed 

under a normal light microscope and red cells per plate were scored. The plates could be 

stored in 50% glycerol at 4°C for two years. 

 

2.2.1.5   Immunofluorescence 

Transiently transfected HEK293 or S2 cells (2.2.1.1/2.2.1.2) were grown on glass cover 

slides placed in 6 well plates. The cells were washed twice with PBS and fixed in 4% 

paraformaldehyde (PFA) for 30 min at RT. After three washing steps in PBS, additional 

binding sites were blocked with 0,1% BSA/PBS for 30 min at RT. To permeabilize the 

cells, 0.1% saponin was added to the blocking solution. For permeabilization with 

digitonin, before blocking the cells were incubated for 15 min at RT with the digitonin 

solution (5 µg/ml digitonin, 0.3 M Sucrose, 1 M KCl, 2.5 mM MgCl2 , 1 mM EDTA, 
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10 mM HEPES, pH 6.9). Afterwards cells were washed for three time with PBS and 

incubated with the blocking solution as described before. After blocking and 

permeabilization, samples were incubated with the primary antibodies diluted in 0.1% 

BSA in PBS for 1 hour at RT (mouse α−Flag M5 mAb 1:1000, mouse α−myc 9E10 mAb 

1:1000, rat α−HA 3F10 mAb 1:500, rabbit α−mannosidase II antiserum 1:300, rabbit 

α−calnexin antiserum 1:500, rabbit α−giatin antiserum 1:1000). The cells were washed 

three times in 0.1% BSA in PBS and bound antibodies were detected with the 

corresponding secondary antibodies diluted in 0.1% BSA/PBS: α−mouse IgG Cy3 (1:500) 

and α−rabbit IgG Alexa488 (1:500); α−rat IgG Cy3 (1:500). After 1 hour at RT, the 

reactions were stopped by three washing steps in PBS. For cell nuclei staining with DAPI, 

the cells were incubated for 4 min at RT with the dye Hoechst 3228, followed by 20 times 

dipping in water. Slides were mounted in Fluorescent mounting medium and analyzed 

under a Zeiss fluorescence microscope.   

 
 

2.2.2 Molecular biological techniques 
 
2.2.2.1 Plasmid preparation 

For analytical plasmid preparations, the ‘Qiaprep spin Miniprep Kit’ was used according to 

the manufacturers instructions. 

For plasmid isolation in preparative scale the ‘Qiagen plasmid Kit Midi’ was used 

according to the manufacturers instructions. 

 

2.2.2.2 Polymerase chain reaction (PCR) 

To amplify DNA-fragments by PCR reaction, three different protocols were used, 

depending on the DNA-polymerase. Initial denaturation and the consecutive cycles of 

denaturation, annealing and elongation steps were optimized for each protocol. PCR 

reaction were either performed using the ‘GeneAmp System 2400’ (Perkin Elmer) or the 

‘T1-Thermocycler’ (Biometra). 
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colony PCR      program with 30 cycles 

material of a single colony    95 °C  3 min 

1x Thermopool buffer    95 °C  30 sec 

20 mM dNTPs     58 °C  40 sec 

0,5 µM sense primer     72 °C  90 sec 

0,5 µM antisense primer    72 °C  10 min 

0,05 U/µl Taq Polymerase    4 °C  ∞ 

ad 12,5 µl ddH2O 

 

Phusion PCR      program with 30 cycles 

10 ng template     98 °C  30 sec 

1 x HF Phusion buffer     98 °C  10 sec 

20 mM dNTPs      60 °C  30 sec 

0,5 µM sense primer     72 °C  30 sec 

0,5 µM antisense primer     72 °C  7 min 

1 µl DMSO (if necessary)    4 °C  ∞ 

0,02 U/µl Hot Start Phusion Polymerase 

ad 50 µl ddH2O 

 

mutagenesis PCR    program with 16 cycles for point mutation 

50 ng template     95 °C  30 sec   

1 x Pfu buffer      95 °C  30 sec   

20 mM dNTPs      55 °C  30 sec 

1 µM sense primer     68 °C   calculated with  

1 µM antisense primer       2 min/kb total template 

1 µl Pfu Polymerase     37 °C  ∞ 

ad 50 µl ddH2O 

 

After site-directed mutagenesis PCR, 1 µl DpnI restriction enzyme was added to the 

reaction mixture and incubated for 1 h at 37°C. 

 

The samples were subjected to a PCR clean up reaction using the ‘Qiaquick PCR 

purification kit’. The PCR reaction was mixed with 5 volumes of buffer PB and applied on 
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a Qiaquick column. After centrifugation for 1 min at 13000xg, the column was washed 

with 750 µl buffer PE and bound DNA fragments eluted in 50 µl TE.  

 

2.2.2.3 Determination of DNA and RNA concentrations 

DNA and RNA concentrations were determined photometrically and calculated from the 

absorbance measured at 260 nm: c(DNA) = absorbance(260 nm) x 50 µg/ml and c(RNA) = 

absorbance(260nm)x40 µg/ml.  

 

2.2.2.4 Agarose gel electrophoresis of DNA 

DNA samples were diluted in 5 x GEBS and separated on horizontal agarose gels (0.6 to 

1.5 % agarose in TBE buffer). To extract DNA fragments from agarose gels, ethidium 

bromide containing agarose gels in TAE buffer were used. Electrophoresis was performed 

at 5 V/cm in TBE buffer. The DNA was detected after staining in ethidium bromide 

(50 µg/ml) at 302 nm. For documentation the AlphaImager with the software AlphaEase 

FC Version 4.0 (Alpha Innotech) was used.  

 

2.2.2.5 Isolation of DNA fragments from agarose gels 

To isolate DNA fragments after restriction enzyme digest, DNA was separated on an 

agarose gel and the desired fragments were excised from the gel. For further DNA 

purification the ‘Qiaquick PCR Purification Kit’ (Qiagen) was used according to the 

manufacturers instructions. The gel slice was completely dissolved in 300 µl buffer QG per 

100 mg gel at 50°C and applied to a Qiaquick column. The column was centrifuged (1 

min, 13000xg) and the flow through discarded. After one washing step with 500 µl buffer 

PE, bound DNA was eluted in 50 µl EBC (10 mM Tris-Cl pH 8.5) or water.   

 

2.2.2.6 Restriction digest of DNA 

Restriction enzymes and reaction buffers were used according to the manufacturer’s 

instructions (New England Biolabs). For preparative digests, 2 µg of DNA were incubated 

with 5 U of enzyme in a total volume of 50 µl with the added volume of enzyme less than 

10%. The reaction was incubated over night at 37°C. For analytical digests, 1 µg of 

plasmid DNA was incubated for 2 hours at 37°C with 5 U of enzyme.  
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2.2.2.7 Ligation of DNA 

30 ng of digested vector DNA and a 3 molar excess of the respective insert were incubated 

with 1 Weiss-U of T4-DNA-Ligase (NEB) in 20 µl ligation buffer (50 mM Tris-HCl pH 

7.8, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, 25 µg/ml BSA). The ligation mix was 

incubated overnight at 16°C or for 1h at RT and transformed into competent E.coli cells.  

 

2.2.2.8 Precipitation of nucleic acids 

DNA was precipitated from aqueous solutions by the addition of 1/3 volume 7.5 M 

ammoniumacetate (pH 5) or 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes 

ethanol (100%) for 1-2 hours at -80°C or over night at -20°C. After centrifugation 

(13000 x g, 30 min, RT), the supernatant was decanted and the pellet washed with 500 µl 

70% ethanol. The sample was centrifuged for additional 10 min and the supernatant 

completely removed. The pellet was dried and dissolved in water or TE. 

 

2.2.2.9 Transformation of chemically competent E.coli 

50 µl of competent E.coli were thawed on ice and 10 ng of plasmid DNA or 5 µl of ligation 

mix (2.2.2.7) were added. The mix was left on ice for 30 min, subjected to a 45 sec heat 

shock at 42°C and incubated on ice for 2 min. 1 ml of LB-medium was added, the cell 

suspension was plated on selective LB-agar plates containing the appropriate antibiotics. 

 

2.2.2.10 Transformation of electro competent E.coli YZ2000 

40 µl competent E.coli YZ2000 were thawed on ice and mixed with 5 µl of precipitated, 

desalted ligation reaction in H2O. The mixture was transferred into a cooled 0.1 cm cuvette 

and placed into a Bio-Rad electroporator. The sample was pulsed once with 1.25 kV, 

200 Ω and 25 µF. Immediately, 1 ml of sterile, 37°C warm SOC medium was added and 

the cell suspension transferred to a 15 ml culture tube. After 1 hour incubation at 37°C 

(200 rpm), the transformation was spread on selective LB-agar plates containing the 

appropriate antibiotic.   

 

2.2.2.11 Preparation of chemically competent E.coli  

Chemically competent cells were prepared according to a protocol published by Molthoff 

et al., (1990). E.coli were grown on LB agar plates containing the appropriate antibiotic. 

One colony was inoculated in 2 ml SOB and incubated over night at 37°C. 200 ml SOB 

medium were inoculated with 1 ml of the starter culture and incubated for 1-2 days 
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(200 rpm) at 18°C until an OD600nm of 0.6 was reached. The culture was centrifuged at 

2000 x g for 10 min at 4°C. The supernatant was removed and the pellet resuspended in 

1/3 of the original volume cooled TB (250 mM KCl, 10 mM Hepes, free acid, 15 mM 

CaCl2, 55 mM MgCl2). The solution was centrifuged as before and the pellet resuspended 

in 1/12 of the original volume TB. DMSO was added to a final concentration of 7% and 

the cells divided into 100 µl batches. The batches were immediately flash frozen in liquid 

nitrogen and stored at -80°C. 

 

2.2.2.12 Preparation of E.coli DMSO-Stocks 

For long time storage, 930 µl of an E.coli over night culture was mixed with 70 µl DMSO 

(final 7%) and frozen at -80°C.  

 

2.2.2.13 Synthesis of dsRNA  

For the synthesis of dsRNA the MEGASCRIPT T7 transcription kit (Ambion) was used. 

The template for the dsRNA was generated before in a PCR reaction with a special T7- 

promotor sequence (gaa tta ata cga ctc act ata ggg aga). The kit was used according to the 

manufacturer’s instructions. Therefore the reaction mixture containing 7 µl nuclease free 

H2O, 2 µl ATP, 2 µl CTP, 2 µl GTP, 2 µl UTP, 1 µg DNA, 2 µl 10x buffer, 2 µl T7- 

Polymerase was incubated for 2-4 h at 37°C. Afterwards the RNA was precipitated. 115 µl 

nuclease free H2O, 15 µl ammonium acetate stop solution from the kit and 150 µl 

Chloroform/ Phenol (Phenol H2O saturated) mixture were added. After 5 min incubation 

the mixture was loaded onto a Phase-Lock-Eppi (Eppendorf) and RNA was purified 

according to the manufacturer’s instruction. RNA was precipitated from collected upper 

phases by addition of an equal volumes of isopropanol. After 15 min at –20°C and 15 min 

centrifugation (13000 rpm, 4°C), the supernatant was carefully removed and RNA pellet 

was washed once with 70 % ethanol, followed by 15 min centrifugation (13000 rpm, 4°C). 

The RNA pellet was dried on ice and finally diluted in 20 µl nuclease free H2O. The RNA 

was stored at –80°C. 

 

2.2.2.14 Agarose gel electrophoresis of RNA  

For electrophoresis analysis 6 µg of RNA were mixed with 20 µl autoclaved ddH2O and 

5 x loading buffer (4 mM EDTA, 2.5 % formaldehyde, 20 % glycerol, 30 % formamide, 

2.5 x FA-buffer, 1 % bromphenol blue). RNA was separated on a 1.0 % agarose gel. The 

agarose was dissolved in 1 x FA buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM 
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EDTA, pH 7,0) including 1 µg/ml ethidium bromide. The mixture was boiled and after 

cooling down 2 % (v/v) 37 % formaldehyde was added. As running buffer 1 x FA buffer 

containing 5 % (v/v) 37 % formaldehyde was used. Before loading the samples were 

denatured for 10 min at 65°C and immediately loaded on the agarose gel. The gel was 

electrophoresed at 7-10 V/cm for 90 min and analysed using the AlphaImager (Alpha 

Innotech).  

 

2.2.3 Biochemical techniques 
 
2.2.3.1 Immunoprecipitation 

HEK293 cells transiently transfected as described above (2.2.1.1), were lysed for 30 min at 

4°C using 750 µl of lysis buffer (2 mM EDTA, 50 mM Tris/HCl pH 8.0, 1 mM MgCl2 

1% NP-40, supplemented with a protease inhibitor mixture from Roche Applied Science) 

After centrifugation for 30 min at 12 000 x g, anti-HA antibody 12CA5 coupled to 

sepharose A beads was added to supernatants and incubated for 3 h at 4 °C on a rotating 

wheel. Immunocomplexes were pelleted by centrifugation (300 x g for 5 min) followed by 

washing: twice with washing buffer I (50 mM Tris/HCl pH 8.0, 1% NP-40), twice with 

washing buffer II (50 mM Tris/HCl pH 8.0, 500 mM NaCl, 1% NP-40) and once with 

washing buffer I. Immunoprecipitated proteins were separated in SDS-PAGE, blotted onto 

PVDF-membranes (Waters) and stained with the anti-FLAG tag antibody M5 or anti-rat 

HA antibody. 

 
2.2.3.2 Analyses of proteins from transfected HEK293 cells 

Protein samples for Western blot analyses were isolated from transient transfected 

HEK293 (2.2.1.1) or S2 cells by dissolving 1 x 107 cells in 750 µl of lysis buffer (2mM 

EDTA, 50mM Tris/HCl pH 8.0, 1mM MgCl2 1% NP-40, supplemented with a protease 

inhibitor mixture from Roche Applied Science). The lysates were incubated for 30 min at 

4°C on a rotating wheel and centrifuged at 13000 rpm for 30 min at 4°C to remove cell 

debris. The lysates were mixed with 2 x Laemmli buffer and heated for 10 min at 95°C. 

15 µl of these samples were separated on a SDS-PAGE and analysed by Western blotting 

(2.2.3.4). 
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2.2.3.3 Polyacrylamide gelelectrophoresis (SDS-PAGE) 

SDS-PAGE was performed according to Laemmli (Laemmli, 1970). Protein samples were 

separated on SDS-polyacrylamide gels composed of a 5 % stacking gel (125 mM Tris/HCl 

pH 6.8, 0.1 % SDS, 5 % polyacrylamide) and a 12 % separating gel (375 mM Tris/HCl 

pH 8.8, 0.1 % SDS, 7-14 % polyacrylamide). Gels were prepared by mixing buffer, SDS 

and the acrylamide stock solution (37.5 % acrylamide, 1 % bisacrylamide) and 

polymerisation was initiated by adding 0.1 % TEMED and 1 % ammonium persulfate. 

Samples were mixed with 2x Laemmli buffer or Urea buffer by transmembrane proteins  

and heated to 95 °C for 10 min or to 50°C for 10 min to devoid big aggregates in the case 

of multi-transmembrane proteins. Electrophoresis was performed in SDS-electrophoresis 

buffer (50 mM Tris, 350 mM glycine, 0.1 % SDS) at 70 Volt (stacking gel) and 100 Volt 

(separating gel) per gel. 

 

2.2.3.4 Western blot 

Proteins separated by SDS-PAGE were transferred to PVDF-membranes using a semidry 

blotting chamber (Biometra) at 2 mA/cm2 for 1 h. Before blotting the membrane was 

activated by dipping in methanol, then washed with H2O and finally stored in blotting 

buffer. Gel and membrane were placed between two layers of Whatman filter paper soaked 

in blotting buffer (48 mM Tris, 39 mM glycine). The transfer activity was checked by the 

visible prestained protein marker (broad range 6-175 kDa, New England Biolabs). 

 
2.2.3.5 Immunostaining of Western blots 

The PVDF-membranes (2.2.3.4) were blocked overnight or for 1h in Odyssey blocking 

buffer diluted (1:2) with PBS. Afterwards the membranes were incubated for 1.5 h with the 

primary antibodies in blocking solution (anti-lacdiNAc 259-2A1 mAb 1:300, mouse 

α−Flag M5 mAb 1:1000, mouse α−myc 9E10 mAb 1:1000, rat α−HA 3F10 mAb 1:500). 

