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1. INTRODUCTION 
 

1.1 Glycosylation * 
 

1.1.1 General overview 

Glycosylation as a posttranslational (post synthetic) modification of proteins and of lipids 

plays important roles in various biological processes like cell-cell adhesion and signaling, 

development, pathogen – host interactions, toxin – cell interactions, oncogenesis and metastasis. 

It is a complex process starting with production and activation of specific monosaccharides, 

which are subsequently used in the generation and elongation of oligo or polysaccharides chains, 

ending with modification and degradation of the glycans and recycling of the monosaccharides. 

Due to the compartmentalization in eukaryotes, many cellular components have to be transported 

over membranes separating the cytoplasm from the environment and intracellular organelles. The 

post translational modification of proteins and the biosynthesis of glycolipids take place in the 

lumen of the endoplasmic reticulum (ER) and Golgi apparatus and require activated substrates. 

The most notable post translational modification in the secretory pathway is glycosylation. Most 

of the enzymes involved in this process require nucleotide sugars as substrates, but also ATP and 

phosphoadenosine-5'phosphosulfate (PAPS) are used within the lumen of the ER and Golgi by 

kinases and sulfotransferases respectively. All these energy rich substrates are synthesized in the 

cytoplasm or, in the case of CMP-sialic acid, even in the nucleus and are actively imported into 

the lumen by selective transporters. Glycosylation can thus by divided into three distinctive 

parts, biosynthesis of nucleotide sugars, transport of these nucleotide sugars over the ER and 

Golgi membrane and the glycosylation reaction in the ER and Golgi by specific 

glycosyltransferases.  

 * -In this part materials from the following references are used: 

Essentials of Glycobiology. 1st ed. Varki, Ajit; Cummings, Richard; Esko, Jeffrey; Freeze, Hudson; Hart, Gerald; 

Marth, Jamey, editors. Plainview (NY): Cold Spring Harbor Laboratory Press; c1999. 

Molecular Biology of the Cell. 4th ed. Alberts, Bruce; Johnson, Alexander; Lewis, Julian; Raff, Martin; Roberts, 

Keith; Walter, Peter. New York: Garland Publishing; c2002. 

Molecular Cell Biology. 4th ed. Lodish, Harvey; Berk, Arnold; Zipursky, S. Lawrence; Matsudaira, Paul; 

Baltimore, David; Darnell, James E.New York: W. H. Freeman & Co.; c2000. 
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1.1.2 Diversity of glycosylation. Glycoproteins, glycolipids and proteoglycans 

Glycosylation is a very complex process in which proteins and lipids are modified by 

addition and elongation of carbohydrates. By a precise regulation of the glycosylation 

machinery, enormous numbers of different glycoconjugates can be synthesized. In contrast to 

DNA and proteins, the diversity of glycans is not only determined by the primary sequence but 

also by the position and orientation of linkages between monosaccharide residues. Despite the 

big variety, glycosylation can be divided in a limited number of types. Proteins undergo two 

major types of glycosylation, which, based on linkage between the protein and glycan part, are 

N-linked and O-linked. Based of the ratio protein-carbohydrate, the glycoconjugates are separate 

in glycoproteins (the major part is the protein) and proteoglycans (carbohydrates are the biggest 

part). 

 

1.1.2.1 N-glycosylation 

N-linked glycosylation in eukaryotes is an extremely conserved co-translational 

modification in which the sugar part 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. N-linked glycosylation starts with formation of a lipid bound oligosaccharide precursor 

(figure 1) followed by transfer to the nascent protein. The dolichol oligosaccharide precursor 

consists of dolichol (Dol) lipid bearing a pyrophosphate linkage to an oligosaccharide composed 

of 14 specific monosaccharides. The first step is transfer by GlcNAc-1-phosphotransferase of an 

N-acetyl-glucosamine (GlcNAc) to the Dol-P lipid, followed by addition of second GlcNAc. 

Next, five mannose (Man) residues are added sequentially using GDP-Man as donor. These steps 

occur at the cytoplasmic side of the ER membrane and therefore nucleotide sugar transporters 

(NSTs) for UDP-GlcNAc and GDP-Man are not required. The precursor Man5GlcNAc2-P-P-Dol 

“flips” to the luminal side of the ER in which process a “flipase” is involved. Subsequently, four 

mannoses and three glucoses are added utilizing Dol-P-Man and Dol-P-Glc as a sugar donor, and 

therefore transporters for GDP-Man and UDP-Glc are not required for these reactions. The 

Glc3Man9GlcNAc2- precursor is transferred onto the nascent protein by oligosaccharyltransferase 

(OST), which is a huge protein complex composed of at least nine nonidentical subunits. The 

following steps of removing and re addition of Glc play a key role in regulating glycoprotein 
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folding. Removal of the first two outer glucoses occurs rapidly. The remaining terminal glucose 

residue plays an important role in recognition by the calnexin / calreticulin chaperone system 

involved in protein folding in the ER. After deglucosylation, properly folded proteins are 

transported further in the secretory pathway whereas incorrectly folded proteins are re-

glucosylated by α-glucosyltransferase, the first enzyme in the pathway using a luminal UDP-

sugar, and interact again with the calnexin / calreticulin chaperons. Retained proteins are either 

refolded into a proper conformation, or they are deglycosylated and degraded.  

 
 

The glycoproteins with Man9GlcNAc2 are processed in the ER to a Man8GlcNAc2 which is 

transported to the cis Golgi. From this point on, the pathway starts to diverse in different species. 

In yeast, mannoses are added again by specific mannosyltransferases, using GDP-Man as 

substrate, to form the characteristic high mannose N-glycans. In most other eukaryotes, including 

vertebrates, proteins are further trimmed to Man5GlcNAc2 by α-mannosidase I. After this, the 

transfer of GlcNAc from UDP-GlcNAc by GlcNAcT I initiates the formation of the so called 

complex N-linked glycans. Removal of another two mannoses by α-mannosidase II completes 

this process after which the enormous variety of N-glycans can be build up by many different 

glycosyltransferases. Up to five GlcNAc residues can be linked to the three core mannose 

residues. These are typically capped with galactose, sialic acid and fucose residues in different 

Figure 1: Biosynthesis of the dol-P 

oligosaccharide precursor of N-linked 

oligosaccharides. Two GlcNAc and five mannose 

residues are added one at a time to a dol-P precurser 

on the cytoplasmic face of the ER membrane. Next,

the dol-P oligosaccharide is flipped to the luminal 

face where the remaining four mannose and all three 

glucose residues are added to complete the

Glc3Man9GlcNAc2 precursor, which is transferred 

to proteins (Hirschberg and Snider, 1987;Abeijon 

and Hirschberg, 1992) 
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linkages, but can also contain more atypical structures, that often have a limited distribution, like 

sulfated GlcA (the HNK-1 epitope) or polysialic acid, which is exclusively found on the neural 

cell adhesion molecule (NCAM). 

 
 

1.1.2.2 O-glycosylation 

O-linked glycosylation in mammals is mainly occurring on serine or threonine residues and 

are, in contrast to N-glycans, build up directly, monosaccharide by monosaccharide, on the 

protein. These modifications are very diverse, including addition of different sugars to the serine 

or threonine residues and vary from mono- to long polysaccharides chains. The amino acid 

sequence required for these type modifications are not absolutely clear. However, this 

modification is restricted to specific sites in the proteins. Based of the first sugar the O-glycan 

can be divided in several groups. 