The blots were washed three times for 5 min with TBS/0.05 % Tween and incubated with 

secondary antibody (goat anti mouse IRDye 800 1:20 000, goat anti rat IRDye 800)  in 

blocking buffer for 30 min at RT. After three washing steps with 2 x TBS/0.05 % Tween a 

1 x PBS, the secondary antibody was directly detected on an Odyssey Infrared Imaging 

System from LI-COR Biosciences. 
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2.2.3.6 Protein estimation  

Protein concentrations were estimated using the ‘BCA Protein Assay Reagent’ (Pierce) 

according to the manufacturer’s instructions. Briefly, reagents A and B were mixed 50:1 

immediately before use. 200 µl of the mixture were added to 10 µl of sample and incubated 

at 55°C for 30 min in 96-well microtiter plates. As reference, a dilution series of 25-

200 µg/ml BSA was included. The absorbance of all samples was measured at 540 nm 

using the ELISA-Reader ‘DigiScan’ (Asys Hitech) and protein concentrations were 

calculated from the BSA standard curve. 

 

2.2.3.7 Golgi preparation  

HEK293 cells were transiently transfected as described above (2.2.1.1). In the first step the 

cell layer was washed once with PBS and the cells were collected by centrifugation (5 min 

at 2000 x g). The cell pellets from three 175 cm2 plates (9 x 107 cells) were resuspended in 

7 ml of lysis buffer (10 mM Hepes-Tris, pH 7.4; 0.8 M sorbitol, 1 mM EDTA) containing 

an EDTA-free protease inhibitor mixture (Roche Applied Science). After homogenization 

with 10 strokes in a Dounce homogenizer, the lysate was centrifuged (10 min at 1,500 x g) 

to remove unlysed cells and debris. The supernatant was collected and the pellet, after 

addition of 7 ml of lysis buffer, subjected to a second homogenization round with 7 strokes 

in the Dounce homogenizer. Debris were removed by centrifugation (10 min at 1,500 x g) 

and the ER/Golgi rich fraction was obtained by centrifugation of the combined 

supernatants at 100 000 x g for 1 h. Pelleted microsomal fraction were carefully 

resuspended in 500 µl of assay buffer (0.1 M MOPS pH 7.5) and 20 µl aliquots snap-

frozen and kept at –80°C. Protein concentrations were determined using the BCATM kit 

(2.2.3.2). 

 

2.2.3.8 In vitro assay for β4GalNAc transferases 

Standard enzyme assays were carried out with of the ER/Golgi preparations in 50 µl of 

assay buffer (0.1 MOPS pH 7.5, 20 mM MnCl2, 10 mM ATP, 100 mM GalNAc (Sigma), 

0.1% bovine serum albumine (BSA), and 0.01% Saponin). Therefore, 20 µl aliquots of the 

ER/Golgi vesicle preparation were supplemented to obtain the appropriate buffer 

composition and 0.5 mM of the radio-labelled nucleotide sugars UDP-6[3H]Gal (NEM Life 

Science) (specific activity 32 Bq/nmol) or UDP-1[3H]GalNAc (NEM Life Science) 

(specific activity 36 Bq/nmol). Before addition of the radiolabelled sugar, the mixture was 

sonicated for 3 sec to facilitate a good mixture and smaller vesicles. Reactions were started 
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by addition of the acceptor substrate p-nitrophenyl-N-acetyl-β-D-glucosaminide (GlcNAc-

O-pNP; Sigma) in a final concentration of 1 mM. To determine incorporation of 

radioactive substrates into endogenous acceptors, control samples were incubated in the 

absence of GlcNAc-O-pNP. During the incubation time (2 h at 28°C) samples were gently 

mixed. Reactions were terminated by addition of 1 ml ice-cold water and synthesis 

products isolated by reverse-phase chromatography on Sep-Pak® Plus C18 columns (Waters 

Corporation) as described (Palcic et al., 1988). The elutes were dried and resuspended in 

2 ml scintillation cocktail (Luma SafeTM Plus, Lumac LSC). Incorporated radioactivity was 

measured in a LS 6500 Multi-Purpose scintillation counter (Beckman Coulter). 

 

2.2.3.9 Reverse-phase chromatography (in vitro assay) 

The radioactively labelled products after incubation in the in vitro assay were separated 

from not incorporated UDP-6[3H]Gal or UDP-1[3H]GalNAc sugars, using reverse-phase 

chromatography. Therefore a Sep-Pak® Plus C18 column (1 ml volume) was equilibrated 

with 5 ml methanol, followed by a washing step with 20 ml H2O. The sample was loaded 

on the column with 4 ml H2O and the column was washed twice with 10 ml H2O. 

Radioactive sugars were eluted using 5 ml methanol. 

 

2.2.3.10 Glycosphingolipid preparation from HEK293 cells 

Transiently transfected HEK293 cells (2.2.1.1) were washed with PBS, scraped of the 

plates, and collected by centrifugation (5 min at 2000 x g). RNAi treated Schneider 

Drosophila cells were harvested by centrifugation and extracted in the same way.                       

The cell pellets (1 x 107 HEK293 cells and 1 x 106 S2 cells) were resuspended in 300 µl of 

water and sonicated for 5 min in a bath sonicator. 2-propanol and hexane were added to 

obtain a solvent ration of 55 : 25 : 20 (2-propanol : hexane : water) and the mixtures were 

sonicated again for 5 min in a bath sonicator. The samples were centrifuged to remove 

insoluble material for 10 min at 11 000 x g and the clarified supernatants were dried under 

nitrogen. The extracts were resuspended in 3 : 47 : 48 (chloroform : methanol : water). Salt 

and hydrophilic contaminants were removed from extractions by reverse-phase 

chromatography (Sep-Pak® Plus C18 columns (Williams and McCluer, 1980). The eluted 

glycolipids were dried under nitrogen. Samples were analysed by high-performance thin-

layer chromatography (HPTLC) (2.2.3.13) or by MALDI-TOF MS (2.2.3.14). 
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2.2.3.11 Glycosphingolipid preparation from D. melanogaster 

Drosophila melanogaster flies of wild-type strain (Oregon R) and knock out strains 

β4GalNAcTA4.1, β4GalNAcTBGT and the double mutant β4GalNAcTA4.1;β4GalNAcTBGT 

(Haines and Irvine, 2005) were collected and frozen. 1,5 g of frozen material were 

extracted by the method of Folch (Folch et al., 1957). Therefore the flies were disrupted in 

a Dounce homogenizer in 3 volumes (4 ml per g wet weight) of ice-cold, deionized water. 

After sonification of the suspension 4 volumes of methanol were added and again 

homogenized, followed by the addition of 8 volumes of chloroform, homogenization and 

sonification. The 8 : 4 : 3 (chloroform/ methanol/ water) extract was vigorously shaken and 

then centrifuged to remove insoluble material. After centrifugation the upper phase was 

collected, dried under a nitrogen-stream and re-dissolved in 3 : 47 : 48 (chloroform/ 

methanol/ water). Salt and hydrophilic contaminants were removed from extractions by 

reverse-phase chromatography (Sep-Pak® Plus C18 columns, Waters Corporation, Milford, 

MA, USA) (Williams and McCluer, 1980). The column was equilibrated with 5 column 

volumes of 3 : 47 : 48 and the sample was applied. Subsequently, the column was washed 

twice with 10 column volumes of water. The glycolipids were eluted with 10 column 

volumes of 10 : 10 : 1 and dried under a nitrogen-stream. For further analysis the samples 

were dissolved in chloroform/ methanol/ water (30 : 60 : 8). 

 

2.2.3.12    High-performance thin-layer chromatography (HPTLC) 

Glycolipid preparations corresponding to 2.5 x 106 cells or 50 mg of flies were spotted 

onto nanosilica-gel 60 plates and developed in running solvent composed of chloroform/ 

methanol/ 0.25 % aqueous KCl (5 : 4 : 1). Glycosphingolipids were visualised chemically 

by 0.5 % orcinol (w/w) / 62.5 % methanol / 10 % H2SO4-staining or by immunostaining. 

 

2.2.3.13 Immunostaining of HPTLC 

The HPTLC plates were dried and fixed for 90 s in 0.1% poly-isobutylmethylacrylate 

(Sigma) in acetone. Afterwards plates were blocked overnight or for 1h in Odyssey 

blocking buffer. The membranes were incubated for 2-4 h with the primary antibody in 

blocking solution (anti-lacdiNAc 259-2A1 mAb 1:250). The blots were washed three times 

for 5 min with TBS Tween and incubated with secondary antibody (goat anti mouse IRDye 

800 1:20 000) in blocking buffer for 1 h at RT. After two washing steps with TBS and one 

with PBS, the secondary antibody was directly detected on an Odyssey Infrared Imaging 

System from LI-COR Biosciences. 
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2.2.3.14 Matrix assistance laser desorption (MALDI) mass spectrometry 

Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF-MS) of extracted glycosphingolipids was performed on an Ultraflex II TOF/TOF 

mass spectrometer (Bruker Daltonics, Bremen, Germany) in the reflector negative-ion 

mode using  2,5-Dihydroxybenzoic acid (DHB) (20 mg/ml in 30% acetonitrile) as matrix 

and in the reflector positive-ion mode using 6-aza-2-thiothymine (ATT) (5 mg/ml in water) 

as matrix for sample preparation. Fragment-ion spectra were acquired by laser-induced 

decay in the LIFT mode as described by Manfred Wuhrer (Wuhrer and Deelder, 2005). 
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3 Results 

3.1 Function of β4GalNAcTA and β4GalNAcTB in vivo 

In Drosophila melanogaster two β4GalNAcTs, β4GalNAcTA and β4GalNAcTB have 

been identified, which in theory are able to synthezise the lacdiNAc disaccharide unit 

(Haines and Irvine, 2005). To study the impact of each enzyme on lacdiNAc biosynthesis, 

β4GalNAcTA and β4GalNAcTB have been inactivated to generate single and double 

mutant (β4GalNAcTA;β4GalNAcTB) flies. While flies with deleted β4GalNAcTA gene 

displayed abnormal locomotion due to defects in the neuromuscular system (Haines and 

Stewart, 2007), inactivation of β4GalNAcTB (Chen et al., 2007) induced abnormal 

oogenesis, implying that the two enzymes have different targets and eventually function in 

vivo. To address this question, β4GalNAcTA, β4GalNAcTB, and double mutant flies 

(β4GalNAcTA;β4GalNAcTB), kindly provided by the laboratory of K. Irvine, where used 

to determine the contribution of the different enzymes to glycosphingolipid biosynthesis. 

 

3.1.1 High-performance thin-layer chromatography analysis 

In the first step the GSLs of Drosophila melanogaster were analyzed by High-performance 

thin-layer chromatography (HPTLC). Adult flies of four genotypes (wild-type, 

β4GalNAcTA, β4GalNAcTB and β4GalNAcTA;β4GalNAcTB double mutant) were 

collected and GSLs were extracted by the method of Folch (FOLCH et al., 1957). Folch 

upper phases were desalted and purified by reverse-phase chromatography and spotted 

onto silica-gel plates (2.2.3.9-12). After separation, GSLs were visualized chemically with 

0.5% orcinol (w/w) / 62.5 % methanol / 10 % H2SO4-staining (Figure 5). 

GSL extracts prepared from wild-type and β4GalNAcTA mutant showed similar staining 

patterns (Figure 5, lanes 2 and 3), indicating that mutation of β4GalNAcTA had no 

significant influence on the overall GSL composition. In contrast, staining of GLSs 

extracted from β4GalNAcTB mutant revealed a reduction of the high molecular weight 

GSL pool while additional bands with higher mobility became visible (marked with 

arrows, Figure 5 lane 4). GLS extracted from the β4GalNAcTA;β4GalNAcTB double 

mutant showed a similar profile to the GSLs of β4GalNAcTB single mutant (Figure 5 lane 

5). Compared to the mobility of GM1 lipid, which is part of the standard GSL mixture 
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(Figure 5 lane 1), the upperband seen in GSLs of β4GalNAcTB and double mutants may 

represent the trisaccharide precursor, which are accumulated in these mutant flies.  

 

 

Figure 5: HPTLC analysis of glycosphingolipids from Drosophila melanogaster. GSLs were extracted 

from adult flies of four genotypes: wild-type (lane 2), β4GalNAcTA mutant (lane 3), β4GalNAcTB mutant 

(lane 4) and β4GalNAcTA/β4GalNAcTB double mutant (lane 5) using the method described by Folch. Upper 

phases were resolved by HPTLC and chemically stained with 0.5 % orcinol (w/w) / 62.5 % methanol / 10 % 

H2SO4. Type III gangliosides from bovine brain were used as references (lane 1). The arrows point at 

structures appearing in the β4GalNAcTB and double mutant. Based on the relative position to GM1 the upper 

band runs at a position matching the trisaccharide precursor structure expected to accumulate in β4GalNAcT 

mutants. 

3.1.2 Matrix-assisted laser-desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS) 

To characterize the observed changes in the GSL patterns in detail, GSLs of wild type and 

mutant flies were analyzed by MALDI-TOF-MS. Studies including the MALDI-TOF-MS 

technology were carried out by myself in the Leiden Medical Center, Institute for 

Parasitology, in collaboration with Dr. Manfred Wuhrer. Isolation of GLSs was again 

carried out according to Folch (FOLCH et al., 1957) (2.2.3.11). Upper phases were 

analyzed by MALDI-TOF-MS in the negative-ion and positive-ion mode (2.2.3.14). In the 

negative-ion mode all PE-modified zwitterionic and glucuronic acid-modified GSLs were 

detectable (Figure 6). In the positive-ion mode neutral, zwitterionic and acidic GSL could 

be measured as sodium and/or potassium adducts (Figure 9). Together with the ceramide 

heterogeneity, this resulted in multiplets of signals for GSLs sharing the same 

oligosaccharide moiety. 

The negative-ion mode spectra are shown in Figure 6 and, as summarized in Table 1, were 

largely in accordance with the results of Seppo et al. (Seppo et al., 2000). The major signal 

of zwitterionic GSLs was detected at m/z 1592.9 and corresponded to the [M-H]- ion of the 

ceramide pentahexoside (Nz5) modified with phosphoethanolamine (PE). The identity of 
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this structure was corroborated by MALDI-TOF/TOF-MS (Figure 7, A). In this analysis 

the fragment ions at m/z 731.0 (B3-ion, according to the nomenclature of Domon and 

Costello and m/z 1186.5 (Y3-ion) indicated the attachment of the PE to the innermost N-

acetylhexosamine. All detected GSL masses were consistent with a ceramide composition 

of C14:1 tetradecasphingenine and C20:0 arachidic acid (marked with b, Figure 6), which 

is the major ceramide found in insect GSLs (Seppo et al., 2000; Wiegandt, 1992). Next to 

this major ceramide species, the complex GSLs exhibited ceramides with a 28 Da lower 

mass (marked with a, Figure 6), which presumably corresponds to ceramides with two 

methylene groups (C2H4) less (m/z 1564.8 for PE-containing ceramide pentahexoside; 

Figure 6). A further ceramide species showed a 28 Da higher mass (marked with c; Figure 

6), which is expected to reflect two additional methylene groups (m/z 1620.9 for PE-

containing ceramide pentahexoside; Figure 6). The strong signal observed at m/z 1958.0 

especially in β4GalNAcTB mutants (Figure 6, C), indicated a hepta-saccharide structure 

Nz7, which in MALDI-TOF/TOF-MS could be identified as 

GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer (Figure 7, B). 