O-(α) fucosylation  and O-(β)-glucosylation are common modifications in proteins with 

EGF domains like blood factors VII and IX, thrombospondin, protein Z and Notch. These 

Figure 2: Processing of N-linked oligosaccharides in the 

rough ER and Golgi. The Glc3Man9GlcNAc2 precursor is 

transferred from the dolichol carrier to a nascent protein. In 

three separate reactions, three glucose residues and one 

mannose residue are removed. Re-addition of one glucose 

residue is part of the ER quality-control process. Processing of 

glycoproteins continues within cis-, medial-, and trans-Golgi 

cisternae to yield N-linked complex oligosaccharides in 

vertebrate cells (Kornfeld and Kornfeld, 1985;Sousa and 

Parodi, 1995). 
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structures are further extended to form Siaα2 6Galβ1 4GlcNAcβ1 3Fucα-O- and Xylα1 3+/- 

Xylα1 3Glcβ-O-. A nontypical Glcα1 2Galβ-O-Hydroxylysine is described in collagen and in 

proteins with collagen like domains. O-mannosylation has been identified initially in yeast, but 

also occurs in vertebrates. A Gal(β1 4)[Fucα1 3]GlcNAcβ1 2Man and GlcNAcβ1 2Man 

structure has been isolated from rat brain. More recently, O-mannose-based glycans containing 

four to eight sugars (Sia2 3Galβ1 4GlcNAc-β1 2Man-Ser/Thr) have been found in total brain 

glycopeptides and a tetrasaccharide derived from α-dystroglycan, β-dystroglycan and laminin.  

The most common and known type of O-glycosylation is the mucin type, starting with 

transfer of α-GalNAc to Ser/Thr. In contrast to other types of O-glycosylation described above, 

the O-GalNAc linked glycans can form relatively large branched structures, much resembling N-

glycans in their terminal structures. Many glycosyltransferases, therefore, can form the same 

epitopes on N- and O-glycans. 

Included in the group of O-linked glycans are the proteoglycans, but they are often 

considered a separate group. As the name already implies, the sugar moiety has a relatively much 

higher mass than found in glycoproteins. Proteoglycans consist of a core protein and one or more 

covalently attached glycosaminoglycan chains, which are long linear polysaccharides, whose 

disaccharide building blocks consist of an amino sugar (either GlcNAc or GalNAc) and an 

uronic acid (GlcA and IdoA). The disaccharide repeats are attached to the protein via a common 

tetrasaccharide structure. Building of the glycan core starts with recognition of a specific amino 

acid sequence by the O-xylosyltransferase I and transfer of xylose to the protein. Subsequently, 

the glycan is elongated by two galactosyltransferases and a glucuronyltransferase. The 

tetrasaccharide GlcAβ1,3Galβ1,3Galβ1,4Xyl O-linked to protein is present in the proteoglycans; 

chondroitin, chondroitin sulfate, dermatan sulfate, heparin and heparan sulfate. 

 

1.1.2.3 Glycolipids 

Besides being substrates for protein glycosylation, nucleotide sugars also provide the 

enzymes involved in glycolipid biosynthesis with substrates. Two types of glycolipids are 

distinguished by the monosaccharide attached to the ceramide lipid moiety. Whereas the 

galactosyl-ceramide glycolipid is only extended with a sulfate or galactose to form sulfatide or 

digalactosylceramide respectively, a variety of structures, comparable to N- and O-linked 
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glycans, can be found on glucosyl-ceramide. Like for N- and O-glycosylation, the substrates 

used by the glycosyltransferares involved in glycolipid biosynthesis are nucleotide sugars. 

 

1.1.3 Monosaccharides and activated sugars 

All activated sugars that are used in glycosylation processed can by synthesized within the 

cell from glucose or fructose, the major carbon and energy sources for evolutionary distant 

organisms as yeast and human beings. This pathway is therefore referred to as “de-novo 

biosynthesis”. Via Glucose-6-phosphate (Glc-6-P) and Fructose-6-phosphate (Fru-6-P), which 

are also enzymatically interconvertable by phosphoglucose isomerase, two pathways can be 

distinguished. UDP-Glc is synthesized in two steps from Glc-6-P by phosphoglucomutase, first 

forming Glc-1-P, and UDP-Glc pyrophosphorylase. UDP-glucuronic acid (GlcA) is synthesized 

directly from UDP-Glc by oxidation at the C-6-OH, a process requiring NAD. Furthermore 

decarboxylation of UDP-GlcA gives rise to UDP-Xylose (Xyl). UDP-Gal is made by an NAD-

dependent epimerase that converts UDP-Glc to UDP-Gal. 

All other nucleotide sugars are synthesized via Fru-6-P. The GDP sugars are created by 

conversion of Fru-6-P to Man-6-P through the enzyme phosphomannose isomerase, after which 

GDP-Man is synthesized analogous to UDP-Glc. GDP-Fucose (Fuc) can be derived from GDP-

Man by reduction of the CH2OH at the C-6 position of mannose to CH3. Biosynthesis of N-

acetyl sugars begins with the formation of GlcN-6-P from Fru-6-P by transamidation and then N-

acetylation via acetyl-CoA to form GlcNAc-6-P further isomerizes to GlcNAc-1-P. Reaction 

with UTP forms UDP-GlcNAc, which can be epimerized to UDP-GalNAc by the same enzyme 

that converts UDP-Glc into UDP-Gal.  

A rather complex pathway leads to CMP-Neu5Ac, better known as CMP sialic acid (a 

name given to a group of more than 30 different variations of this compound), which is quite 

different from all other sugars as it is a negatively charged C-9 sugar. UDP-GlcNAc is first 

converted into ManNAc-6-P by a dual epimerase/kinase, after which the C-9 sugar is made by 

condensation of PEP and ManNAc-6-P forming Neu5Ac-9-P. After dephosphorylation, Neu5Ac 

is directly activated to CMP-Neu5Ac by CMP-NeuAc synthase. 

Besides de novo synthesis, most nucleotide sugars can be made directly from the respective 

sugars delivered within the diet or salvaged from glycoconjugates, therefore called “salvage 

pathway”. With the exception of Neu5Ac, this involves initial phosphorylation of the sugars. 
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The pathway in figure 3 reflects the situation in mammals. In other organisms, the 

biosynthetic pathways can be slightly different and the number of synthesized sugars varies. In 

yeast, for example, only UDP-Glc, UDP-Gal, UDP-GlcNAc and GDP-Man can be made and 

utilized. On the other hand, plants and many bacteria can create a great variety of other activated 

nucleotide sugars. 

 

 
Figure 3: Biosynthesis and interconversion of monosaccharides in mammals. Glucose and fructose are the 

sources of “de novo” biosynthesis of activated sugars and they are the link with the glycolysis. Sugars used in 

“salvage pathways” either come from the diet or from degradation of glycoconjugates.  
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1.2 Nucleotide-sugar transporters (NSTs) 
 

Monosaccharides are activated by conjugation with nucleotide-mono or di-phosphate and 

are pooled in the cytoplasm, while the main glycosylation takes place in the lumen of the ER and 

Golgi apparatus. Therefore, transport systems are required that bring the nucleotide sugars into 

these organelles, where glycosyltransferases involved in glycosylation are localized. This 

transport is mediated by specialized nucleotide sugar transporters (NSTs). NSTs are a family of 

hydrophobic multispanning membrane proteins with eight to ten predicted transmembrane 

domains (TMD) that reside in the ER and Golgi membrane.  

 

1.2.1 Transport across the Golgi and ER membranes 

The first evidence for specific transport of nucleotide sugars into the Golgi apparatus and 

ER was obtained during studies of lactose synthesis in microsomes from mammary glands of 

lactating rats. The enzyme transferring galactose from UDP-Gal acts in the Golgi apparatus and 

can be inhibited by UDP-Glc which concentration in the cytosol is very high. This suggested the 

presence of a specific transport system which is able to discriminate UDP-Glc form UDP-Gal 

and concentrate UDP-Gal in the lumen of the Golgi apparatus (Kuhn and White, 1976). 