In agreement with earlier studies (Seppo et al., 2000) we found also glucuronic acid-

containing GSLs as shown in Table 1. 
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Figure 6: Negative-mode MALDI-TOF-MS of glycolipids from Drosophila wild-type and mutants.  
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Folch upper phases of wild-type (A), β4GalNAcTA (B), β4GalNAcTB (C) and β4GalNAcTA;β4GalNAcTB 

(D) mutants were analyzed by negative-ion mode MALDI-TOF-MS in the reflectron mode. A complete list 

of registered masses and assigned glycolipid structures is given in Table 1. b, glycosphingolipid with 

ceramide composition of C14:1 tetradecasphingenine and C20:0 arachidic acid; a and c, glycosphingolipid 

with ceramide mass which is 28 Da (2 methylene groups, C2H4) lower (a) or higher (c) than for b; blue circle, 

glucose; green circle, mannose; yellow circle, galactose; yellow square, N-acetylgalactosamine; blue square, 

N-acetylglucosamine; white/blue diamond, glucuronic acid; PE, phosphoethanolamine; Cer, ceramide; *, no 

glycosphingolipid. 
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Figure 7: MALDI-TOF/TOF-MS analysis (negative-ion mode) of two zwitterionic glycolipid species. 

Zwitterionic glycolipid species (A) with a pentasaccharide glycan moiety (m/z 1592; from wild-type), and 

(B) with a heptasaccharide glycan moiety (m/z 1958; from the β4GalNAcTA mutant) were analyzed by 

MALDI-TOF/TOF-MS. For key see legend Figure 6. 1,5X, cross-ring cleavage of the terminal N-

acetylglucosamine. 

 
Detailed examination of all detectable signals displayed a possible variant of the Nz28 

structure with two PE-modifications. A signal at m/z 2446.2 was detected, which 

theoretically exhibited an additional hexose. This latter GSL species (Nz29) was not 

identified in Drosophila before. The GSL structure was analyzed by MALDI-TOF/TOF-
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MS in comparison to the fragmentation spectrum of Nz28 (m/z 2284.1) to evaluate the 

position of the additional hexose residue (Figure 8, A and B). The non-reducing end 

fragments observed in the region below m/z 1000 were largely the same for the two GSLs, 

indicating that the hexose modification was not attached to the terminal GalNAcβ,4(PE-

6)GlcNAcβ,3Galβ,3GalNAc-moiety. Two ions at m/z 1258.4 and m/z 1461.3 were 

observed for the hexose-modified GSL Nz29 (Figure 8, A), but not for Nz28 (Figure 8, B), 

which exhibited corresponding ions of a 162 Da lower mass at m/z 1096.9 and m/z 1299.9. 

This difference indicated the attachment of the hexose residue to the internal β-linked 

GalNAc residue, resulting in the Nz29 structure as listed in Table 1. 
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Figure 8: MALDI-TOF/TOF-MS analysis (negative-ion mode) of two zwitterionic glycolipids 

containing eight and nine monosaccharide residues. Zwitterionic glycolipid species (A) with an 

octasaccharide glycan moiety (m/z 2284; from wild-type), and (B) with a nonasaccharide glycan moiety (m/z 

2446; from wild-type) were analyzed by MALDI-TOF/TOF-MS in deprotonated form. For key see legend 

Figure 6. Empty circle, hexose. 

 
As in the HPTLC analysis, GSL pattern did not show any significant changes between 

wild-type and β4GalNAcTA mutants (Figure 6). In contrast, an enrichment of the 

GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer species (Nz7 
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at m/z 1958.0) was observed for GSLs isolated from β4GalNAcTB mutant. The fact that 

GSLs of higher molecular weight had almost disappeared indicated that β4GalNAcTB 

plays a major role in glycolipid biosynthesis in D. melanogaster. In the negative-ion mode 

no zwitterionic GSL were visible in the β4GalNAcTA;β4GalNAcTB double mutants, 

indicating the complete loss of these species (Figure 6). To complete the characterization 

of GSL samples, all genotypes were also analyzed in the positive-ion mode (Figure 9). In 

the positive-ion mode all neutral, zwitterionic and acidic GSL were detected as sodium 

and/or potassium adducts (Table 1). Again the GSL pattern of wild-type and β4GalNAcTA 

mutant showed no differences, whereas the spectrum of β4GalNAcTB mutant was changed 

(Figure 9). As in the negative-ion mode spectra, the Nz7 species with a terminal GlcNAc-

residue was enriched. Importantly, an additional structure with a low molecular weight at 

m/z 1087.9 became visible. This structure was characterized by MALDI-TOF/TOF-MS 

and revealed the sodium adduct of the trisaccharide N3 GlcNAcβ,3Manβ,4GlcβCer (at m/z 

1087.9; Figure 9, C, Figure 10, Table 1). The oligosaccharide sequence was indicated by a 

series of Y-ions at m/z 884.7 ([Hex2Cer+Na]+), at m/z 722.6 ([Hex1Cer+Na]+), and at m/z 

560.2 ([Cer+Na]+). The HexNAc-Hex-Hex-Cer sequence was additionally indicated by the 

B-ion series with signals at m/z 226.1 (HexNAc+Na]+), m/z 388.1 (HexNAc1Hex1+Na]+), 

and m/z 550.2 (HexNAc1Hex2+Na]+). In the β4GalNAcTA;β4GalNAcTB double mutant fly 

this structure was the only visible GSL species (Figure 10, D), demonstrating the complete 

loss of lacdiNAc containing GSLs in this mutant. 

 

β4GalNAcTB is the dominant enzyme for GSL biosynthesis in vivo 

From the HPTLC and MS data it can be concluded that β4GalNAcTA plays a minor role in 

the overall GSL biosynthesis of Drosophila adult flies as no differences were observed 

between wild type and β4GalNAcTA mutant. On the background of a β4GalNAcTB 

mutant, β4GalNAcTA is, however, responsible for the residual production of complex 

GSLs longer than the GlcNAcβ,3Manβ,4GlcβCer structure (Figure 6, C). The deficiency 

of both β4GalNAcTA and β4GalNAcTB is required to completely abolish production of 

GSLs elongated beyond the ceramide trihexoside structure (Figure 9, D). 
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Figure 9: Positive-mode MALDI-TOF-MS of glycolipids from Drosophila wild-type and mutants. 

Folch upper phases of wild-type (A), β4GalNAcTA (B), β4GalNAcTB (C) and β4GalNAcTA;β4GalNAcTB 

(D) mutants were analyzed by positive-mode MALDI-TOF-MS in the reflectron mode. A list of registered 

masses for assigned neutral glycolipid structures is given in Table 1. For key see legend Figure 6. 
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Figure 10: MALDI-TOF/TOF-MS analysis of the neutral glycolipid enriched in β4GalNAcTB and 

double knockout mutants. The neutral ceramide trisaccharide (sodium adduct at m/z 1087.8; 

β4GalNAcTA;β4GalNAcTB double mutant) was analyzed by MALDI-TOF/TOF-MS in the positive-ion 

mode using ATT as matrix substance. For key see legend Figure 6. 
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Glycosphingolipid Structure Registered 
mass 
(m/z) 

Zwitterionic  

Nz4 GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1389.8 

Nz5 GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1592.9 

Nz6 Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1754.9 

Nz7 GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1958.0 

Nz27 (PE-6)GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2081.0 

Nz8 GalNAcβ,4GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2161.1 

Nz28 GalNAcβ,4(PE-6)GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2284.1/2306.1# 

Nz29 GalNAcβ,4(PE-6)GlcNAcβ,3Galβ,3GalNAcα,4(Hex1-)GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2446.2/2268.1# 

Acidic  
Az6 GlcAβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1931.0 

Az9 GlcAβ,3Galβ,3GalNAcβ,4GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4 
(PE-6)GlcNAcβ,3Manβ,4GlcβCer 

2499.2 

Az29 GlcAβ,3Galβ,3GalNAcβ,4(PE-6)GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4 
(PE-6)GlcNAcβ,3Manβ,4GlcβCer 

2622.3 

Neutral  
N3 GlcNAcβ,3Manβ,4GlcβCer 1087.9 

N5 GalNAcα,4GalNAcβ,4GlcNAcβ,3Manβ,4GlcβCer 1494.1 

N7 GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4GlcNAcβ,3Manβ,4GlcβCer 1859.3 

 

Table 1: Summary of detected GSL species in Drosophila melanogaster.  For zwitterionic and acidic 

GSLs the masses of the [M-H]- species are listed in the table, whilst for neutral GSLs the masses of the 

registered [M+Na]+ species are given. Various other adducts were registered, which are not listed in this 

table. #, [M-2H+Na]- 

 

3.2 In vitro characterization of β4GalNAcTA and    

β4GalNAcTB 

In the previous section, β4GalNAcTB was identified as the most important enzyme for the 

formation of lacdiNAc structures on glycolipids in vivo. However, in in vitro assays it had 

been shown to be, in contrast to β4GalNAcTA, an almost inactive enzyme (Haines and 

Irvine, 2005). As mentioned before, cloning of β4GalNAc transferases from Drosophila 

melanogaster in our laboratory was achieved by expression cloning. Since this 

methodology screens for functional activity (Bakker et al., 1997; Eckhardt et al., 1995; 

Eckhardt et al., 1996; Munster et al., 1998), the isolation of active enzymes was 

guaranteed. Particular in the case of cloning β4GalNAcTB the detection of lacdiNAc 
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positive cells was dependent on the presence of a second cDNA harboring a multi-

transmembrane protein of the DHHC protein family (Linder and Deschenes, 2007). The 

aim of this study was to differentially access the catalytic functions of β4GalNAcTA and 

β4GalNAcTB and to investigate how the DHHC-family protein called GABPI 

(β4GalNAcTB Pilot Protein) influences their functionality.  

 

3.2.1 Cell surface staining  

Since earlier studies had shown that human embryonic kidney (HEK293) cells were most 

suitable for the expression for the cloned Drosophila proteins, these cells were used in all 

subsequent experiments to measure activity and to isolate materials (membrane vesicles 

and GLSs) for in vitro testing. The detection of lacdiNAc structures was carried out with 

mAb 259-2A1 (van Remoortere et al., 2000) (2.2.1.4). 

To comparatively test activity a very first expression experiment was carried out by 

transient transfection of HEK293 cells as shown in Figure 11, whereby the β4GalNAc 

transferase from C. elegans (Ceβ4GalNAcT) (Kawar et al., 2002) was used as a positive 

control. No activity was detectable in cells transfected with β4GalNAcTB only (Figure 11, 

B), but co-expression of GABPI resulted in lacdiNAc production (Figure 11, D) 

comparable to the level of Ceβ4GalNAcT transfectants. β4GalNAcTA transfected cells 

showed clear activity (Figure 11, C), which could not be increased by co-expression of 

GABPI (not shown). HEK293 cells were also transfected with GABPI alone, but no 

lacdiNAc positive cells became visible (data not shown). 
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β4GalNAcTB+GABPI Ceβ4GalNAcT  

Figure 11: Immunohistochemical staining of GalNAc transferases transfected cells with mAb 259-2A1. 

HEK293 cells were transiently transfected with empty vector (A) β4GalNAcTA (B), β4GalNAcTB in 

absence (C) or presence of GABPI (D) and Ceβ4GalNAcT (D). Two days after transfection the cells were 

stained using the mAb 259-2A1. The negative, empty vector control (mock, A) showed no cell surface 

staining comparable to the β4GalNAcTB expressing cells (B). β4GalNAcTB activity was only visible in 

presence of GABPI (D) in contrast to the independently active β4GalNAcTA (C). The Ceβ4GalNAc 

transferase was used as positive control (E). 

 

3.2.2 Glycolipid specificity of β4GalNAcTA and β4GalNAcTB 

In the next step the acceptor specificity of the Drosophila GalNAc transferases was 

investigated. Therefore, parallel cultures of HEK293 cells transiently transfected with the 

β4GalNAc transferases in the presence and absence of GABPI were used to analyze (i) 

lipid-bound lacdiNAc via HPTLC and (ii) protein bound lacdiNAc by Western blotting. 

For HPTLC, glycolipids that were extracted with a 2-propanol-hexane-water mixture 

(2.2.3.10) were loaded onto HPTLC plates for separation (see 2.2.3.12). Protein analyses 

were carried out using total lysates on a 12% SDS-PAGE (see 2.2.3.3). To display 

lacdiNAc-linked structures the lipids and proteins were immunostained with mAb 259-2A1 

and detected with goat anti-mouse IRdye 800 (2.2.3.5 and 2.2.3.13). In both experimental 

setups, extracts form HEK293 cells transfected with Ceβ4GalNAcT were used as positive 

and empty vector transfectants as negative control. In β4GalNAcTA and especially in 

β4GalNAcTB/GABPI transfected cells lacdiNAc-containing GSLs were detected (Figure 

12, A). Moreover, in accordance with the observation made by cell surface staining, the 

β4GalNAcTB/GABPI complex produced a stronger staining as compared to 

β4GalNAcTA. The different staining pattern in GSLs from S2 cells compared to 
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transfected HEK293 cells was due to the different acceptor structures existing in 

mammalian cells. The main GSLs in HEK293 are gangliosides containing lactose as 

neutral carbohydrate moiety. With respect to available GSL structures in HEK293 cells, 

the tetrasaccharide core of ganglioside II and III (lacto-N-neotetraose) 

(GlcNAcβ3Galβ4Glcβ1-Cer) turned out as potential acceptor structure for β4GalNAc 

transferases from Drosophila melanogaster.  

In Western blot analysis, no lacdiNAc structures were found on protein acceptors in either 

S2 cell lysates or HEK293 cells after transfection with the isolated Drosophila genes 

(β4GalNAcTA; β4GalNAcTB plus/minus GABPI). In lysates from Schistosoma egg and 

HEK293 cells transfected with Ceβ4GalNAcT, however, clear bands were detected, 

indicating that in HEK293 cells potential acceptors for the enzymatic activity exist, but are 

not used by the Drosophila enzymes. This result was in agreement with earlier studies, 

describing the presence of the lacdiNAc epitope on GLSs (Seppo et al., 2000) but not on 

glycoproteins (North et al., 2006) in D. melanogaster. 

 

 
 

Figure 12: Immunostaining of lacdiNAc structures on glycolipids and glycoproteins. A: HPTLC analysis 

of extracted glycosphingolipids (GSLs) from HEK293 cells transfected with β4GalNAcTA, β4GalNAcTB 

with or without GABPI. The extracts were separated on an HPTLC plate and stained with mAb 259-2A1. 

Drosophila S2 cells and HEK293 cells transfected with Ceβ4GalNAcT were used as positive controls and 

exhibited lacdiNAc positive GSL staining. Only in extracts from cells transfected with β4GalNAcTA and 

β4GalNAcTB/GABPI, lacdiNAc positive GSLs were detected. B: Western blot analysis of protein extracts 

isolated from the same cells as in A. Total cells lysates were separated on a 12% SDS- PAGE and the same 

antibodies were used for immunostaining as described for HPTLC analysis. Total lysate of HEK293 cells 

after transfection with Ceβ4GalNAcT and isolated proteins from Schistosoma mansoni eggs were used as 

positive controls and showed lacdiNAc containing glycoproteins, whereas the other samples are lacdiNAc 

negative.   
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3.2.3 In vitro testing of β4GalNAc transferases using Golgi vesicles 

Because the comparative testing of the two Drosophila β4GalNAc transferases so far 

indicated differences in their activity level, the next assay system was designed to quantify 

the enzymatic activities. For this, the 100.000 x g pellet of post nuclear supernatant of 

transfected HEK293 cells, containing both ER and Golgi vesicles, were used in a standard 

glycosyltransferase assay system with UDP-GalNAc as donor and p-nitrophenyl-β-N-

acetylglucosamine (GlcNAc-pNP) as acceptor substrate (Palcic et al., 1988) (2.2.3.8). 

During the establishment of the assay it was observed that application of the detergent 

Triton X-100 in the standard concentration of 0.5% (used in glycosyltransferase assays to 

permeabilize the membrane and improve substrate accessibility) selectively destroyed 

activity in vesicles isolated from cells co-transfected with β4GalNAcTB and GABPI. In 

contrast β4GalNAcTA activity was readily measurable. Speculating that the deleterious 

effect of Triton X-100 was due to membrane destruction and in parallel to destruction of 

the potential β4GalNAcTB/GABPI complex, the milder detergent saponin, (Goldenthal et 

al., 1985) which perforates membranes, but leaves intact protein complexes, was tested. 

The results are shown in Figure 13. Addition of saponin positively affected the measured 

activity for both enzymes in concentrations between 0.004% - 0.5%. However, while in the 

case of β4GalNAcTA both detergents had similar positive effects, only saponin increased 

β4GalNAcTB activity with a maximal effect in the concentration range 0.02% - 0.5%. 

Triton X-100 increased activity at relatively low concentrations only and completely 

disturbed activity at standard assay concentrations of 0.5% (Figure 13, B). The improved 

activity in the presence of detergent is most probably due to improved transport of the 

substrates over the vesicle membrane. 
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Figure 13: Influence of different detergents on the in vitro activity of β4GalNAcTA and TB. Microsomal 

fractions of HEK293 cells transfected with β4GalNAcTA (A) or the combination β4GalNAcTB/GABPI (B) 
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were treated with Triton X-100 and saponin in various concentrations and assayed for activity with GlcNAc-

pNP as acceptor and [3H]UDP-GalNAc and [3H]UDP-Gal as donor substrates. While β4GalNAcTA activity 

significantly increased with both detergents (up to 0.1%), the activity of β4GalNAcTB was negatively 

influenced or completely destroyed at 0.5%. In contrast, treatment of vesicles with saponin, drastically 

increased also β4GalNAcTB activity (mind the different scales of Y-axis in A and B). Values represent the 

average of two independent test series each measured in triplicates. 

 

In the optimised in vitro glycosyltransferase assay using 0.01% saponin it was confirmed 

that β4GalNAcTB was directly dependent on GABPI for activity (Figure 14), whereas 

β4GalNAcTB alone showed no activity. For β4GalNAcTA, independent activity was 

detectable, but no increase in presence of GABPI was observed. Comparable to the 

observation made by cell surface staining (Figure 11) and HPTLC analysis (Figure 12), 

β4GalNAcTB in co-expression with GABPI showed higher activity than β4GalNAcTA 

(Figure 14). 
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Figure 14: In vitro activity determined for β4GalNAcTA and TB in the absence and presence of 

GABPI. HEK293 cells were transfected with β4GalNAcTA or β4GalNAcTB in the presence and absence of 

GABPI and activity was determined with optimized assay conditions using 0.01% saponin. Gal-transferase 

activity was used to control the quality of vesicles. In contrast to β4GalNAcTB, cotransfection of GABPI 

was however not able to augment β4GalNAcTA activity. Each value represents the average of three test 

series carried out with independent vesicle preparations. 

 
In the next experiment it was analyzed whether β4GalNAcTB and GABPI, expressed in 

separate cells, have the capacity to assemble into a functional complex. Therefore, the 

100.000 x g pellet of post nuclear supernatants of HEK293 cells transfected with either 

β4GalNAcTB or GABPI, were isolated and mixed. The heterogeneous microsome 
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fractions were mildly treated with saponin (0.01%) and sonicated before and after addition 

of reaction mixture (2.2.3.8). In this experiment no activity was detected (Figure 14), 

although postnuclear pellet of β4GalNAcTA transfected HEK293, identically treated with 

detergent, showed activity (data not shown). In conclusion the experiments demonstrated 

that the complex formation of the β4GalNAcTB and GABPI is essential for activity and 

cannot be formed in situ. 

 

3.2.4 Physical interaction between β4GalNAcTB and GABPI 

The in vitro activity of β4GalNAcTB in presence of GABPI and the importance to 

maintain membrane integrity raised the question, whether a direct protein-protein 

interaction exist between these proteins. Co-immunoprecipitation experiments were 

performed with C-terminally HA-tagged GABPI and Flag-tagged β4GalNAcTB in 

HEK293 cells to investigate the interaction behavior. As negative control, Flag-tagged 

β4GalNAcTA in co-expression with GABPI was used. Two days after transfection, cells 

were lysed with buffer containing 1% NP-40 (2.2.3.1). A small sample of total lysate was 

reserved as expression control and the main part was immunoprecipitated with anti-HA 

antibody coupled sepharose A beads. Total lysates and immunoprecipitates were separated 

by SDS-PAGE (2.2.3.3) and immunoblotted with either mouse anti-Flag or rat anti-HA 

antibodies (2.2.3.5). 

HA-tagged GABPI were detected in total cell lysates of single and double transfected cells. 

After immunoprecipitation more intense, but still identical bands were obtained (Figure 15, 

A). Interestingly, exclusively β4GalNAcTB (Figure 15, B) and not β4GalNAcTA (Figure 

15, C) could be co-precipitated via HA-tagged GABPI from lysates of double transfected 

cells. These results confirmed the specific physical interaction between β4GalNAcTB and 

GABPI. 
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Figure 15: Immunoprecipitation of β4GalNAcTB and β4GalNAcTA with GABPI. HEK293 cells were 

transfected with C-terminally HA-tagged GABPI and N-terminally Flag-tagged β4GalNAcTB or 

β4GalNAcTA. Two days after transfection, cells were lysed with buffer containing 1% NP-40 and lysates 

were immunoprecipitated with anti-HA coupled beads. The beads were washed and precipitates were 

analyzed by Western blot. Small samples of total lysates before precipitation were loaded as expression 

controls. Expression and precipitation of HA-tagged GABPI was investigated by immunoblotting using the 

rat anti-HA antibody (A), whilst β4GalNAcTB (B) and β4GalNAcTA (C) were incubated with mouse anti-

Flag antibody M5. In contrast to β4GalNAcTA (C), immunoprecipitation of β4GalNAcTB with GABPI 

could be detected (B). 

 

3.3 Biosynthesis of lacdiNAc in β4GalNAcTA, β4GalNAcTB, 

or GABPI depleted Drosophila S2 cells  

3.3.1 GSL structures in RNAi treated S2 cells 

To investigate whether the biosynthesis of the lacdiNAc structure in Drosophila is 

dependent on GABPI in vivo, Drosophila S2 cells were used in an RNAi based approach 

(Caplen et al., 2000). S2 cells were incubated with double stranded (ds) RNA 

corresponding to a central region of β4GalNAcTA, β4GalNAcTB, GABPI and 

β4GalNAcTB in combination with GABPI (2.2.1.3). The presentation of the lacdiNAc 

epitope on the cell surface of depleted cells was comparatively detected with the mAB 

259-2A1 (2.2.1.4) (van Remoortere et al., 2000). To confirm the effect of dsRNA 

treatment on GSL biosynthesis, glycolipids of depleted cells were additionally extracted 

and analyzed by MALDI-TOF-MS in negative- and positive-ion mode (2.2.3.14). 

In untreated S2 cells high expression of the lacdiNAc epitope on the cell surface (Figure 

16, A) was observed and the complete set of already characterized GSL structures were 

identified by negative-ion MALDI-TOF-MS analysis (Seppo et al., 2000; Stolz et al., 
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2007) (see also Table 1). The depletion of β4GalNAcTA resulted in only slight decreased 

immunostaining (Figure 16, B) and the GSL pattern, analyzed by MALDI-TOF-MS, did 

not indicate any significant change. In contrast, dsRNA treated cells corresponding to 

either β4GalNAcTB or GABPI (Figure 16, C and D, respectively) exhibited a strong 

reduction of lacdiNAc positive cells, which was additional reflected in the MALDI-TOF 

mass spectra. In negative-ion mode analyses, glycolipids of β4GalNAcTB and GABPI 

depleted cells showed an slight enrichment of the 

GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer species (m/z 

1958.4) and GSLs with higher molecular weight were hardly detectable (Figure 16, C and 

D). The positive-ion mode analyses, moreover, revealed the accumulation of the precursor 

structure GlcNAcβ,3Manβ,4GlcβCer (at m/z 1087.6; Figure 16, C and D). Finally, double 

incubation with dsRNA against β4GalNAcTB and GABPI led to a nearly complete 

absence of detectable lacdiNAc structures on the cell surface. In MALDI-TOF-MS 

analyses, lacdiNAc containing GSLs were still detectable, but similarly changed as in 

β4GalNAcTB and GABPI depleted cells with accumulation of the trisaccharide structure 

(at m/z 1087.6; Figure 16, E). 
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Figure 16: Depletion of GalNAc transferases and GABPI in Drosophila S2 cells. Cells were incubated 

for 3 days with dsRNA corresponding to β4GalNAcTA (B), β4GalNAcTB (C), GABPI (D) or the 

combination of β4GalNAcTB and GABPI (E). The lacdiNAc epitope presentation on the cells surface was 

detected with mAb 259-2A1. Additionally, GSL extracts of depleted cells were obtained and analyzed with 

MALDI-TOF-MS in negative- and positive mode. Red lines sign at most changed gycolipid signals.  
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3.3.2 New glycosphingolipid structures in Drosophila S2 cells 

In comparison to already characterized GSL structures in adult wild type flies of 

Drosophila melanogaster (see chapter 3.1, Table 1), GSLs from Drosophila S2 cells were 

mainly identical (Seppo et al., 2000; Stolz et al., 2007). However, closer examination of all 

signals exposed one additional major peak at m/z 1796.4 (Figure 16, A). This signal could 

not be assigned to a known structure, but corresponded to a ceramide carrying two hexose 

and four N-acetylhexosamine residues modified with one phosphoethanolamine (PE). In 

addition, the signal at m/z 1919.4 corresponded to a ceramide carrying two hexose and four 

N-acetylhexosamine sugars with two phosphoethanolamine (PE) residues (Figure 16, A), 

was detected. This structure was analyzed by MALDI-TOF/TOF-MS (Figure 17, A and B) 

revealing the Nz6* and Nz26* structures that both contained stretches of four N-

acetylhexosamine residues (Table 2). These structures were interpreted as lacdiNAc 

tandem repeats that might be in part (Nz6*) or fully modified with PE (Nz26*; Table 2). 

The Nz6* species was expected to represent a mixture of isomers differing in the location 

of the PE on the outer or inner lacdiNAc unit. Furthermore, GSLs containing a stretch of 

five N-acetylhexosamine residues were observed containing one (Nz7*) and two PE units 

(Nz27*; Table 2). MALDI-TOF/TOF-MS analysis revealed an ion of m/z 1137.1, which 

corresponds to a PE-modified HexNAc5 unit (Figure 18, A). In analogy to other 

Drosophila zwitterionic GSL structures, Nz7* was interpreted as Nz6* with an additional 

outer HexNAc, probably a GalNAc residue in α1,4-linkage (Table 2) (Seppo et al., 2000; 

Stolz et al., 2007). Moreover, an Nz9* species (m/z 2364.7) with one PE modification and 

an Nz29* signal (m/z 2487.7) with two PE residues were registered, which were assumed to 

be built by addition of a GalNAc in α1-4-linkage to the outer β-linked GalNAc of Nz28 

with one and two PE modifications (Figure 18, B; Table 2). This structure describes the 

largest, so far identified GSL structure in D. melanogaster. 
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Figure 17: MALDI-TOF/TOF-MS analysis of zwitterionic GSL species. Glycolipid species A with a 

hexasaccharide glycan moiety with one PE-substitution (m/z 1796; from β4GalNAcTA depleted cells) and B 

the hexasaccharide glycan moiety (m/z 1919) containing two PE residues were analyzed by MALDI-

TOF/TOF-MS in deprotonated form. Because of isomerism in the case of single PE-substitution, the 

localization of the PE-residue could not be assigned exactly. For key see legend Figure 6. 

 
Glycosphingolipid 
Zwitterionic 

Proposed structure Registered mass 
(m/z) 

Nz6* GalNAcβ,4(PE-6)GlcNAcβ,3GalNAcβ,4GlcNAcβ,3Manβ,4GlcβCer,  
GalNAcβ,4GlcNAcβ,3GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 

1796.3/1824.4# 

Nz26* GalNAcβ,4(PE-6)GlcNAcβ,3GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1919.4 

Nz7* (HexNAc1-)GalNAcβ,4GlcNAcβ,3GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 1999.5/2027.5# 

Nz27* (HexNAc1-)GalNAcβ,4(PE-6)GlcNAcβ,3GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2122.5 

Nz9* (HexNAc1-)GalNAcβ,4GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer 2364.7 

Nz29* (HexNAc1-)GalNAcβ,4(PE-6)GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-
6)GlcNAcβ,3Manβ,4GlcβCer 

2487.7 

 

Table 2: Newly registered zwitterionic glycosphingolipid species in S2 cells. Zwitterionic GSLs were 

registered as [M-H]- species, # GSL with a ceramide species with a 28 Da higher mass, which is to reflect 

two additional methylene groups. 

          



Results                                                                                                                                  63 

12
99

.7

23
64

.9

10
96

.7

89
3.

6

12
72

.7

11
86

.9

17
55

.4

75
.2

52
8.

5

24
87

.1

14
0.

2

16
25

.7

73
1.

6

13
90

.2

10
69

.6

12
15

.0

15
02

.8

23
06

.0

26
4.

3 21
61

.5

250 500 750 1000 1250 1500 1750 2000 2250 2500250 500 750 1000 1250 1500 1750 2000 2250 2500

PEPEPE

PEPEPE

PEPEPE

PEPEPE

PE PEPEPE PEPE

PE PE
Cer

PEPE PEPE
Cer

PE
Cer

PEPE
CerPEPEPE

PEPE

20
27

.6

14
0.

3

93
4.

8

73
1.

5

52
8.

4

61
.6

32
5.

4

12
15

.1

10
96

.6

18
63

.8

37
9.

3

99
9.

3

62
7.

3
58

1.
4

200 400 600 800 1000 1200 1400 1600 1800 2000200 400 600 800 1000 1200 1400 1600 1800 2000

PEPE

PE
Cer

PEPE
Cer

PEPEPE

PEPEPE

PEPEPE
PEPEPE

PEPEPE

m/z

A

B

11
37

.1

PEPEPE

 
Figure 18: MALDI-TOF/TOF-MS analysis of two zwitterionic GSL species. Glycolipid species A with a 

hexasaccharide glycan moiety (m/z 1919; from β4GalNAcTA depleted cells) and B with a nonasaccharide 

glycan moiety (m/z 2487; from β4GalNAcTA depleted cells) were analyzed by MALDI-TOF/TOF-MS in 

deprotonated form. For key see legend Figure 6. 

 

3.4 Characterization of GABPI 

3.4.1 Determination of the minimal functional unit 

The multi-transmembrane protein GABPI contains six transmembrane spanning regions. 

To determine the minimal functional unit of GABPI, different deletion constructs were 

generated. Based on the topology prediction derived from the aminoacid sequence of 

GABPI generated with the program TopPred II (Claros and von Heijne, 1994) (Figure 19), 

the protein was truncated from the N- or C-terminal site between the transmembrane 

domains (TMDs) (Table 3). Truncated GABPI proteins were tested for their ability to 

activate β4GalNAcTB by immunocytochemistry staining with mAb 259-2A1 as described 

in 2.2.1.4. It was ascertained that the last four transmembrane domains (TMD 3-6) 

comprise essential parts for activation of β4GalNAcTB (Table 3). Further deletions of the 
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fourth N-terminal (TMD 3) or the last C-terminal (TMD 6) domain affected functionality. 

The determined minimal functional unit of four TMDs was additionally investigated by 

reconstitution of single TMDs. Constructs containing TMD 3+4 and TMD 5+6 were 

generated, co-expressed in HEK293 cells and tested for functionality, but no activity was 

observed (Table 3). 