Conformations of this specific transport were obtained in studies of microsomes isolated from rat 

and mouse liver and mammary gland. By using differential centrifugation, ER and Golgi rich 

fractions were isolated and vesicles were incubated with radioactively labeled substrates. In 

mammals, transport of eight nucleotide sugars (UDP-Glc, UDP-Gal, UDP-Xyl, UDP-GlcNAc, 

UDP-GalNAc, UDP-GlcA, CMP-SA and GDP-Fuc), ATP and PAPS was demonstrated 

(Capasso and Hirschberg, 1984;Capasso et al., 1989;Carey et al., 1980;Creek and Morre, 

1981;Schwarz et al., 1984;Sommers and Hirschberg, 1982;West and Clegg, 1984). The transport 

of GDP-Man was measured in lower eukaryotes like yeast and Leishmania.(Abeijon et al., 

1989;Ma et al., 1997). The transport across the ER and Golgi membranes is summarized in 

figure 4 (Hirschberg et al., 1998). 
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Figure 4: Transport across the ER and Golgi membranes. The transport of nucleotide sugars, ATP and PAPS 

was determined by in-vitro assays of isolated ER and Golgi microsomes. Transport of nucleotide sugars, ATP and 

PAPS, differs in mammals, plants, yeast and protozoa (Hirschberg et al., 1998). 
 

1.2.2 Nucleotide sugar transporter-deficient cell mutants, cloning of the first NSTs 

Soon after the description of transport across the Golgi and ER membranes, the first cell 

lines, mainly Chinese hamster ovary (CHO) cells, lacking some of the nucleotide sugar transport 

activities have been isolated and characterized. These mutants exhibit changes in 

glycoconjugates structures which affect binding of specific proteins, mainly originating from 

plants, known as lectins and are separated in Lec (for Lectin) groups based on cell fusion 

complementation experiments (Stanley, 1985). Lec2 cells are unable to translocate CMP-SA into 

the Golgi apparatus (Deutscher et al., 1984) and cells in complementation group Lec8 are 

deficient in UDP-Gal transport. Phenotypic correction of Lec2 cells by murine and hamster 

cDNA libraries have resulted in cloning of the CMP-SA transporters from these species 

(Eckhardt et al., 1996;Eckhardt and Gerardy-Schahn, 1997). The Lec8 cell were applied for 
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expression cloning of two human isoforms (Ishida et al., 1996;Miura et al., 1996) and two 

Arabidopsis thaliana UDP-Gal transporters (Bakker et al., 2005). Mannan chains in a 

Kluyveromyces lactis nnm2-2 mutant lacks terminally GlcNAc residue, which in the wild type is 

recognized from Griffonia simplicifolia lectin. Further, it have been shown, that this phenotype is 

due to deficient Golgi UDP-GlcNAc transport (Abeijon et al., 1996a). The mutant has been used 

as a tool for cloning of the K. lactis and canine UDP-GlcNAc transporters (Abeijon et al., 

1996b;Guillen et al., 1998). Studies of lipophosphoglycan synthesis in Leishmania donovani and 

genes involved in this process demonstrated that the LPG2 gene encodes a GDP-Man transporter 

(Ma et al., 1997). Soon thereafter, the Saccharomyces cerevisiae GDP-Man transporter could be 

identified (Dean et al., 1997). 

 

1.2.3 Structure of NSTs 

In a short period of time (1996-1997), many nucleotide sugar transporters from different 

species have been identified. Analyses of the hydrophobicity profiles of these proteins indicated 

that they share a common secondary structure. All are very hydrophobic membrane proteins, 

300-400 amino acids in length, with eight to ten predicted transmembrane domains (TMD). So 

far, the secondary structure was solved only for the CMP-SA transporter (Eckhardt et al., 1999). 

The hemagglutinin (HA) epitope was inserted in predicted hydrophilic loops of the CMP-SA 

transporter. Recombinant proteins were expressed in CHO cells and immunofluorescence of 

selectively permeabilization of Golgi membranes was applied to study the orientation of 

hydrophilic loops. These experiments showed, that the N- and C- terminus of the CMP-SA 

transporter are facing the cytoplasm and that the protein contains ten TMDs. At the theoretical 

level 10 hydrophobic domains can be clearly distinguished in many characterized and predicted 

NSTs. Nowadays, this model is accepted as a general secondary structure of NSTs. In contrast to 

many soluble proteins which have been purified and crystallized, the three dimensional 

structures of the NST have not been solved yet. 

 

1.2.4 Oligomerisation of NSTs 

Oligomerisation of NSTs has been determined in native glycerol gradients and co-

expression experiment of transporters with different protein tags. In a glycerol gradient the 
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activity of partial purified rat GDP-Fuc transporter was associated with a 80-90 kDa fraction, 

although in SDS-PAGE the protein has a molecular mass of about 40 kDa (Puglielli and 

Hirschberg, 1999) The same has been observed for the rat UDP-GlcNAc transporter (Puglielli 

and Hirschberg, 1999;Hong et al., 2000), whereas the yeast GDP-Man transporter is a 

homodimer (Gao et al., 2001). However, all these results were obtained with NSTs in solution 

and the oligomerisation in the ER and Golgi membranes have been not proofed yet. 

 

1.2.5 Mechanism of recognition and transport of nucleotide sugars 

The first evidence that NSTs are sufficient to generate transporting units without accessory 

proteins was obtained by expression of the active murine CMP-SA transporter in Saccharomyces 

cerevisiae (Berninsone et al., 1997). S. cerevisiae does not have genes involved in biosynthesis 

and utilization of CMP-SA and therefore, should not express specific proteins important for 

activity of the CMP-SA transporter. However, presence of general NST accessory proteins 

cannot be excluded. Conformations of the hypothesis that NSTs act as a single protein were 

obtained with reconstitution in proteoliposomes of purified GDP-Man and CMP-SA transporters 

(Segawa et al., 2005;Tiralongo et al., 2006). Both transporters were active in this background 

free system. 

Biochemical characterizations of isolated Golgi vesicles and enriched or purified NSTs 

reconstituted in proteoliposomes have suggested that these transporters act as antiporters (figure 

5). First evidence for the antiport mechanism has been obtained in the case of GDP-fucose 

transport, where an equimolar exchange of [14C]GDP-fucose and [3H]GMP was measured in rat 

liver microsomes (Capasso and Hirschberg, 1984). Preloading with UMP of proteoliposomes 

isolated from rat liver exhibited 5-fold higher transport of UDP-GlcNAc (Waldman and 

Rudnick, 1990). Further experiments with ER and Golgi vesicles from rat liver solubilized and 

reconstituted in proteoliposomes demonstrated, that preloading of vesicles with UMP 

significantly increased the transport of UDP-Gal, UDP-Xyl and UDP-GlcA (Milla et al., 1992) 

and the GMP preloading, stimulated the transport of GDP-Fuc (Puglielli and Hirschberg, 1999). 

Experiments with the purified Leishmania GDP-Man transporter reconstituted into membranes, 

demonstrated higher transport of GDP-Man, GDP-Ara and GDP-Fuc in preloaded vesicles with 

GMP (Segawa et al., 2005). A purified CMP-SA transporter was stimulated by CMP inside the 

vesicles (Tiralongo et al., 2006). Based of these results a general antiporter mechanism was 
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suggested. UDP-sugars and GDP-sugars are internalized into the ER and Golgi lumen and they 

are used by glycosyltransferases. The by-products of glycosylation, UDP and GDP, are 

dephosphorylated to form UMP and GMP, which are exported from the lumen by the same 

transporters that import the corresponding nucleotide sugars. Higher concentration of nucleoside 

monophosphate into the ER and Golgi was suggested to be the driving force of nucleotide sugar 

transport (figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

ER or Golgi 
 

Figure 5: Mechanism of nucleotide sugar transport. Nucleotide sugars are imported into the ER or Golgi via 

specific transporters. Subsequently, they are used as a substrate for glycosyltransferases. Resulting nucleoside 

diphosphates are dephosphorylated and nucleoside monophosphates are exported from the ER and Golgi lumen. The 

higher concentration of nucleoside monophosphates was suggested to be the driving force of the transport. 

 

Only in the case of CMP-sialic acid, the nucleoside monophosphate is a direct product of 

the glycosyltransferase reaction. All other sugars are activated as nucleoside diphosphates, and 

these diphospho-nucleosides are the products released by glycosyltransferases. Therefore, Golgi 

resident dephosphatases were hypothesized and soon thereafter the Guanosine dephosphatese 

from Saccharomyces cerevisiae has been characterized and the gene (gda1) has been identified 

(Abeijon et al., 1993;Berninsone et al., 1994). A second nucleoside diphosphatase (ynd1) with a 

broader substrate specificity has been cloned from the same species. (Gao et al., 1999). Recently, 
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single and double mutant of gda1 and/or ynd1 were analyzed and the surprising conclusion was 

drawn that absence of NDP-ase activity do not affect the entrance of UDP-Glc into the ER lumen 

and does not change the UDP-Glc transporter dependent glycosylation in yeast. On the other 

hand, mannosylation is reduced in  this mutant, but not absent (D'Alessio et al., 2005). Therefore, 

the presence of UMP and GMP in the lumen is enhancing nucleotide sugar transport but is not an 

absolute requirement, a conclusion also drawn from the in-vitro experiments described above. 

Due to the lack of structural information of NSTs the recognition of substrates were 

hypothesized based on investigation of transporter chimeras, point mutation analyses, and 

comparison of phylogenetic relations of proteins with structures of the nucleotide sugar that is 

transported. The human transporters for UDP-Gal and CMP-SA are 43% identical at primary 

sequence level. In experiments set up to define the regions involved in recognition and transport 

of these structural distinct substrates, chimeras between these two transporters were generated 

and analyzed for the ability to complement Lec2 and Lec8 cells. Results obtained by these 

experiments demonstrated that TMDs 1 and 8 in the UDP-Gal-T were essential for UDP-Gal 

recognition and/or binding, and TMDs 2, 3 and 7 in the CMP-SA transporter are responsible for 

CMP-SA binding. Moreover, a bi-functional NST has been constructed by replacing TMDs 2, 3, 

and 7 of the UDP-Gal-T with the respective domains of the CMP-SA. The chimera complements 

Lec2 and Lec8 cells and, in-vitro, specifically transports UDP-Gal and CMP-Sia but no other 

nucleotide sugars. Substitution of helix 7 of CMP-SA into the corresponding part of UDP-Gal 

transporter was sufficient for CMP-SA transport activity and additional replacement of helix 2 or 

3 of the UDP-Gal transporter with the corresponding sequence from the CMP-SA transporter 

lead to increased efficiency of CMP-SA transport. For the UDP-Gal transporter it has been 

shown that helices 9 and 10 or helices 2, 3, and 7 are required for the transport of UDP-Gal 

(Aoki et al., 1999;Aoki et al., 2001;Aoki et al., 2003).  

Analyses of mutations causing the Lec2 and Lec8 phenotypes highlights conserved amino 

acids in the CMP-SA (Eckhardt et al., 1998) and UDP-Gal transporters respectively (Ishida et al., 

1999b). Introducing the same mutations found in UDP-Gal transporter mutants into the 

homologous region of the murine CMP-sialic acid transporter caused inactivation of this 

transporter, indicating that these amino acids are of general importance for structure or transport 

activity and not for specificity (Oelmann et al., 2001). The Saccharomyces cerevisiae GDP-Man 

transporter (vrg4 gene) is essential for the live cycle of yeast. However, several viable mutants 
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have been isolated which exhibited reduced uptake of GDP-Man. Analyses of primary amino 

acids sequences in GDP-Man transporters from different species, highlighted conserved domain 

in the region AA280-291 of vrg4. Studies demonstrated that mutations in the highly conserved 

region lead to lethality. Mutations did not interfere with Vrg4 protein stability, localization, or 

dimer formation. Alterations in this region were reduced in binding to guanosine 5'-[gamma-

(32)P]triphosphate gamma-azidoanilide, a photo-affinity substrate analogue whose binding to 

Vrg4-HAp was specifically inhibited by GDP-mannose. Investigation of mutants suggested that 

AA280-291 region of the yeast GDP-Man transporter is involved in substrate recognition (Gao et 

al., 2001). In attempts to explain the substrate specificity present in different NSTs, phylogenetic 

analyses were combined with comparison of the structure of substrates that are recognized. 

Eighty seven NSTs were analyzed divided in three groups including 13 subfamilies. For each 

subfamily conserved amino acids were identified. Based of the orientation of OH-groups in the 

sugar and type of the nucleotide part a mechanism of substrate recognition in different 

subfamilies was hypothesized. It has highlighted the importance of the orientation of the OH-

group on position C4 in the sugar part as well the nucleotide part in discrimination of GDP-

sugars from UDP-sugars (Martinez-Duncker et al., 2003). However, no direct proofs of these 

hypotheses, based of interaction nucleotide sugars-transporter were obtained so far. 

 

1.2.6 Distribution of NSTs in the cell 

The distribution of NST activities have been initially determined in-vitro by measuring of 

the transport in ER and Golgi rich fractions. Fractions were prepared by differential 

centrifugations in 10000xg (ER) and 100000xg (Golgi). It has been hypothesized that NSTs are 

spread in the secretion pathway according to requirements of glycosyltransferases. For example, 

sialic acid is one of the last sugars added to the glycosylation process and therefore the CMP-SA 

transporter should be localized in the trans Golgi. Measured transport activities are summarized 

in (Hirschberg et al., 1998). Most of NST activities are associated with the Golgi fraction 

whereas only a few are present in both ER and Golgi. By cloning of NST genes and expression 

as an epitope tagged protein, the localizations in the cell compartments have been examined via 

indirect immunofluorescence. This way, mammalian CMP-SA transporters have been localized 

in the Golgi apparatus (Eckhardt et al., 1996;Eckhardt and Gerardy-Schahn, 1997;Ishida et al., 

1998). Also the UDP-Gal activity has initially been addresses to the Golgi apparatus (Miura et 
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al., 1996). A second isoform of this transporter has been cloned, which is a splice variant of the 

first gene (Ishida et al., 1996). The two forms differ in the C-terminus where an ER retention 

signal has been characterized (Kabuss et al., 2005). The human UDP-Gal transporter 1(hUGT1) 

is located in the Golgi whereas hUGT2 exhibited ER and Golgi localization. Also hUGT1 can be 

located in the ER, but only when the ceramide galactosyltransferase, an ER localized 

glycosyltransferase, is expressed. This enzyme is able to physically interact with the transporter 

and thereby retaining it in the ER (Sprong et al., 2003). Human and Drosophila UDP Gal 

transporters have been shown to transport UDP-GalNAc in addition, which explains both the ER 

and Golgi distribution of UDP-GalNAc transport activity (Segawa et al., 2002). The 

characterized human and C. elegans GDP-Fuc transporters (Lubke et al., 1999;Lubke et al., 

2001;Luhn et al., 2001) and yeast and protozoa GDP-Man transporters (Dean et al., 1997;Ma et 

al., 1997) have been shown to reside in Golgi membranes. 