 

BAlgorithm specific parameters: 

Full window size : 19
Core window size : 9
Wedge window size: 5
Using hydrophobicity file: GES-scale

Cutoff for certain transmembrane segments: 1.00
Cutoff for putative transmembrane segments: 0.80
Critical distance between 2 transmembrane segments: 2

Critical loop length:  60

Kingdom: procaryote

Using cyt/ext file: CYTEXT-scale

Sequence : unknown  (420 res)
MFLMTAGTSNFLSAAWRSEAEESKSKENGSLCCCEYVAEDSRERSHILGCCCNCVDFDLV
CTRLVTCRAIDRRNIDGMLIAFQDRLRLPWRGGAKRISPAAVAPAFIVPLMLGLATLNSK
TAIVLMLTLVGFTIWGMELAKRTATRTNFFLSWLVFSVFYMIIIFEFQVPLLELAPEENY
ALMFFSCAALYCLYSAKALSPLNLVSAQYGTTPKDELPGIAEASSGEEQAEAQTTLQMES
VLSLDDDEVGDMDTAERSGLMHGQPNICEICRKVTPRRAYHCPVCGTCVKRRDHHSYWLN
CCIGERNYVWYIVGLALSEIALLLGANLTLTSICHPFMVVRPLGYPVLLPDDCSEVFEGF
DLGISFVVACYALLISSYIAFILARQAYLWWKGSTLHEYKRTSNAAGRNRIWSNWRAILK

Found: 6 segments

Candidate membrane-spanning segments:

Helix Begin - End   Score Certainity
1    99 - 117   2.024 Certain
2   121 - 139   2.131 Certain
3   149 - 167   2.244 Certain
4   179 - 197   1.643 Certain
5   308 - 326   1.280 Certain
6   362 - 380   1.863 Certain

A

C

 
Figure 19: Topology predication of GABPI. The number and orientation of six transmembrane spanning 

regions was derived from the aminoacid sequence of GABPI using TopPred II 

(http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html). A: Algorithm specific parameters. B: 

Hydrophobicity graph image based on the hydrophobicity scale of Goldman Engelman Steitz. C: Image of 

the calculated topology model 

 

 

deletion constructs scheme functionality 

full length 
 

1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
 

+ 

N∆90 
1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
 

+ 

N∆117 
2 3 4 5 6DHHS22 33 44 55 66DHHS

 
 

+ 

N∆141 
3 4 5 6DHHS33 44 55 66DHHS

 
 

+ 

N∆167* 
4 5 6DHHS44 55 66DHHS

 
 

- 

N∆141C∆80* 3 4 5DHHS33 44 55DHHS

 
- 
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N∆296* 

       + 

5 655 66
 

                     + 
 

N∆141C∆124* 
3 4 DHHS33 44 DHHS

 
 
 

- 

 : myc-tag     : HA-tag        
                 :  predicited transmembrane 
      

xx
       domain                                          

 

 

Table 3: Summary of deletion constructs of GABPI. Different deletion constructs generated based on the 

sequence information and the topology prediction of full length GABPI. The N-terminal deletions are marked 

with N∆ and the C-terminal deletions with C∆. For a better imagination the constructs are shown as 

schemata. The functionality of the different proteins were tested in co-expression with β4GalNAcTB by 

immunocytochemistry staining with mAb 259-2A1. * Constucts were generated and tested by Benjamin 

Kraft. Functional positive means that the construct is able to activate β4GalNAcTB as determined by positive 

cell surface staining with anti lacdiNAc. 

 

3.4.2 Transmembrane topology of GABPI 
 
For a better understanding of the structure-function relationship of multi-transmembrane 

proteins the knowledge of the organisation in the lipid bilayer is very important. In the 

previous section, GABPI was predicted as protein that contains six TMDs (Figure 19) with 

cytoplasmic orientated N- and the C-terminus. This model was in accordance with other 

DHHC protein topology models (Linder and Deschenes, 2004; Politis et al., 2005). An 

epitope-insertion approach was used to investigate and confirm the membrane topology of 

GABPI. Indirect immunofluorescence experiments were performed to map the orientation 

of introduced tags. Semi-stably transfected cells were treated either with the detergent 

saponin to permeabilize all cellular membranes (Seeman, 1967) or with digitonin, which is 

only able to perforate the plasma membrane (Katz and Wals, 1985) (2.2.1.5). The usage of 

saponin facilitated the detection of all tags and served as a control for the accessibility of 

the epitopes. With digitonin only cytoplasmically oriented tags were detected. To evaluate 

the membrane topology of GABPI the first immunofluorescence experiments were done 

with semi-stable cell lines transfected with deletion constructs with N-terminal myc- and 

C-terminal HA-tags (Table 3). 
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Figure 20: Orientation of the N-and the C-terminus of GABPI deletion constructs.  HEK293 cells were 

semi-stably transfected with different truncated constructs of GABPI. 1: full lenght; 2: N∆90; 3: N∆117; 4: 

N∆141. All these constructs carry N-terminal myc- and C-terminal HA-tags.  For immunofluorescence 

detection of these tags saponin (A,B) or digitonin (C,D) treated cells were incubated with the mouse anti-myc 

mAb 12CA5 (A,C) or the rat anti-HA mAb 3F10 (B,D). Simultaneously, all cells were stained with rabbit 

anti-giantin polyclonal antibody to visualize the Golgi apparatus. Bound primary antibodies were visualized 

using anti-mouse Cy3, anti-rat Cy3 or anti-rabbit Alexa488 conjugated antibodies, respectively. Cell nuclei 

were stained with HOECHST 33258. 
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The HA-epitopes at the C-terminus of all constructs could be detected after saponin as well 

as after digitonin treatment (Figure 20, 1-4 B, D), by which was shown that the C-terminus 

was oriented towards the cytoplasm. The localization of the N-terminus, detected via the 

myc-tag, changed with different truncation states. Whereas the myc-tag in the full length 

and the N∆90 construct remained detectable with saponin and digitonin, the myc-tag of 

construct N∆117 was exclusively visible in saponin treated cells (Figure 20, 3). According 

to this, deletion of the first transmembrane spanning region resulted in a lumenal 

orientation of the N-terminus in the Golgi-apparatus. By further deletion of the second 

TMD, the myc-tag of the construct N∆141 was detectable again under both saponin and 

digitonin treatment (Figure 20, 4). 

To investigate the orientation of predicted loop regions, GABPI constructs containing 

internal HA-tags inside the loop regions and N-terminal myc-tags were generated (Table 

4). As described before, indirect immunofluorescence was used to detect the tags in semi-

stable HEK293 cells. In addition to membrane orientation, these constructs were tested for 

functionality by cell surface detection of the lacdiNAc epitope (Table 5). 

 

internal HA-tag constructs scheme functionality 
 
HA∆143-145  

 
1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
 

 
+ 

HA∆170-176 1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
 

- 

HA222 1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
 

+ 

HA∆346-353 1 2 3 4 5 6DHHS11 22 33 44 55 66DHHS

 
- 
 

                                                          
 : myc-tag     : HA-tag        

                 :  predicited transmembrane 
      

xx
       domain                                      

 

   

Table 4: Summary of GABPI constructs with internal HA-tags. Different internally HA-tagged 

constructs were generated based on the sequence information and the topology prediction of full length 

GABPI. The tags were inserted into predicted loop regions. For a better imagination the constructs are shown 

as scheme. The functionality of the proteins were tested in co-expression with β4GalNAcTB by 

immunocytochemistry staining with mAb 259-2A1. Functional constructs are marked with +, non functional 

constructs with -. 
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Figure 21: Orientation of myc- and internal HA-tags of different GABPI constructs.  HEK293 cells 

were semi-stably transfected with different constructs of GABPI. 1: HA∆143-145; 2: HA∆170-176; 3: 

HA222; 4: HA∆346-353. All these constructs carry an N-terminal myc-tag. For indirect immunofluorescence 

detection, saponin (A,B) or digitonin (C,D) treated cells were incubated with the mouse anti-myc mAb 

12CA5 (A,C) or the rat anti-HA mAb 3F10 (B,D). Simultanously, all cells were stained with anti-giantin 

polyclonal antibody to visualize the Golgi apparatus. Bound primary antibodies were visualized using anti-

mouse Cy3, anti-rat Cy3 or anti-rabbit Alexa488 conjugated antibodies, respectively. Cell nuclei were stained 

with HOECHST 33258. 
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In this immunofluorescence experiment all N-terminal myc-tags and internal HA-tags of 

GABPI constructs were detected under saponin treatment (Figure 21, A and B). The N-

terminal myc-tag of all constructs was also visible in digitonin treated cells (Figure 21, C). 

The HA-tag of construct HA∆170-176 (Figure 21, 2 D) and HA∆346-353 could not be 

stained after digitonin treatment, indicating that these tags were located on the lumenal side 

of the Golgi membrane. In contrast, the HA-tags of HA∆143-145 (Figure 21, 1 D) and 

HA222 (Figure 21, 3 D) could be detected in digitonin treated cells. In Table 5 the results 

of the immunofluorescence experiments and the functionality assays are summarized. 

 

construct N-terminal 
myc-epitope 

HA-epitope functionality subcellular 
localization 

 
Deletions with C-term. HA  

 
 

  
 

 

full length  
 

cytosolic 
 

cytosolic 
 

+ 
 

Golgi 
N∆90 cytosolic cytosolic + Golgi 
N∆117 lumenal cytosolic + Golgi 
N∆141 cytosolic cytosolic + Golgi 
N∆167*   - cytoplasm 
N∆296*   - cytoplasm 
N∆141C∆80*   - cytoplasm 
N∆141C∆124*   - cytoplasm 
N∆296 + N∆141C∆124*   - cytoplasm 
     
internal HA     

HA∆143-145  cytosolic cytosolic + Golgi 
HA∆170-176 cytosolic lumenal - Golgi 
HA222 cytosolic cytosolic + Golgi 
HA∆346-353 cytosolic lumenal - Golgi 
     

Table 5: Membrane topology of GABPI. Orientation of N-terminal myc and C-terminal or internal HA tags 

in the Golgi membrane. Functionality was tested by cell surface staining with the mAb 259-2A1. * 

Constructs were generated and tested by Benjamin Kraft. Functional constructs are marked with +, non 

functional constructs with -. 

 
These experiments could confirm the predicted transmembrane topology of GABPI with 

six transmembrane regions, the N-and C-terminal ends located to the cytoplasm and three 

lumenal and two cytoplasmic loop regions (see also Figure 23).  
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3.4.3 The loop regions of GABPI 

Functional tests of the internal HA-tag constructs demonstrated that insertions of HA-tags 

between the third and the fourth (loop 3/4) and between the fifth and the sixth (loop 5/6) 

transmembrane domain resulted in proteins that were not able to activate β4GalNAcTB 

(Table 5). In contrast, the insertion of an HA-tag in the DHHS loop region did not affect 

functionality. In a sequence alignment of the loop regions of GABPI with related insect 

DHHC proteins high similarity were shown. In contrast, the human DHHC homolog was 

significantly different, especially in the loop 5/6, which is shorter than the loop of GABPI 

(Figure 22). For detailed functional analyses of the loop regions of GABPI, conserved 

amino acids of the insect proteins, which were different to the human homolog, were 

selected for site-directed mutagenesis (see Table 6, 2.2.2.2). 

 

insect
orthologs

GABPI

human 
DHHC23

loop 3/4 loop 5/6

 

Figure 22 : Sequence alignment of the loop regions 3/4 and 5/6 of GABPI with other DHHC proteins. 

Listed species (top down): Drosophila melanogaster, Tribolium castaneum, Apis mellifera, Aedes aegypti, 

Anopheles gambia, Homo sapiens 

 

All mutants were tested in transient transfected HEK293 cells for their ability to activate 

β4GalNAcTB (2.2.1.4). Localization studies using the N-terminal myc-tag were performed 

to exclude that mutations led to misfolded and because of that unfunctional proteins 

(summarized in Table 6, primary data not shown). 

Although GABPI is clearly a member of the DHHC protein family, an unexpected feature 

of this protein is that the DHHC sequence is represented by a DHHS motif. With respect to 

the fact that the cysteine residue in the DHHC motif is absolutely required for the activity 

of DHHC proteins (Lam et al., 2006; Lobo et al., 2002b; Roth et al., 2002b; Smotrys et al., 

2005; Valdez-Taubas and Pelham, 2005), individual aminoacids of the DHHS motif were 

replaced by cysteine or alanine (see Table 6). This approach was used to investigate, 

whether this motif was as essential as in other DHHC proteins. Immunocytochemical 

staining was used for functional analyses. 
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region mutation function subcellular 
localization

 
loop 3/4 

 
AA 166-179 

  

EFQVPLLELAPEEN  AFQVPLLELAPEEN + Golgi 
 EFQVALLELAPEEN + Golgi 
 EFQVPLLALAPEEN + Golgi 
 EFQVPLLELAAEEN - cytoplasm 
 EFQVPLLELAPAAN - Golgi 
 EFQVPLLELAPQQN - Golgi 
    
DHHS motif AA 193-196   
DHHS DHHC + Golgi 
 DHHA + Golgi 
 DAHS + Golgi 
 DHAS + Golgi 
 AHHS + Golgi 
 AAAA + Golgi 
    
loop 5/6 AA 332-360   
SICHPFMVVRPLGYPVLLNPDDCSEVFEGF SICAPFMVVRPLGYPVLLNPDDCSEVFEGF - Golgi 
 SICHAFMVVRPLGYPVLLNPDDCSEVFEGF + Golgi 
 SICHPFMVVRPLGYAVLLNPDDCSEVFEGF - Golgi 
 SICHPFMVVRPLGYPVLLNADDCSEVFEGF + Golgi 
 SICHPFMVVRPLGYPVLLNPAACSEVFEGF + Golgi 
 SICHPFMVVRPLGYPVLLNPDDASEVFEGF - Golgi 

Table 6: Site-directed mutagenesis constructs of GABPI. Mutated amino acids are shown in bold letters. 

Functionality of the constructs was tested in co-expression with β4GalNAcTB via immunocytochemical 

staining with the mAb 259-2A1. Functional positive means that the construct is able to activate 

β4GalNAcTB as determined by positive cell surface staining with anti lacdiNAc. Subcellular localization 

was investigated by immunofluorescence experiments. 

 
The investigation of site-directed mutated GABPI proteins confirmed, that the lumenal 

regions of GABPI comprise important elements to activate β4GalNAcTB. Furthermore, 

individual amino acids were identified to be essential for the activation process. In 

contrast, mutations of any amino acid of the DHHS motif did not affect functionality, 

indicating that this sequence, unlike in other DHHC family members, has no relevance for 

GABPI function. 

In Figure 23, the evaluated topology model of GABPI based on the Toppred II calculation 

and the immunofluorescence experiments is shown. The sites of deletion and internal HA-

tag constructs are marked with arrows and functional important amino acids (in bold) are 

summarized (Figure 23).  
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Figure 23: Topology and functional amino acids of GABPI. This illustration is build based on the Toppred 

II calculation and indirect immunofluorescence experiments. The sites of deletion and internal HA-tag 

constructs are indicated with arrows. The bold amino acids were determined to be important for activation of 

β4GalNAcTB by GABPI. 

 

3.4 The function of GABPI 

3.4.1 Palmitoyltransferase activity of the DHHC family member GABPI 

The DHHC protein family members that are characterized by now, have been shown to be 

protein acyltransferase (PAT) (Fernandez-Hernando et al., 2006; Fukata et al., 2006; 

Mitchell et al., 2006). As already mentioned, the conserved DHHC motif is essential for 

PAT activity. GABPI contains a DHHS instead of a DHHC motif and site-directed 

mutagenesis experiments demonstrated that this sequence does not affect its effects on 

β4GalNAcTB. We therefore concluded that GABPI does not function as a protein 

acyltransferase. To additionally confirm this hypothesis a β4GalNAcTB mutant was 

generated, in which the cysteine-residue (C29) at the N-terminal end of the predicted 
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transmembrane domain was mutated by site-directed mutagenesis to alanine (C29A). This 

residue was the only cysteine residue that theoretically could serve as a target for 

palmitoylation although it was located in the predicted transmembrane domain rather than 

in the cytoplasmic domain of β4GalNAcTB, where palmitoylation takes place and the 

DHHC domain of GABPI is localized. The activity of the mutant was investigated by 

transfection of HEK293 cells in presence of the full length GABPI, but no change in 

lacdiNAc presentation could be observed. From this experiment and the other observations 

we concluded that GABPI, although a member of the DHHC protein family, has no protein 

acyltransferases activity.  

 

3.4.2 GABPI is required for Golgi targeting of β4GalNAcTB, but not of 

β4GalNAcTA  

In the next experiments the subcellular localization of the GalNAc transferases and GABPI 

was investigated. HEK293 cells were stably transfected with N-terminally Flag-tagged 

GalNAc transferases and N-terminally myc-tagged GABPI. The proteins were detected by 

indirect immunofluorescence in combination with the respective ER and Golgi markers 

calnexin and mannosidase-II. 

 

β4GalNAcTA

β4GalNAcTB

GABPI Mannosidase II

Mannosidase II

Calnexin

merge
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B
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Figure 24: Subcellular localization of β4GalNAcTA, β4GalNAcTB and GABPI. HEK293 cells were 

stably transfected with N-terminally Flag-tagged β4GalNAcTA (A), β4GalNAcTB (B) and N-terminally 

myc-tagged GABPI (C). β4GalNAcTA and GABPI show co-localization with the Golgi maker 



Results                                                                                                                                  74 

mannosidase II (A and C), whereas β4GalNAcTB merges with the ER resident protein Calnexin (B). The cell 

nuclei were stained with HOECHST 33258. 

 

Surprisingly, a defined difference in the subcellular localization was observed. In contrast 

to β4GalNAcTA and GABPI (Figure 24, A and C), which co-localized with the Golgi 

marker, β4GalNAcTB perfectly overlapped with the ER resident protein Calnexin (Figure 

24, B).  

In the next experiment, it was tested whether subcellular localization of β4GalNAcTB was 

effected by the presence of GABPI. Therefore, HEK293 cells that stably expressed 

β4GalNAcTB were transiently transfected with GABPI. The proteins were detected via 

indirect immunofluorescence as described before.  

            

β4GalNAcTB

β4GalNAcTB

β4GalNAcTB GABPI
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Figure 25: Subcellular localization of β4GalNAcTB and GABPI. HEK293 cells were stably transfected 

with N-terminally Flag-tagged β4GalNAcTB and after a few weeks of expression the cells were transiently 

cotransfected with myc-tagged GABPI. The subcellular localization was detected via indirect 

immunofluorescence using anti-Flag antibody M5 and anti-myc antibody 9E10. Two days after transfection, 

β4GalNAcTB in presence of GABPI showed co-localization with the Golgi maker mannosidase II (A and B). 

Additionally a co-localization of the transferases and GABPI could be observed (C). The cell nuclei were 

stained with HOECHST 33258. 
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In presence of GABPI a shift of β4GalNAcTB from the ER to the Golgi apparatus was 

detected (Figure 25, A and B) and co-localization of the transferase with GABPI became 

visible. 

To evaluate the effect of GABPI on β4GalNAcTB in a more natural environment, 

subcellular localization experiments were repeated in Drosophila S2 cells. S2 cells were 

transiently transfected with Flag-tagged β4GalNAcTA and β4GalNAcTB. For 

visualization of the ER and Golgi, already characterized specific organelle resident 

proteins were co-transfected. KDEL-GFP (Okajima et al., 2005) was used as ER marker 

and dGrasp-GFP (Kondylis et al., 2005) as Golgi marker. In the immunofluorescence 

images, β4GalNAcTA and β4GalNAcTB overlapped with the Golgi-resident protein 

dGrasp-GFP (Figure 26, A and C), no co-localization with the ER marker KDEL-GFP was 

visible (Figure 26, B and D). 

 

βGalNAcTA

βGalNAcTA

dGrasp-GFP merge

merge

merge

A

B

C

D

dGrasp-GFPβGalNAcTB

βGalNAcTB mergeKDEL-GFP

KDEL-GFP

 

Figure 26: : Subcellular localization of β4GalNAcTA, β4GalNAcTB in Drosophila S2 cells. S2 

Schneider cells were transiently transfected with N-terminally Flag-tagged β4GalNAcTA (A and B), 

β4GalNAcTB (C and D) and the Golgi maker dGrasp-GFP or the ER marker KDEL-GFP. Both GalNAc 

transferases are co-localized with the Golgi resident protein (A and C). The cell nuclei were stained with 

HOECHST 33258. 
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In a second step, localization of β4GalNAcTA and TB was investigated in cells, in which 

GABPI was downregulated by RNAi. For this, Drosophila S2 cells were incubated with 

dsRNA corresponding to a central region of GABPI (2.2.1.3). Three days after the first 

incubation, the cells were washed and transfected with the different GalNAc transferases 

and organelle markers. After transfection, the cells were washed and RNAi treatment was 

repeated. Two days after transfection the cells were investigated by immunofluorescence 

as described before.  

As shown in Figure 27 C, the RNAi treatment dissected Flag-tagged β4GalNAcTB from 

the signal produced by the Golgi marker. Instead, the signal of β4GalNAcTB overlapped 

with the ER marker KDEL-GFP (Figure 27, D). In contrast, changes in subcellular 

localization of β4GalNAcTA were not observed in dsRNA treated cells (Figure 27, A). 
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Figure 27: Subcellular localization of β4GalNAcTA, β4GalNAcTB in Drosophila S2 cells under 

influence of dsRNA. S2 cells were incubated for three days with dsRNA corresponding to a central region of 

GABPI. Afterwards, cells were transiently transfected with N-terminally Flag-tagged β4GalNAcTA (A and 

B), β4GalNAcTB (C and D) and the Golgi maker dGrasp-GFP or the ER marker KDEL-GFP. After 

transfection, RNAi treatment was repeated and two days later the cells were analyzed by  

immunofluorescence. Whereas β4GalNAcTA stayed co-localised with the Golgi marker (A), β4GalNAcTB 

showed redistribution to the ER (C). The cell nuclei were stained with HOECHST 33258. 
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3.5 Interactions domains of β4GalNAcTB and GABPI 

A detailed look at the sequence alignment of β4GalNAcTA and β4GalNAcTB generated 

with the program MegAlign (Figure 28) demonstrated that the primary sequence of these 

enzymes mainly differ in the first region until the catalytic domain. The stem region of 

GalNAcTB comprises 30 amino acids, whereas the stem of β4GalNAcTA consists of 105 

amino acids. Like other β4GalT family members, both Drosophila β4GalNAcTs have the 

first conserved cysteine residue that marks the start of the catalytic domain (Boeggeman et 

al., 1993). The C-terminal region downstream of this cysteine was mainly conserved.  

 

 

β4GalNAcTB 
β4GalNAcTA 

predicted TMD stem region

catalytic domain

 

Figure 28: Sequence alignment of β4GalNAcTA and –TB. Identical aminoacids are marked with red bars. 
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To investigate the region of interaction between GABPI and β4GalNAcTB, hybrid 

constructs from β4GalNAcTA and β4GalNAcTB were generated. Therefore, the 

transferases were subdivided into three functional parts: the cytoplasmic tail plus the 

transmembrane domain (1), the stem region (2), and the catalytical domain (3) starting 

from the conserved cysteine residue. These parts from both GalNAc transferases were 

combined in different ways. All constructs are listed in Table 7. The hybrid constructs 

were investigated for activity, using immunocytochemical staining as described before 

(2.2.1.4). For this purpose, HEK293 cells were transfected with hybrid constructs in 

presence or absences of GABPI and lacdiNAc epitope presentation on the cells surface was 

detected using mAb 259-2A1. 

 
construct scheme activity 

without GABPI 
activity 
with GABPI 

 
 

β4GalNAcTA   

        (1)           (2)                      (3) 
cytpl.   TMD      stem            catalytic domain 
domain 

 

 

+ 
 
/ 

 
hybrid B-A-A 
 

 

 
+ / 

 
hybrid B-B-A 

 

 
+ / 

 
hybrid A-B-A 

 

 
+ / 

    
 
β4GalNAcTB 

 

 
- + 

 
hybrid A-B-B 

 

 
- + 

 
hybrid A-A-B 

 

 
- - 

 
hybrid B-A-B 

 

 
- - 

 : segments from β4GalNAcTA   
: segments from β4GalNAcTB      

    

Table 7: Different hybrid constructs of β4GalNAcTA and β4GalNAcTB.  The two GalNAc transferases 

from Drosophila melanogaster were divided in three domains: the cytoplasmic tail plus the transmembrane 

domain (1), the stem region (2) and the catalytic domain (3). These domains were combined in different 

ways. For better imagination the constructs are also shown as scheme. The activities of the different proteins 

were tested with and without co-expression of GABPI via immunocytochemical staining with the mAb 259-

2A1. Active constructs are marked with +, inactive constructs with – and not tested with /. 
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All constructs containing the catalytic domain of β4GalNAcTA showed independent 

activity. For chimeras with the catalytic domain of β4GalNAcTB, the lacdiNAc epitope on 

the cell surface was only detectable in presence of the stem region the B enzyme and in co-

expression with GABPI.  

In the next step, subcellular localization studies of the hybrid constructs were performed. 

HEK293 cells were semi-stably transfected with the N-terminally Flag-tagged hybrid B-B-

A alone and with the Flag-tagged hybrids A-B-B and A-B-B in presence or absence of N-

terminally myc-tagged GABPI. The transferases were detected by indirect 

immunofluorescence in combination with the ER and Golgi markers Calnexin and 

mannosidase-II (2.2.1.5). The hybrid B-B-A with the catalytic domain of β4GalNAcTA 

was co-localized with the Golgi resident protein (Figure 29, E). In contrast, the hybrids A-

B-B and A-A-B were co-localized with the ER marker Calnexin (Figure 29, A and C). 

Exclusive hybrid A-B-B was able to shift from the ER to the Golgi in presence of GABPI 

(Figure 29, B). 
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Figure 29: Subcellular localization of hybrid constructs. HEK293 cells were stably transfected with N-

terminally Flag-tagged hybrid A-B-B (A and B) and A-A-B (C and D) in absence and presence (B and D) of 

GABPI. HEK293 cells were stably transfected with N-terminally tagged hybrid constructs and transiently co-

transfected with GABPI. Hybrid B-B-A (E) with the catalytic part of β4GalNAcTA was additionally 

investigated. Subcellular localization was analyzed via indirect immunofluorescence using anti-Flag antibody 

M5. Hybrid A-B-B, containing the stem and the catalytic domain of β4GalNAcTB, merged with the ER 

marker (A), whereas in presence of GABPI showed co-localization with the Golgi maker mannosidase II (B). 

Exchange of the stem region (hybrid A-A-B) led to exclusive co-localization with Calnexin (C and D). 

Hybrid B-B-A merged with mannosidase II. The cell nuclei were stained with HOECHST 33258. 
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These experiments demonstrated that the stem region of β4GalNAcTB played an important 

role in the activation and localization process by GABPI. A further question was, whether 

the distance between the catalytic domain and the membrane would be a second limiting 

factor. Additional hybrids were generated, in which the stem region of β4GalNAcTA, 

introduced in enzyme B, was shortened from the N- or C-terminal side to the exact length 

of the stem region of β4GalNAcTB (Table 8). The construct A-Ashort-A served as control 

to determine whether the shortened stem region of β4GalNAcTA affects activity. Hybrids 

were tested for activity in HEK293 cells as described before (Table 8).  

 
construct scheme activity 

without GABPI 
activity 
with GABPI 

 
A-Ashort-A 

      (1)         (2)                          (3) 

 
+ / 

 
hybrid A-Ashort-B 

 

 
- - 

 
hybrid A-shortA-B 

 

 
- - 

 
hybrid A-AshortB-B 

 

 
- - 

  : segments from β4GalNAcTA   
: segments from β4GalNAcTB      

    

Table 8: Different hybrid constructs of β4GalNAcTA and β4GalNAcTB.  The two GalNAc transferases 

from Drosophila were divided in three domains: the cytoplasmic tail plus the transmembrane domain (1), the 

stem region (2) and the catalytic domain (3). The stem region of β4GalNAcTA was shortened from the N-or 

C-terminal side to the exact length of the stem region of β4GalNAcTB. β4GalNAcTA with a short stem was 

used as positive control. The short stem regions were fused to the catalytic domain of β4GalNAcTB and an 

additional construct, containing the short stem of the A enzyme and the complete stem of the B enzyme, were 

generated. For better imagination the constructs are shown as scheme. The activity of the different proteins 

was tested with and without co-expression of GABPI via immunocytochemical staining with the mAb 259-

2A1. Active constructs are marked with +, inactive constructs with –, and not tested with /. 

 
All generated chimeras containing the catalytic domain of β4GalNAcTB were inactive in 

absence or presence of GABPI. Moreover, the hybrid A-AshortB-B with the elongated stem 

region, which contains the full length stem region of β4GalNAcTB, did not show any 

activity. This indicated that both, the sequence and the length of the stem region together, 

played an important role in interaction process of β4GalNAcTB and GABPI. 
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The generated constructs were additionally investigated for subcellular localization in 

absence of GABPI as described before. All hybrids containing the catalytic domain of 

β4GalNAcTA were Golgi localized, whereas hybrids with the catalytic domain of 

β4GalNAcTB were co-localized with Calnexin. A summary of the generated hybrids, the 

activity and subcellular localization is given in Table 9. 

 
construct scheme activity 

 
activity 
with 
GABPI 

localisation localisation 
with GABPI 

 
β4GalNAcTA  

     (1)               (2)                      (3) 

 

 
+ 

 
/ 

 
Golgi 

 

 
/ 

 
hybrid B-A-A 
 

 

 

 
+ 

 
/ 

 
Golgi 

 

 
/ 

 
hybrid B-B-A 

 

 

 
+ 

 
/ 

 
Golgi 

 

 
/ 

 
hybrid A-B-A 

 

 

 
+ 

 
/ 

 
Golgi 

 

 
/ 

      
 
β4GalNAcTB 

 

 

 
- 

 
+ 

 
ER 

 
Golgi 

 
 
hybrid A-B-B 

 

 

 
- 

 
+ 

 
ER 

 
Golgi 

 
 
hybrid A-A-B 

 

 

 
- 

 
- 

 
ER 

 
ER 

 
hybrid B-A-B 

 

 

 
- 

 
- 

 
ER 

 
ER 

       
 

A-Ashort-A 

 

 

 
+ 

 
/ 

 
Golgi 

 

 
/ 

 
hybrid  
A-Ashort-B 

 

 

 
- 

 
- 

 
ER 

 
/ 

 
hybrid 
A-shortA-B 

 

 

 
- 

 
- 

 
ER 

 
/ 

 
hybrid  
A-AshortB-B 

 

 

 
- 

 
- 

 
ER 

 
/ 

 : segments from βGalNAcTA   
: segments from βGalNAcTB        

      

Table 9: Summary of generated hybrid constructs of β4GalNAcTA and β4GalNAcTB, the activity and 

subcellular localization.  The two GalNAc transferases were divided in three domains: the cytoplasmic tail 
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plus the transmembrane domain (1), the stem region (2) and the catalytic domain (3). These domains were 

combined in different ways. For better imagination the constructs are also shown as scheme. The activity of 

the different proteins was tested with or without co-expression of GABPI via immunocytochemical staining 

with the mAb 259-2A1. Active constructs are marked with +, inactive constructs with –, and not tested with 

/. Localization experiments were performed in semi-stably expressing HEK293 cells with or without transient 

expression of GABPI. 

 

 



Discussion                                                                                                                            84 

4 Discussion 
In this study the β4GalNAc transferases A and B from Drosophila melanogaster were 

characterized. Both enzymes are responsible for the biosynthesis of the lacdiNAc structure, 

but differ in activity. In contrast to the cofactor independent enzyme β4GalNAcTA, we 

demonstrated in different in vitro assay systems that β4GalNAcTB needs a type III 

transmembrane protein for activity. This protein is a member of the DHHC protein gene 

family and during this study referred to as β4GalNAcTB Pilot protein (GABPI). The in 

vivo function of β4GalNAcTA and β4GalNAcTB in lacdiNAc biosynthesis on GSL was 

confirmed by detailed MALDI-TOF-MS analysis of Drosophila mutants and we 

demonstrated that GABPI also directly influences lacdiNAc biosynthesis in Drosophila S2 

cells. Finally, localization studies highlighted the important function of GABPI in 

β4GalNAcTB Golgi localization and investigations of chimeras between β4GalNAcTA 

and TB identified the stem region to mediate the selective interaction.  