 

1.2.7 NSTs and development, cloning of new transporters 

The embryonic development is a complex process in which many signaling pathways and 

growth factors are involved. Most receptors are glycosylated proteins and, therefore changes in 

the glycosylation machinery can affect the function of these glycoproteins. Moreover, changes in 

glycosylation occur during the ontogenesis and cell differentiation. Nucleotide sugar transporters 

deliver activated sugars for glycosyltransferases and therefore, mutations of NSTs usually affect 

the function of many transferases and have pleiotropic effects. The first malformation caused by 

a mutation in an NST gene has been described in C. elegans. Squashed vulva (sqv) mutants are 

defective in epithelial invaginations and vulva formation during ontogeny (Herman et al., 1999). 

On molecular level it has been shown to affect glycosaminoglycan biosynthesis. Eight sqv 

mutants have been isolated, all involved in glycosaminoglycan biosynthesis or the biosyntheses 

of nucleotide sugars. The sqv-7 gene encodes a multi membrane spanning protein and has been 

proposed to be an NST (Herman et al., 1999). The protein has been expressed in Saccharomyces 

cerevisiae and in-vitro transport assay indicated activity for UDP-GlcA, UDP-Gal and UDP-

GalNAc (Berninsone et al., 2001). Glycosaminoglycan sidechains of proteoglycans in the 

extracellular matrix at the cell surfaces are implicated in the signaling functions of various 

heparin-binding growth factors and chemokines, and play critical roles in the development. The 
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sqv-7 transporter is thought to deliver activated sugars for glycosyltransferases involved in 

glycosaminoglycan biosynthesis.  

In Drosophila melanogaster, Notch is a receptor involved in determination of the dorsal-

ventral boundary in the wing and eye imaginal discs during development. Fringe, a fucose-

specific GlcNAc transferase, modifies Notch by elongating oligosaccharide chains attached to 

the O-linked fucose residues on the receptor. Changes in glycosylation modulate the interaction 

of Notch with its ligands (Blair, 2000). A defect in the fringe (fng) gene leads to mutant 

phenotypes including nicked wing margin, thickened wing vein, rough eye, duplicated notal 

macrochaetae and fused leg segments, due to aberrant boundary formations. Mutation in another 

gene, "fringe connection" (frc), also produces fng like phenotypes including nicked wing margin, 

thickened wing vein, rough eye and fused leg segments. It has been shown that frc encodes an 

NST with substrate specificity for UDP-GlcA and UDP-GlcNAc (Goto et al., 2001;Selva et al., 

2001). 

The slalom phenotype in Drosophila has been shown to associate with mutation in the sll 

gene. Sll is essential for Drosophila, however viable transheterozygote mutants with reduced sll 

activity have been investigated. On the molecular level, alterations in Wg, Hh TGF-β signaling 

pathways have been observed. Wg and Hh exhibit gradient expressions, which are engaged in a 

patterning of the ventral embryonic epidermis, development of wing imaginal disc and wing 

veins. Expressed phenotype and comparison with other Drosophila mutants, have suggested 

defects in glycosaminoglycan biosynthesis. Hydrophobicity analyses and BLAST search have 

indicated homology of sll with NSTs. In-vitro transport assays, have demonstrated specific 

uptake of PAPS (Luders et al., 2003). Based on homology with sll, the human PAPS transporter 

has been identified (Kamiyama et al., 2003). Recently, a second human PAPS transporter with 

tissue specific expression has been described (Kamiyama et al., 2006). Mutations in the PAPS 

transporter affect biosynthesis of sulfated glycosaminoglycans, which play important roles in 

many signaling pathways. 

In human, diseases caused by mutations in genes involved in glycosylation processes are 

known as Congenital Disorders of Glycosylation (CDG). The first CDG caused by a mutation in 

an NST has been described in patients with a new type of Leukocyte Adhesion Deficiency 

syndrome (LAD) (Etzioni et al., 1992). The LAD-II patients exhibit severe psychomotor, mental 

and growth retardation and suffer from recurrent infections. Biochemically this syndrome has 
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been characterized by a generalized lack of fucosylated glycoconjugates, including 

immunologically important selectin ligands, which play role in the initial interaction of 

leukocytes with the endothelium before extravasation (Marquardt 1999). Studies of cultured cells 

from a patient revealed that the transport of GDP-fucose into isolated Golgi-enriched microsomal 

vesicles is reduced (Lubke et al., 1999). The defect in fucose metabolism could be partially 

corrected in patient by oral supplementation of fucose (Marquardt et al., 1999). Two independent 

groups succeeded in cloning of the first GDP-Fuc transporter by using a complementation 

cloning strategy in which restoration of fucosylation was detected by fucose specific lectin 

staining. LAD patient fibroblasts have been transfected with a human retroviral cDNA library 

and a single clone able to restore fucosylation has been identified. In Golgi enriched vesicles, the 

protein was able to restore the GDP-Fuc import and two missense mutation have been identified 

in a patient’s genome(Lubke et al., 2001). In the same time, twelve out of sixteen cDNAs from 

C. elegans that encode hydrophobic proteins with significant homology to known nucleotide 

sugar transporters, were isolated and transfected into fibroblasts from a LAD II patient. One of 

these clones recovered the expression of fucosylated glycoconjugates. Further, the human 

homolog of this transporter has been identified and verified to complement the defect in LAD II 

fibroblasts. In this study, C. elegans and human GDP-Fuc transporters have been characterized 

(Luhn et al., 2001). Recently, fibroblast from LAD II patients were applied for cloning of 

Drosophila GDP-Fuc transporter (Luhn et al., 2004).  

The bovine Complex Vertebral Malformation (CVM) is a recessively identified inherited 

disorder with onset during fetal development, leading to frequent abortion of fetuses or perinatal 

death, and vertebral anomalies (Agerholm et al., 2001;Agerholm et al., 2004a;Agerholm et al., 

2004b;Etzioni et al., 1992;Nielsen et al., 2003). CVM has been characterized by misshapen and 

fused vertebrae around the cervico–thoracic junction. The extensive use of a limited number of 

elite bulls in cattle breeding leaded to rapid spread of this syndrome. By genetic mapping 

analyses, the defect has been restricted to an area of the genome where the gene of the bovine 

homolog of the human UDP-GlcNAc transporter (SLC35A3 according to the new systematic of 

human NSTs (Ishida and Kawakita, 2004)) is located. The gene function has been confirmed by 

complementation of the mnn2-2 mutant of K. lactis lacking UDP-GlcNAc transport (Abeijon et 

al., 1996b;Abeijon et al., 1996a). The wild type sequence restores the UDP-GlcNAc transport in 

yeast while the mutation V180D was not (Thomsen et al., 2006).  
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Malformations caused by mutations in NST genes clearly demonstrate the importance of 

these transporters in ontogenesis of multicellular organisms.  

 

1.2.8 The human nucleotide sugar transporter family 

Molecular cloning of cDNAs that encode NSTs has been achieved by phenotypic 

correction of mutated cell lines, identifying mutation in single and multicellular eukaryotes or by 

direct in-vitro assays of homologous proteins. In the last ten years the number of characterized 

NSTs has increased dramatically. Bioinformatics tools have been used in studies of structure-

function relationships and evolution of these transporters. Analyses of the primary amino acid 

sequences and prediction of secondary structures have revealed that NSTs are hydrophobic type 

III membrane proteins with ten transmembrane domains. Mammalian CMP-SA, UDP-Gal and 

UDP-GlcNAc transporters have between 30 and 40 % amino acid identity in the primary 

structure. Furthermore, bioinformatics studies have suggested, that all NSTs are member of one 

protein family with a common ancestor (Ishida and Kawakita, 2004;Martinez-Duncker et al., 

2003). Member of the NST family are also chloroplast trioso- and pentose phosphate transporters 

(Flugge et al., 1989;Flugge, 1999;Eicks et al., 2002). Based on the structural and sequence 

homology many proteins from different species have been annotated in databases as a putative 

NSTs. In an attempt to classify the human transporters, (Ishida and Kawakita, 2004) systematic 

names have been suggested for all human NSTs and orphan homologs as is indicated in figure 6. 