4.1 In vivo characterization of β4GalNAcTA and 

β4GalNAcTB 

At the beginning of this study β4GalNAcTA and β4GalNAcTB mutants were already 

generated and the phenotypes were characterized by Nicola Haines and Kenneth Irvine 

(Haines and Irvine, 2005). The mutant larvae and flies of β4GalNAcTA and β4GalNAcTB 

exhibited a mild phenotype compared to the lethal mutants lacking brainiac or egghead 

(Goode et al., 1992; Goode et al., 1996), the enzymes responsible for the synthesis of the 

trisaccharide acceptor structure. β4GalNAcTA mutants showed defects in behaviour and in 

the neuromuscular system (Haines and Irvine, 2005; Haines and Stewart, 2007), whilst a 

small proportion of β4GalNAcTB mutants displayed a defect in epithelial morphogenesis 

(Chen et al., 2007). During this study, further analytical characterizations of these flies 

with HPTLC and MALDI-TOF-MS were performed. The pattern of GSLs of Drosophila 

wild-type flies was largely in accordance with the results of Seppo et al. (Seppo et al., 

2000). Additionally, besides the already described Nz28 GSL species (see Table 1) a 

possible variant structure exhibiting an additional hexose linked to the internal β-GalNAc 

residue was detected and corroborated (Stolz et al., 2007). This branched structure has not 

been described in insects, but theoretically one of the Drosophila β3-galactosyltransferases 

acting on GalNAc residues could transfer a hexose in this position (Wiegandt, 1992). 
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Based on the GSL structures in C. elegans (Griffitts et al., 2005), the hexose could be also 

interpreted as a β6-linked glucose residue. Additional analyses are necessary for the exact 

identification of this sugar and could not be performed during this study. 

The MALDI-TOF-MS analyses of the GalNAc transferase mutants revealed that the GSL 

composition of β4GalNAcTA mutants was not significantly different from wild-type. 

Therefore, the role of β4GalNAcTA in GSL biosynthesis of Drosophila is uncertain. On 

the other hand, as elongated GSLs were still detectable in the β4GalNAcTB mutant, but not 

in the double β4GalNAcTA; β4GalNAcTB mutant, β4GalNAcTA is able to transfer 

GalNAc to GSL and may contribute to the generation of these structures in wild-type flies. 

β4GalNAcTB seems to play the major role in GSL biosynthesis, because mutation of this 

gene resulted in the accumulation of the N3 (GlcNAcβ,3Manβ,4GlcβCer at m/z 1087.9) 

and Nz7 species  

(GlcNAcβ,3Galβ,3GalNAcα,4GalNAcβ,4(PE-6)GlcNAcβ,3Manβ,4GlcβCer at m/z 

1958.0), carrying terminal GlcNAc residues that form acceptor structures for 

β4GalNAcTs. The fact, that the N3 GSL species was the only detected structure in 

β4GalNAcTA; β4GalNAcTB double mutants demonstrated that β4GalNAcTA and 

β4GalNAcTB are the only enzymes involved in transfer of β4-linked GalNAc. The 

exclusive presence of the trisaccharide structure in double mutant flies in combination with 

the mild phenotype showed that this trisaccharide product is already sufficient for 

relatively normal development of Drosophila. The inability to generate the N3 GSL results 

even in lethality (Brainiac).  

In contrast to β4GalNAcTB mutants, the behavioural phenotype and the defect in 

neuromuscular system of β4GalNAcTA mutants without changes in GSL pattern suggest 

that β4GalNAcTA is involved in lacdiNAc biosynthesis of other important 

glycoconjugates, so far not identified. It could also be explained by β4GalNAcTA being 

the dominant enzyme in only a limited number of cells, not contributing measurable to the 

overall GSL pattern. 
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4.2  In vitro activity of β4GalNAcTA and β4GalNAcTB 

The mass spectrometric analyses of Drosophila β4GalNAcTA and β4GalNAcTB mutants 

demonstrated that β4GalNAcTB was the most active enzyme in GSL biosynthesis but that 

both transferases were involved in lacdiNAc formation. In the in vivo characterization, no 

evidence could be obtained for the requirement of β4GalNAcTB for a cofactor. The fact 

that Haines and Irvine could detect very low activity for β4GalNAcTB (Haines and Irvine, 

2005) was contradictory to the observation made by structural analyses of GSLs from the 

mutant flies (Stolz et al., 2007). Due to the complementation cloning strategy of Dr. Hans 

Bakker the multi-transmembane protein GABPI required for activity of the B enzyme 

could be identified. The major role of β4GalNAcTB in lacdiNAc formation compared to 

β4GalNAcTA was reflected by the lower expression of lacdiNAc on the cell surface of 

β4GalNAcTA transfected HEK293 cells than on cells expressing the B enzyme in presence 

of GABPI (see Figure 11). This was probably also the reason why the expression cloning 

strategy resulted in the cloning of β4GalNAcTB and GABPI and not β4GalNAcTA; Dr. 

Hans Bakker selected the clones resulting in most intensely stained cells. In more 

quantitative in vitro assays using Golgi preparation, GlcNAc-pNP as acceptor and UDP-

[3H]GalNAc as substrate, the approximate 4-fold higher activity of β4GalNAcTB with 

GABPI in comparison to β4GalNAcTA was confirmed (Figure 14). Moreover, it was 

shown that the activation effect of GABPI was only restricted to β4GalNAcTB, because 

activity of β4GalNAcTA did not increase in co-expression with GABPI (see Figure 14). If 

this lower activity is an intrinsic property of the enzymes of reflecting different expression 

level of the single enzymes was not further investigated.  

4.2.1 Substrate specificity 

Analysis of lacdiNAc containing glycoconjugates in GalNAc transferases expressing 

HEK293 cells confirmed the glycolipid specificity of these enzymes (see chapter 3.2.2). 

This findings corresponds with the observation that the lacdiNAc epitope in Drosophila 

melanogaster was exclusively found on glycolipids and not on glycoproteins (North et al., 

2006). On the other hand, the fact that several insect species have lacdiNAc containing N-

glycans (Kubelka et al., 1993; Park et al., 1999) and that enzymes, which are able to act on 

glycoproteins acceptors, have been identified (Vadaie and Jarvis, 2004; van Die et al., 

1996) point towards the possibility that Drosophila also process lacdiNAc containing 

glycoproteins. Additionally, Sasaki et al. reported the activity of β4GalNAcTA on N- and 
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O-glycans (Sasaki et al., 2007b), but, with critical respect to this publication, it remains 

unclear if β4GalNAcTA is able to synthesize lacdiNAc on glycoproteins in vivo. The 

characterization of a Drosophila sialyltransferase that exhibits transferase activity on 

lacdiNAc at the nonreducing end of oligosaccharides and glycoproteins, but not on 

glycoplipids (Koles et al., 2004), suggested the presence of β4-linked GalNAc residues on 

glycoproteins. The very recent publication about sialylated N-glycan structures in 

Drosophila, however, reported the occurence of sialic acid on lacNAc (Galβ1,4GlcNAc) of 

N-glycans (Koles et al., 2007). It remains unclear, whether one of the GalNAcTs is also 

involved in the generation of the galactose serving as sialyltransferase acceptor. This 

question might be resolved by evaluating the presence of sialic acid in the GalNAcT 

mutant flies. 

4.2.2 The activation of β4GalNAcTB by GABPI 

With an RNAi approach in Drosophila Schneider cells the dependency of β4GalNAcTB on 

GABPI was confirmed in vivo. The depletion of this protein resulted in a sharp change in 

glycolipid pattern, comparable to the change in β4GalNAcTB down regulated cells (see 

chapter 3.3) and demonstrated the direct influence of GABPI on the lacdiNAc containing 

glycolipid biosynthesis. During the establishment of the in vitro assay with ER and Golgi 

vesicles a detergent sensitivity for β4GalNAcTB in presence of GABPI could be observed. 

Under usage of saponin, which is rather forming pores in the membrane than disrupting it 

(Schulz, 1990), a prominent activity was detectable, whereas in the presence of Triton X-

100 the transfer ability of β4GalNAcTB was completely abolished (see chapter 3.2.3, 

Figure 13). Because of this observation we suggest that the maintenance of membrane 

integrity is essential for activation of β4GalNAcTB by GABPI and moreover that the 

physical contact of these proteins is needed for the transfer reaction. 

Most glycosyltransferase can be produced as active soluble secreted enzymes if the 

transmembrane domain is replaced by a cleaved secretion signal (Haines and Irvine, 2005), 

but GABPI was not able to activate a soluble secreted form of β4GalNAcTB neither in 

Drosophila S2 cells, nor in GABPI transfected HEK293 cells (data not shown). 

Furthermore it was shown in this study, that single expression of both proteins and 

subsequent fusion of the microsome fractions of these cells did not result in measurable 

enzymatic activity (see chapter 3.2.3, Figure 14). The formation of the complex between 

β4GalNAcTB and GABPI seems to start co-translationally in the ER requesting 
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synchronous presence of the nascent proteins and anchoring of β4GalNAcTB in the 

membrane. 

Several glycosyltransferases acting in glycolipid biosynthetic pathways exhibit very low 

activity (de Vries et al., 1995; Togayachi et al., 2001) or no activity (Amado et al., 1998; 

Schwientek et al., 2002b; Steffensen et al., 2000) as truncated soluble recombinant 

proteins. One example is the Drosophila β3GlcNAc transferase brainiac, which can not be 

expressed as an active soluble secreted protein (Schwientek et al., 2002b). Comparable to 

β4GalNAcTB, the detergent solubilization of microsome fractions is also a critical 

parameter for brainiac activity. It seems that the anchorage of the enzymes in the 

membrane represents an important factor in glycolipid synthesis. Not much is known about 

the lipid recognition by glycosyltransferases and factors involved in this process. In 

analogy to lysosomal glycosphingolipid degradation, where the sphingolipid activator 

protein is required to present the glycolipid substrates to the glycosidases (Kolter and 

Sandhoff, 2005), it has been suggested that membrane bound activator proteins are 

required for presentation of glycolipid acceptors to modifying glycosyltransferases 

(Ramakrishnan et al., 2002). With respect to the glycosphingolipid biosynthesis pathway, 

GABPI seems to accomplish the role of a membrane bound activator protein for 

β4GalNAcTB and discloses so far unknown aspects of the complex glycolipid biosynthetic 

machinery. 

4.2.3 The possibility of multi-enzyme complexes 

The physical interaction between β4GalNAcTB and GABPI could be demonstrated by co-

immunoprecipitation experiments (see chapter 3.2.4, Figure 15), supporting the specific 

relationship between GABPI and the glycosyltransferase. Homo- and heterodimerization 

are common themes in the organization of glycosylation events (van Meer, 2001). The 

association between the UDP-Galactose transporter and the UDP-Galactose:ceramide 

galactosyltransferase (Sprong et al., 2003) already describes the interaction between a 

multi-transmembrane protein and a glycosyltransferase and encourages the hypothesis 

about the function of GABPI as a part of a multi-enzyme complex in glycolipid 

biosynthesis. Other multi-enzyme complexes involved in heparan synthesis that assemble 

in the ER and exert their function in the Golgi apparatus (McCormick et al., 2000; Pinhal 

et al., 2001) have been described. For the ganglioside biosynthesis in the distal Golgi it has 

been shown that the sequentially acting UDP-GalNAc:lactosylceramide/GM3/GD3-

β4GalNAc transferase and the UDP-Gal: GA2/GM2/GD2-β3Gal transferase were 
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associated (Giraudo et al., 2001). Further experiments demonstrated the physical contact 

between transferases GalT1, SialT1 and SialT2 and suggested the organization of 

ganglioside synthesis in distinct units (Giraudo and Maccioni, 2003b). Referring to these 

observations and the confirmed complex formation between β4GalNAcTB and GABPI, 

these proteins may also form a multi-enzyme platform in GSL biosynthesis of Drosophila 

melanogaster. To verify and complete this hypothesis, further experiments were started in 

this study (data not shown). Therefore, egghead and brainiac were cloned from a 

Drosophila cDNA library. Both enzymes were clearly Golgi localized in HEK293 cells. 

Because Schwientek et al. reported that brainiac could not be expressed as an active 

soluble secreted protein (Schwientek et al., 2002b), we suggested that GABPI could also 

be involved in activation of brainiac. The influence of GABPI on brainiac activity was 

investigated, but no increase of activity was observed (single experiment, data not shown). 

Furthermore, the fact that the product of brainiac was still present in GABPI 

downregulated S2 cells, contradicts a function of GABPI for brainiac activation. 

Nevertheless, more glycosyltransferases could be associated with GABPI, without being 

dependent on it for activity. 

β4GalT-1, a mammalian homolog of the Drosophila GalNAc transferases, acting on 

terminal GlcNAc residues, forms a heterodimer with α-lactalbumin, thereby presenting the 

acceptor glucose to the enzyme to allow it to synthesize lactose (Ramakrishnan et al., 

2001). The functional complex of β4GalT-1 with α-lactalbumine has been crystallized and 

investigated in detail and exhibit an example of a co-factor protein:glycosyltransferase 

interaction (Ramakrishnan and Qasba, 2001). We suggest that the interaction with α-

lactalbumine can reflect in part the physical contact between β4GalNAcTB and GABPI. 

β4GalNAcTB, however, is completely inactive without GABPI, and α-lactalbumine and 

GABPI are unrelated proteins, but seen from an evolutionary point of view, members of 

this gene family have a history of interacting with other proteins to perform specific 

reactions. As described in the introduction, other mammalian members of this family are 

reacting different with glycolipids and glycoproteins. Proteins like GABPI, might be 

responsible for this change in specificity. 

4.3 Characteristics of GABPI 

During this study it was possible to determine the topology of GABPI as protein with six 

TMDs. Politis et al. already described the transmembrane topology of Akr1, a yeast DHHC 

protein family member. In this study the insertion of a 46- or 511-residue-long invertase 
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segment was used, which includes three NX(S/T) sites for glycosylation (Politis et al., 

2005). The glycosylation event was easily detected by Western blot analysis, but with 

respect to the glyco-modifications that are known to change physical properties of proteins 

and compete with folding in the ER (Holst et al., 1996; Ruddock and Molinari, 2006), this 

approach bear the high risk that topogenic organisation might have changed. Therefore, in 

this study, deletion constructs with N- and C-terminal tags and constructs with very short 

inserted or replaced HA-tags were generated and investigated by indirect 

immunofluorescence (see chapter 3.4.1 and 3.4.2). With this approach the influence on the 

protein was relatively small and the monitored functional activity of the protein reflected 

correct molecular organization. 

The analysis of deletion constructs revealed that the first and the second TMD were not 

necessary for GABPI to activate β4GalNAcTB. In the literature, DHHC proteins with four 

TMDs were already described. For example the proteins Erf2, SW1, Ydr459c, Ynl326c 

and Yol003c of Saccharomyces cerevisiae and the protein GODZ from Rattus norvegicus 

were predicted to contain only four TMDs (Politis et al., 2005), and this is the minimal 

number of TMDs found in all DHHC proteins. The fact that TMD 3-6 are essential for 

functionality of GABPI was not surprising, but rises the question which function TMD 1 

and 2 possess. In Western blot analysis of full length GABPI, no evidence of 

posttranslational cleavage was found, but in analyses of different deletion constructs, 

destinct expression levels were detected (data not shown). Additionally, the first clone of 

GABPI, which was cloned via expression cloning by Dr. Hans Bakker, was already a 

deletion construct, missing the first TMD. Interestingly the deletion of the TMD 1 resulted 

in the highest expression level that could be observed in Western blot analysis. The 

expression level of GABPI might depend on the number of TMDs. Therefore, 

posttranscriptional cleavage could regulate the number of GABPI proteins and indirectly 

control the activity of β4GalNAcTB. 

4.3.1 The loop regions of GABPI 

In the topology study of the DHHC protein member Akr1 from Saccharomyces cerevisiae, 

it was shown that insertion of glycosylation sites in regions mapped to cytoplasmic 

domains disrupted protein acyl transferase (PAT) activity (Politis et al., 2005), whereas the 

luminal insertion mutants were fully functional. It was suggested that the cytoplasmic 

domains play a more critical role in Akr1 function than the luminal domains. With respect 

to the palmitoylation transfer event, occurring at the cytoplasmic site, this observation 
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could be explained. In contrast, the insertion or the replacements of HA-tags in the luminal 

orientated loops of GABPI caused lost of functionality (see chapter 3.4.3 Fig. 18), whereas 

the insertion in the cytoplasmic DHHS loop region did not change the activation of 

β4GalNAcTB. This result indicated that GABPI fulfills another function than 

palmitoylation (see chapter 3.4.1). The fact that GABPI carries a DHHS motif instead of a 

DHHC sequence in this highly conserved region, which is essential for PAT activity, 

verified this assumption. Even the complete mutation of this sequence into the aminoacids 

AAAA (see chapter 3.4.3 Table 6) did not influence the function of GABPI. By point 

mutation experiments of amino acids in the loop regions between the third, and fourth and 

the fifth, and sixth TMD, single residues were identified to be important for the activation 

process (see chapter 3.4.3 Table 6). In conclusion, the luminal orientated loops of GABPI 

are essential for activation of β4GalNAcTB and the interaction between these proteins 

might occur inside the organelle and seems to depend on specific residues.  

4.4 Role of GABPI in subcellular localization 

The function of GABPI became clearer after the subcellular localization experiments of 

β4GalNAcTA, β4GalNAcTB and GABPI. β4GalNAcTA and GABPI exhibited an 

expected Golgi localization. With the knowledge about the Golgi localization of egghead 

and brainiac, we anticipated that the acceptor structure for the β4GalNAc transferases is 

present in the Golgi and apparently the glycosyltransferases should act there. Surprisingly, 

β4GalNAcTB expressed as a single protein showed an explicit co-localization with 

Calnexin, a well known ER marker (see chapter 3.4.2 Figure 24), but in presence of 

GABPI switched localization to the Golgi apparatus (see chapter 3.4.2 Figure 25). The 

same was observed in Drosophila S2 cells. Under endogenously expression of GABPI, 

β4GalNAcTB was located in the Golgi, but depletion of GABPI with dsRNA caused 

redistribution of this transferase to the ER (see chapter 3.4.2; Figure 26 and 27). Different 

signals that direct protein ER export and Golgi localization have been analyzed and 

described for different proteins. Specific signals in the cytoplasmic sequences or in the 

transmembrane domain of transmembrane proteins have been found to enhance or to be 

required for their ER export (Colley, 1997). Giraudo and Maccioni identified the sequence, 

rich in Arg and Lys residues, ([RK](X)[RK]), which is found in the cytoplasmic tail of 

different glycosyltransferases, as important for Golgi localization (Giraudo and Maccioni, 

2003a). The sequence of the cytoplasmic tails of β4GalNAcTA and β4GalNAcTB contain 

both a potential ER export/Golgi localization signal. In β4GalNAcTA the sequence is 
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MYLFTKANLIRF“ and in β4GalNAcTB „MFVRLWVRSFHK“. Because β4GalNAcTA 

was already targeted to the Golgi, the question remained whether the amino acids in the 

cytoplasmic tail of β4GalNAcTB really act as an ER export signal. The hybrid construct of 

the N-terminal part of β4GalNAcTB including the stem region and the catalytic domain of 

β4GalNAcTA were directly located in the Golgi apparatus (see chapter 3.5, Table 9). This 

indicated the presence of a functional ER export signal in the tail of β4GalNAcTB. Finally, 

Golgi localization of a fusion construct from the N-terminal part of β4GalNAcTB and the 

catalytic domain of the non homologue core 3 fucosyltransferase from Arabidopsis 

thaliana confirmed this signal function (data not shown). 

If β4GalNAcTB has a functional Golgi localization signal, why does it remain in the ER?  

In general, the maturation of secretory proteins starts in the ER. There, a special system 

exists to proof the folding state of a protein, which is also called “quality control” 

(Helenius, 2001). Ari Helenius wrote in his review: “As a rule, only proteins that have 

reached a native, folded and assembled structure are transported to their target organelles 

and compartments within the cell.” (Helenius, 2001). With respect to the quality control 

system of the ER, the localization of β4GalNAcTB despite having a functional Golgi 

localization signal indicates that β4GalNAcTB remains in the ER, because of uncompleted 

maturation. Correct folding is not accomplished by the resident protein folding machinery 

and chaperones. The necessity of client specific chaperones is already demonstrated by the 

description of Cosmc, a protein required for activity of the mammalian core 1 β3-

galactosyltransferase (Ju and Cummings, 2002). Cosmc (core 1 β3Gal-T-specific 

molecular chaperon) is essential for folding and transport to the destination in the Golgi of 

its single client the core 1 β3GalT, which is involved in generation of the core 1 O-glycan 

(T-antigen). Another example is the O-fucosyltransferase1 (OFUT1), which promotes 

Notch receptor folding (Okajima et al., 2005). The depletion of OFUT1 leads to a 

accumulation of the Notch protein in the ER and inhibits transport to the cell surface 

(Okajima et al., 2005). 

The importance of GABPI for the Golgi localization of β4GalNAcTB suggests that this 

DHHC protein family member is also a client specific chaperone and might function in 

glycosyltransferase maturation. It is not known, if GABPI modifies or really folds the 

transferases in the ER, but without its help β4GalNAcTB is not able to be targeted to the 

Golgi apparatus. Importantly, GABPI seems to move with β4GalNAcTB to the Golgi, 

which is not the property of a classical chaperone. The function of GABPI, therefore, 
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seems to go beyond that of a client specific chaperone. Indicative for that are the facts that 

GABPI can immunoprecipitate β4GalNAcTB and that the activity of β4GalNAcTB not 

only depends on membrane integrity, but also on the presence of GABPI in the same 

organelle. The exact role of GABPI after reaching the Golgi, however, remains unclear and 

requires further investigations. 

4.5  The stem region of β4GalNAcTB 

The hybrid construct between β4GalNAcTA and β4GalNAcTB demonstrated that the stem 

region of β4GalNAcTB was essential for activation by GABPI (see chapter 3.5). If this 

defined region was exchanged with the stem of β4GalNAcTA, the mutant was not active 

any more and remained in the ER. Additionally, it was demonstrated, that the distance 

between the membrane and the catalytic domain seemed to influence the protein-protein 

interaction, because it was not possible to elongate the stem region of β4GalNAcTB and 

get a GABPI dependent, active, Golgi localized enzyme. 

The stem region of glycosyltransferases seems to be involved in Golgi retention by 

function in protein-protein interaction to form hetero- or homodimers (Colley, 1997). For 

example, Sasai et al. 2001 found that the stem region of GnT-V was responsible for the 

Golgi localization, forming disulfide linkage-mediated oligomers, but was not associated 

with enzymatic activity (Sasai et al., 2001). 

In a very recent study, a dataset of experimentally characterized human Golgi 

glycosyltransferases with type II membrane topology was created and these transferases 

were classified into five functional categories. In a comparison of structural and sequential 

motifs it appeared that the stem region of glycosyltransferases involved in the biosynthesis 

of glycolipids and blood group antigens have a shorter stem region compared to those 

glycosyltransferases, which participate in the biosynthesis of N- and O-linked glycans and 

glycosaminoglycans (Patel and Balaji, 2007). In coherence with the different lengths in the 

stem region of β4GalNAcTA (long stem) and the β4GalNAcTB (short stem) this supports 

the predict function of β4GalNAcTA in glycoprotein biosynthesis (see also chapter 4.2.1). 

Although the stem region is, for most glycosyltransferases, not required for activity, it 

seems to be important for folding and stabilizing of glycosyltransferases (personal 

communication of Pradman Qasba). For example the stem region of sialyltransferases is 

required for the stable expression of an active enzyme (Masibay et al., 1993). In further in 

vitro studies on β4GalTs it was clearly shown that the stem region enhances the folding 

efficiency of the catalytic domain of these enzymes (Boeggeman et al., 2003). Clearly, the 
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stem region is not the only domain important for GABPI interaction. β4GalNAcTA 

remains independent of GABPI and Golgi localized if its catalytic domain was fused to the 

cytoplasmic, TMD, and stem of β4GalNAcTB. Also the catalytic domain of β4GalNAcTB 

must contain essential elements for this interaction. 

 

4.7 Outlook  

4.7.1 The three-dimensional structure of β4GalNAcTA and 

β4GalNAcTB 

From the current experiments it can be concluded that the catalytic domain of 

β4GalNAcTA and β4GalNAcTB contains essential elements determining the dependency 

on GABPI. The primary amino acid sequence provides regions that are highly or less 

conserved, but a three dimensional structure model will help to identify possible 

interaction domains with GABPI. 

Many glycosyltransferases are already crystallized and structures are resolved (for review 

see (Breton et al., 2006)). Glycosyltransferases from the  β4GalT family show a 

characteristic GT-A fold (Chiu et al., 2004; Hu et al., 2003; Pedersen et al., 2003). To gain 

more information about the GABPI dependency of β4GalNAcTB in comparison to 

β4GalNAcTA, the three-dimensional structure of these proteins were predicted. 

The program PHYRE (Protein Homology/analogY Recognition Engine) was used to 

calculate the three-dimensional structure for the catalytic domain of β4GalNAcTA and 

β4GalNAcTB (Bennett-Lovsey et al., 2007; Kelley et al., 2000). The folds were predicted 

based on the known structure of the homologous bovine β4GalT (Figure 30).  

The three-dimensional structure alignment of β4GalNAcTA and β4GalNAcTB indicated 

that both enzymes are structural similar. In the N-terminal region of the catalytic domain 

the primary structure shows differences (see chapter 3.5) and this is reflected also in the 

3D-structure prediction, where this part of the catalytic domain exposes a striking loop 

region (Figure 30, A). A closer look at the amino acids in this domain demonstrates that 

β4GalNAcTA (Figure 30, B) exhibits more neutral amino acids, whereas β4GalNAcTB 

carries amino acids with big, aromatic residues (Figure 30, C). Furthermore, this region 

interacts with the extreme C-terminus of the glycosyltransferases. The three-dimensional 

structure prediction is going to form a platform for further analyses of the interaction 
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between β4GalNAcTB and GABPI and will be used to design further hybrid enzymes and 

mutants to identify the elements in β4GalNAcTB that determine GABPI dependency. 
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Figure 30: Prediction of the three-dimensional structure of β4GalNAcTA and β4GalNAcTB. (A) The 

3D- structures of β4GalNAcTA and β4GalNAcTB were generated by the program phyre 

(http://www.sbg.bio.ic.ac.uk/3dpssm) and visualized with pyMOL (http://pymol.sourceforge.net). The 

β4GalNAcTA is shown in red and the β4GalNAcTB in blue. (B) 3D-structure of β4GalNAcTA with exposed 

single amino acids of the N-terminal region. (C) 3D-structure of β4GalNAcTB with exposed single amino 

acids of the N-terminal region. 
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4.7.2 The function of GABPI- a working hypothesis 

Several experiments have shown that GABPI is required in several steps in the maturation 

and activity of β4GalNAcTB. These processes are summarized in the current working 

model shown in Figure 31. GABPI is required for correct folding of β4GalNAcTB in the 

ER, remains associated with the enzyme and forms the active complex of the enzyme in 

the Golgi, possibly required to present the glycolipid acceptor structure to the enzyme and 

to keep the enzyme in an active state. 
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Golgi lumen

cytoplasm
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A B

C

ED

 

Figure 31: Scheme of interaction of GABPI with β4GalNAcTB. Illustration of interaction and function of 

GABPI in lacdiNAc biosynthesis. (A) β4GalNAcTB and GABPI interact in the ER (B) GABPI causes 

maturation of β4GalNAcTB (C) and transport to the Golgi. (D) The active complex of GABPI and 

β4GalNAcTB reachs the lipid acceptor (E) GABPI presents the trisaccharide acceptor to β4GalNAcTB, 

which is able to synthesis the lacdiNAc epitope. 

 
This type of interactions can display a general model for especially enzymes involved in 

glycolipid biosynthesis. Exactly the same enzyme as β4GalNAcTB is not present in 

mammals, but a direct homologue of the Drosophila DHHC protein member exists. This 

protein was already investigated, but no palmitoylation activity on specific acceptor 

proteins could be observed (Dietrich and Ungermann, 2004; Mitchell et al., 2006). It 

remains possible that this DHHC protein member influences glycosyltransferases, in 

particular one of the six homologs of β4GalNAcTA and TB, in mammals. With respect to 

congenital disorders of glycosylation (CDGs), diseases caused by genetic defects in 
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glycosyltransferases, or by mutations of their essential co-factor Cosmc (Schietinger et al., 

2006; Ju and Cummings, 2002; Ju and Cummings, 2005) have been described. 

Furthermore, there are several CDGs caused by disordered glycosyltransferases, but no 

direct mutation could be demonstrated (Freeze, 2006; Kanagawa et al., 2004; Nguyen et 

al., 2002). The identification of co-factors in glycosylation like GABPI can therefore 

uncover so far unknown aspects, leading to a better understanding of the complex 

glycosylation machinery. 
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6 Abbrevations 
AA amino acid 
AP  alkaline phosphatase 
ATT                      6-Aza-2-thiothymin 
ATP  adenosine-5’-Triphosphat 
Az acidic glycosphingolipids with one PE residue based on the 

nomenclatur of Wiegandt 
BCA  bichionic acid 
BSA  bovine serum albumine 
BLAST basic local alignment search tool 
β4GalNAcT UDP-GalNAc:GlcNAcβ-R β1,4 N-

acetylgalactosaminyltransferase 
β4GalT UDP-GalNAc:GlcNAcβ-R β1,4 galactosyltransferase 
CDG  congenital disorders of glycosylation 
cDNA  complementary desoxyribonucleic Acid 
C.elegans Caenorhabditis elegans 
Cer ceramide 
CHO  chinese hamster ovary 
COP coat protein 
CRD cystein-rich domain 
DHB 2,5-Dihydroxybenzoic acid 
DHHC Asp-His-His-Cys 
DHHS Asp-His-His-Ser 
dsRNA double-stranded RNA 
D.melanogaster Drosophila melanogaster 
EDTA ethylenediaminetetraacetic acid 
ER endoplasmatic reticulum 
ERAD ER-associated degradation 
ERGIC ER-Golgi intermediated compartment 
FCS  Fetal Calf Serum 
Flag amino acid sequence: DYKDDDDK 
GABPI β4GalNAcTB pilot protein 
Gal D-galactose 
GalNAc 2-Acetamido-2-deoxy-D-galactose (N-acetylgalactosamine) 
GalT galactosyltransferase 
GFP green fluorescence protein 
Glc D-glucose 
GlcA  glucuronic acid 
GlcNAc 2-acetamido-2-deoxy-D-glucose (N-acetylglucosamine) 
GlcNAc-pNP 4-nitrophenyl N-acetyl-α-D-glucosaminide 
GRP glucose-regulated protein 
GSL glycosphingolipid 
HA amino acid sequence: YPYDVPDYA 
HEK human embryonic kidney 
HPTLC high-performance thin-layer chromatography 
Hsp heat shock protein 
KDEL Lys-Asp-Glut-Leu 
lacdiNAc N,N´-diacetyllactosediamine (GalNAcβ4,GlcNAc) 
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lacNAc N´-acetyllactosediamine (Galβ4,GlcNAc) 
mAB monoclonal anctibody 
MALDI-TOF matrix assisted laser desorption ionization-time of flight 
Man D-mannose 
MS mass spectroscopy 
Myc amino acid sequence: EQKLISEEDL 
NP-40 nonylphenyl-polyethylene glycol 
Nz zwitterionic glycosphingolipids with one PE residue based on 

the nomenclatur of Wiegandt 
OST oligosaccharyltransferase 
PAT palmitate acyl transferase 
PAGE polyacrylamide gelelectrophoresis 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PE phosphoethanolamine 
RNAi RNA interference 
RP  reverse-phase 
RT  room temperature 
SDS sodium dodecylsulfate 
SiaT sialyltransferaseS 
TMD trans membrane domain 
TMHMM prediction of transmembrane helices based on a hidden 

markov model 
Tris  trishydroxymethylaminomethane 
UDP uridine diphosphate 
v/v volume/volume 
w/v weight/volume 
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