The human SLC35A subfamily (SLC stands for Solute carrier) contains five proteins. As is 

shown, this family comprises the human CMP-SA, UDP-Gal and UDP-GlcNAc transporters and 

two proteins with unknown substrate specificity. Despite the high homology observed in the 

SLC35A subfamily, the substrate specificity is quite different and therefore prediction of the 

function of SLC35A4 and SLC35A5 is unfeasible. SLC35B contains 4 genes. Two proteins have 

been identified as PAPS transporters (SLC35B2 and SLC35B3). This subfamily is most 

homologous to S. cerevisiae and K. lactis UDP-GlcNAc transporters. In the SLC35C subfamily 

two proteins are grouped. SLC35C1 is the GDP-Fuc transporter whereas SLC35C2 is with 

unknown function. The SLC35D subfamily contains three human proteins, SLC35D1, 2 and 3, 

encode the human UDP-GlcA transporter, a multispecific transporter and an orphan one, 

respectively. The characterized Leishmania GDP-Man and UDP-GlcA transporters from C. 

elegans and Drosophila show most homology with the SLC35D family. Four proteins with 
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unknown function are organized in the SLC35E subfamily. Members of the SLC35E are most 

related to plant UDP-Gal transporters and the chloroplast transporters. 

 

 
 
Figure 6: A phylogenetic tree of the human SLC35 family. The human nucleotide sugar transporter 

family is subdivided in five subfamilies. The tree also contains well-characterized nucleotide sugar 

transporters from other organisms (Ishida and Kawakita, 2004).  
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1.3 Aim of the present study 

 

Nucleotide Sugar Transporters (NSTs) serve as a bridge between the biosynthesis 

(cytoplasm) and the utilization of activated sugars by glycosyltransferases (Endoplasmic 

reticulum, Golgi apparatus). The first NSTs have been cloned by complementation of 

characterized cell lines or mutants with alteration in the cell wall composition. When this study 

started, six out of ten Golgi nucleotide sugar transport activities had been identified and this is 

carried out by five transporters (Figure 7). However, four out of ten transports remain unknown. 

As the number of complementation systems is limited, new approaches for the characterization 

of NSTs were rapidly required. So far all isolated NST genes encode homologous type III 

membrane proteins and form a family of structurally conserved proteins with 8 to 10 predicted 

transmembrane domains that now, at least in mammals, is referred to as the solute carrier family 

35 (SLC35). Because of this structural conservation, many putative NSTs can be identified by 

database searches. Thus intensive bioinformatics studies annotated NST like sequences in 

Drosophila, Caenorhabditis, and Arabidopsis genomes. The aim of this project is selection of 

putative human NSTs by applying available bioinformatics tools and further characterization of 

new transporters.  
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gene name  transport function  reference 
SLC35A1 CMP-sialic acid (Eckhardt et al., 1996;Eckhardt and Gerardy-Schahn, 1997;Ishida 

et al., 1998;Muraoka et al., 2001) 
SLC35A2 UDP-Gal/GalNAc (Miura et al., 1996;Segawa et al., 2002) 
SLC35A3 UDP-GlcNAc (Guillen et al., 1998;Ishida et al., 1999a) 
SLC35C1 GDP-Fuc (Lubke et al., 2001;Luhn et al., 2001) 
SLC35D1 UDP-GlcA/GlcNAc (Muraoka et al., 2001) 
 

Figure 7: Human nucleotide sugar transporters till 2002. Five human NSTs were characterized. Proteins carry 

out the transport of ATP, PAPS, UDP-Glc and UDP-Xyl remained unknown. 
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2 MATERIALS AND METHODS 
 

2.1 Materials 
 

2.1.1 Mammalian cell lines 

 

CHO K1 Wild type Chinese Hamster ovary cell line (American Type Culture 
Collection ATCC CCL-61) 

CHO-6B2 (Lec 2) Chinese hamster ovary cell line with a defect in the CMP-sialic acid 
transporter gene (Eckhardt et al., 1996) 

CHO-CHOP8 (Lec 8) Chinese hamster ovary cell line with a defect in the UDP-galactose 
transporter (American Type Culture Collection ATCC CCL-1737) 
(Deutscher and Hirschberg, 1986;Oelmann et al., 2001) 

HeLa Human epithelial adenocarcinoma cell line (American Type Culture 
Collection ATCC CCL-2) 

 

2.1.2 Saccharomyces cerevisiae strains  

 

BY4741 

 

Wild type strain (EUROSCARF). Genotype: BY4741; Mat a; 
his3∆1; leu2∆0; met15∆0; ura3∆0  

FCY2 BRA7 
(YER056c) 

Purine transporter knock-out strain (EUROSCARF). Genotype: 
BY4741; Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; 
YER056c::kanMX5 

CAL10 (YBR019c) Knock-out (UDP-Galactose epimerase) strain (EUROSCARF). 
Genotype: BY4741; Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; 
YBR019c::kanMX4  

YPL244c  Knock-out (yORF-2) strain (EUROSCARF). Genotype: BY4741; 
Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; YPL244c::kanMX4  

YEA4           
(YEL004) 

Knock-out (UDP-GlcNAc transporter) strain (EUROSCARF). 
Genotype: BY4741; Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; 
YEL004::kanMX4  

YML018c  Knock-out (yORF-4) strain (EUROSCARF). Genotype: BY4741; 
Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; YML018c::kanMX4  

YDR438w Knock-out (yORF-5) strain (EUROSCARF). Genotype: BY4741; 
Mat alpha; his3∆1; leu2∆0; lys2∆0; ura3∆0; YDR438w::kanMX4  
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YJL193w Knock-out (yORF-6) strain (EUROSCARF). Genotype: BY4741; 
Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; YJL193w::kanMX4  

SLY41 (YOR307c) Knock-out (yORF-7) strain (EUROSCARF). Genotype: BY4741; 
Mat alpha; his3∆1; leu2∆0; lys2∆0; ura3∆0; YOR307c::kanMX4  

YMD8 (YML038c) Knock-out (yORF-8) strain (EUROSCARF). Genotype: BY4741; 
Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; YML038c::kanMX4  

FY1679-01D Wild type strain (EUROSCARF). Genotype: Mat alpha; ura3-52; 
LEU2; TRP2;HIS3;GAL2 

YPH499 Wild type strain (Stratagene). Genotype: MAT a; ura3-52; lys2-
801_amber; ade2-101_ochre; trp1-∆63; his1-∆200; leu2-∆1 

YPH500 Wild type strain (Stratagene). Genotype: MAT alpha; ura3-52; lys2-
801_amber; ade2-101_ochre; trp1-∆63; his1-∆200; leu2-∆1 

INVScI Wild type strain (Invitrogen). Genotype: Mat a/alpha; his3∆1/his3∆1; 
leu2/leu2; trp1-289/trp1-289; ura3-52/ura3-52 

 

2.1.3 Bacterial strains 

 

E. coli XL-1 blue Genotype: recA1; endA1; gyr96; hsdR17; supE44; realA1; lac 
(F´proAB lacIq Z∆M15 Tn 10 (tetr) (Stratagene) 

E. coli JM109 Genotype: e14-(McrA-) recA1 endA1 gyrA96 thi-1 hsdR17(rk- 
mk+) supE44 relA1 ∆(lac-proAB) [F‘ tra∆36 proAB laclqZM15] 
(Stratagene) 

E. coli C43 (DE3) A clone selected from E. coli BL21(DE3) used for expression of 
toxic proteins (Miroux and Walker, 1996). A kind gift of Dr. Susana 
Andrade, Georg-August-Universität, Göttingen. 

 

2.1.4 Plasmids 

 

pYES2/NT-C Saccharomyces cerevisiae expression vector (Invitrogen) for 
expression of an N and/or C-terminally 5xHis tagged protein under 
regulation of the inducible GalP1 promoter. 

pYEScup Saccharomyces cerevisiae expression vector. Modified pYES2/NT-C 
(Invitrogen) for expression of an N and/or C-terminally 5xHis tagged 
protein under regulation of the inducible CuP1 promoter.  

pYEScupFLAG K Saccharomyces cerevisiae expression vector. Modified pYES2/NT-C 
(Invitrogen) for expression of an N-terminally FLAG tagged protein 
under regulation of the inducible CuP1 promoter. The in frame 
cloning sites are KpnI or BamHI. 
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pYEScupFLAG E Saccharomyces cerevisiae expression vector. Modified pYES2/NT-C 
(Invitrogen) for expression of an N-terminally FLAG tagged protein 
under regulation of the inducible CuP1 promoter. The in frame 
cloning site is EcoRI. 

pcDNA3 FLAG K Eukaryotic expression vector. Modified pcDNA3 (Invitrogen) for 
expression of an N-terminally FLAG tagged protein under regulation 
of the strong CMV promoter. The in frame cloning sites are KpnI or 
BamHI. 

pcDNA3 FLAG E Eukaryotic expression vector. Modified pcDNA3 (Invitrogen) for 
expression of an N-terminally FLAG tagged protein under regulation 
of the strong CMV promoter. The in frame cloning site is EcoR1 

pcDNA6/TR Mammalian expression vector (Invitrogen) for high level expression 
of Tetracycline repressor protein TetR. 

pcDNA4/TO/LacZ Mammalian expression vector (Invitrogen) for expression on the β-
galactosidase gene (LacZ) under regulation of Tetracycline operator 
TetO2  

pcDNA4/TO Mammalian expression vector (Invitrogen) for expression under 
regulation of Tetracycline operator TetO2 

pET-22b Prokaryotic expression vector (Novagen) 

pET-23d Prokaryotic expression vector (Novagen) 

pYEX-BESN Saccharomyces cerevisiae expression vector with a CuP1 promoter. 
This vector is a generous gift from Dr. Masao Kawakita (Tokyo 
Metropolitan Institute of Medical Science, Japan). 

 

2.1.5 Oligonucleotides and cDNAs 

 

AAorf3F AACTGGATCCTTCGCCAACCTAAAATA 

AAorf3R CTCGAGAACTATGCTTTAGTGGGAT 
AAhum6F CATAGGTACCTGAAAAACAGTGCTGTAGTCAT 
AAhum6R CTATTCTAGAGTTAGAAAGTATCTTCATCTG 
AAhum7F CATAGAATTCGCATTGCTGGTGGACCGA 
AAhum7R CTATTCTAGAATTAAGGACGTTGTGCCAGT 
AAhum8F CATGGATCCGCCTGGACCAAGTACCAGCT 
AAhum8R CTATTCTAGACTCAGCTGGCATCATTGATGGGA 
AAhum9F CATAGAATTCGCCTCTAGCAGCTCCCTGGT 
AAhum9R CTATTCTAGACTAGTGGGATGTCTTCTTA 
AAhum10F CATGGATCCGATCTCAAGTTCAACAATTCCA 
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AAhum10R CTATTCTAGAATCATACCAGTGATGGTAGTCT 
AAhum11F CATGGATCCCGCCCGGCCTTGGCGGTGGGCCT 
AAhum11R CTATTCTAGACAGGCCTCAGTTCTTCTTGCTG 
AAhum15F CATGGATCCGGGAGGTGGGCCCTCGATGT 

AAhum15R CTATTCTAGATCACTGCTGCCCCTGGGCCA 

AAhum16F ACTAGGATCCAGTGTAGAGGATGGGGGTAT 

AAhum16R TTGTTCTAGACTAGCGGCTGCCATAGTA 

AAhum17F GTCTGAATTCATGGACGCCAGATGGTGG 

AAhum17R GTAGTCTAGATCAAACCTTCTGCACAGGAGA 

AAF1F CATAGGTACCTATCCCCCCTGAGCAGCCGCAGCA 

AAF1R ATTACTCGAGAGCCTCATGTTCGTGTGGCCTAG 

AAF2F CATGGATCCGAGGCAGACTCGCCAG 

AAF2R ATTACTCGAGCTACAAGACAGCAGAGT 

AAF3F CATAGAATTCGGGATTCGAGAGTTTCCCA 

AAF3R ATTACTCGAGTTAGCGGGCGAAGGAAGGGCGGGCT 

AAF4F CATAGAATTCGATGAACTACTCTTGGA 

AAF4R ATTACTCGAGCTAAGCCAGTGGTATAGA 

AAF5F CATAGGTACCTGTGCCGCCACGACGCCAT 

AAF5R ATTACTCGAGCTAACTAGCTCCATCCTCCT 

AAG1F CATGGATCCGATACTTCTCCCTCCAGA 

AAG1R ATTACTCGAGTCATTTAATGGGAGAGTCT 

AAG2F CATAGAATTCGCTGGCAGTCACCCCTACTTCA 

AAG2R ATTACTCGAGTCACTCCTCCACCTTCCCT 

AAG4F CATGGATCCCGGCCTCAGGACAGCACC 

AAG4R ATTACTCGAGTCATTTGGAACTTTGGTA 

HB22 CTATGGATCCAACATGGCAGCGGTTGGGGCT 

HB23 GTAGTCTAGAATTGCTGCCAGCCCTCACT 

HB24 GTAGTCTAGAATCCCAGCGGCTAGAAC 

HB111 ACTGACTATGAAGATAGCGACGATAAAAAC 

HB112 GTCACCATGGGATCGGCCACCGCAGGTGCAG 

HB113 GTCACCATGGCCCCACCGTAAAACAGGGCA 

AApyes-xhoR ATATCTCGAGTACCTTCGAAGGGCC 

CuP1F GCTTACTAGTTTTTGCTGGCATTTCTTTTAGAAGCAAAAAG 

CuP1R TACTAAGCTTCCAATTCGCTGAATATTTTATG 
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FLAG-HK F AGCTTACCATGGACTACAAGGACGATGACGATAAGGTAC 

FLAG-HK R CTTATCGTCATCGTCCTTGTAGTCCATGGTA 

FLAG-HE F AGCTTACCATGGACTACTAGGACGATGACGATAAGG 

FLAG-HE R AATTCCTTATCGTCATCGTCCTTGTAGTCCATGGTA 

 

LIB5 cDNA library  Human hepatoma G2 cDNA library in the yeast expression 

vector pSCGAL10-SN (Belgian Co-ordinated Collections 

of Micro-organisms (BCCM™) 

 

cDNA clones from the RZPD German Resource Center for Genome Research: 

- IMAGp998D17289Q2, IMAGE:163552    UGT1 (SLC35A2)  

- IMAGp998H0411479Q2, IMAGE:5191731   UGT2 (SLC35A2) 

- IMAGp998O0611766Q, IMAGE: 5302877   hORF-6 (SLC35A5) 

- IMAGp958L24166Q, IMAGE: 4810919    hORF-7 (SLC35) 

- IMAGp998P234577, IMAGE: 1869574    hORF-8 (SLC35F6) 

- IMAGp998I0811750, IMAGE: 5296591    hORF-9 (SLC35B1) 

- IMAGp998M1810010, IMAGE: 4363961   hORF-10 (SLC35B3) 

- IMAGp998L179710, IMAGE: 3904672    hORF-11 (SLC35B4) 

- IMAGp998H239752, IMAGE: 3920710    hORF-15 (SLC35C2) 

- IMAGp998A0210184Q, IMAGE 2961449   hORF16 (SLC35A4) 

- IMAGp998A0413331Q, IMAGE 5597840   hORF17 (SLC35B2) 

 

2.1.6 Antibodies 

 

Anti-penta His mAb monoclonal antibody (mouse IgG) directed against 
5xHistidine epitope 

735 mAb monoclonal antibody (mouse IgG 2a) directed against 
poly-alpha2,8 N-acetylneuraminic acid (Frosch et al., 
1985) 

L2-412 mAb monoclonal antibody directed against glucoronic acid 
β1,3- galactose 

anti-Flag M5 monoclonal antibody (mouse IgG1) directed against 
the Flag-epitop (MDYKDDDDK) (Sigma) 
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Anti-alpha Mannosidase II  polyclonal rabbit serum (supplied by Prof. K. 
Moreman; University of Georgia, USA 

Anti-rabbit-IgG Alexa488-conjugate Molecular probes 

Anti-mouse-IgG Cy3 conjugate Sigma 

Anti-mouse-IgG AP conjugate Dianova 

Streptavidin AP Dianova 

 

2.1.7 Enzymes 

 

Zymolyase ICN Biomedicals 

T4-DNA-Ligase New England Biolabs 

cloned Pfu-DNA-Polymerase Stratagene 

Taq-DNA-Polymerase Sigma 

Lysozyme Serva 

Trypsin/EDTA (0.5 % / 0.2 %) GibcoBRL 

Restriction enzymes:   

BamHI,EcoRI,HindIII,KpnI, NcoI, NdeI, SpeI,XbaI, XhoI              New England Biolabs 

RnaseA Qiagen 

 

2.1.8 Molecular weight markers 

 

“1 kb DNA ladder”       Invitrogen 

“100 bp DNA ladder       Invitrogen 

„SDS-PAGE molecular weight standard low range”   BioRad 

“Prestained Precision Protein Standard”    BioRad 

 

2.1.9 Mammalian culture media reagents 

 

Alpha MEM        Invirtogen 

Fetal calf serum       Invitrogen 

Opti MEM        Invitrogen 
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2.1.10 Antibiotics 

 

Ampicillin, sodium salt Serva 

Carbenicillin, disodium salt Fluka 

Kanamycin Sigma 

Tetracycline Invitrogen 

Zeocin Invitrogen 

 

2.1.11 Kits 

 

BCA kit        Pierce 

QIAGEN Plasmid mini and midi kit      Qiagen 

QIAGEN Gel Extraxtion Kit      Qiagen 

QIAGEN PCR Purification Kit     Qiagen 

Rapid Translation System RTS-100     Roche 

 

2.1.12 Standard buffers  

 

Agarose loading buffer  30% glycerol 

60 mM EDTA 

0.05% bromephenol Blue 

0.5% sarcosyl 

2xSDS-PAGE loading buffer 10% (v/v) gycerol 

1% (w/v) SDS 

8M Urea 

15 mM Tris-HCl pH 8.8 

0.1% (w/v) bromophenol Blue 

BCIP 25 mg/ml BCIP in 100% DMF 

NBT 50 mg/ml NBT in 70% (v/v) DMF 

PBS  10 mM sodium phosphate pH 7.5 

150 mM NaCl 
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PBS/EDTA 10 mM sodium phosphatepH 7.5 

150 mM NaCl 

2 mM EDTA 

TBE  100 mM Tris-HClpH 8.0 

100 mM Borate 

2.5 mM EDTA 

TE TE 10 mM Tris-HCl pH 8.0 

1 mM EDTA 

 

2.1.13 Chemicals 

 

Acrylamide 40% 4 K-Mix (37,5:1) Serva 

Adenin Fluka 

Agarose Serva 

Ammonium persulphate (APS) Serva 

Asolectin Fluka 

Asparagine Sigma 

Bacto peptone  GibcoBRL 

Bacto yeast extract  GibcoBRL 

BCA Protein Assay Reagent Pierce 

BCIP (5-Brom-4-chlor-3-indolyl-phosphat) Fluka 

Beta-Mercaptoethanol Sigma 

Biothintyramid Molecular probes 

Borate, sodium salt Merck 

Bromophenol Blue, sodium salt Applichem 

BSA (Fraktion V) Applichem 

BSA protein standard Pierce 

Calcium chloride Sigma 

CHAPS Boehringer Mannheim 

Chloroform Baker 

Compete protease inhibitor cocktail  Roche 

Cupric sulfate Sigma 
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D-galactose Sigma 

D-glucose Sigma 

Dimethylsulfoxide (DMSO) Merck 

Dipotassium hydrogenphosphate Merck 

Disodium hydrogenphosphate Merck 

dNTPs (100 mM each) Pharmacia 

Dry milk Applichem 

EDTA, Disodium salt (Titriplex III) Merck 

Ethanol, abs. Baker 

Ethidium Bromide USB corporation 

Fast Red Sigma 

FCS Invitrogen 

Ferrocyanide/Ferricyanide Sigma 

Formaldehyde Sigma 

Glutardialdehyde Roche 

Glycerine (99%) KMF 

Glycine Sigma 

Hepes Applichem 

Histidine Sigma 

Imidazole Fluka 

IPTG (Isopropyl-beta-D-thiogalactopyranoside) Merck 

Isopropanol (2-Propanol) Merck 

LB agar Becton Dickinson 

LB medium Becton Dickinson 

L-d-phosphatidyl choline Sigma 

Leucine Sigma 

LipofectAMINE transfection reagent Invitrogen 

Lithium acetat Sigma 

Lysine Sigma 

Magnesium chloride Sigma 

Manganese chloride Merck 

Methanol Baker 
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Methionin Sigma 

MOPS Applichem 

Mowiol Baker 

Naphtol Sigma 

n-dodecyl-beta-D-glucopyranozide Calbiochem 

n-dodecyl-beta-D-maltose Calbiochem 

n-octyl-beta-D-glucopyranozide Calbiochem 

NP-40 Calbiochem 

ONGP Invitrogen 

Polyethyleneglycol, various from PEG 3350 Sigma 

Ponceau S, sodium salt Sigma 

Potassium acetate Merck 

Potassium chloride Merck 

Potassium dihydrogenphosphate Merck 

Roti-Blue Coomassie-stain (5x) Roth 

salmon sperm DNA Sigma 

Saponin Sigma 

Select agar Invitrogen 

Serine Sigma 

Silver nitrate Applichem 

Sodium acetate Merck 

Sodium azide Merck 

sodium carbonate Merck 

Sodium chloride Merck 

Sodium dihydrogenphosphate Merck 

Sodium dodecylsulfate (SDS) Merck 

Sodium hydroxide Merck 

Sorbitol Sigma 

Streptavidine Horseradish peroxidase conjugate Roche 

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

TRIS (Tris(hydroxymethyl)-aminomethan) Merck 

Triton X100 Serva 
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Tryptophan Sigma 

Tween 20 Calbiochem 

Uracil Sigma 

Urea GibcoBRL 

x-Gal Clontech 

Yeast Nitrogen base w/o amino acids Becton Dickinson 

Yeast Nitrogen base w/o amino acids, w/o amonium sulfate Becton Dickinson 

 

All chemicals not explicitly listed above were purchased in p.a. quality from either Merck or 

Sigma. 
 

 2.1.14 Cold and radioactive nucleotide sugars 

 

[3H]Adenosine-5’-Triphosphat [3H]ATP PerkinElmer LAS 

Cytidine 5’-monophophate [9-3H]sialic acid CMP-[9-3H]NeuAc NEM Life Science 

Guanosine diphosphate [2-3H]fucose GDP-[2-3H]Fuc NEM Life Science 

Guanosine diphosphate [2-3H]mannose GDP-[2-3H]Man NEM Life Science 

Uridine diphosphate [1-3H]galactose UDP-[1-3H]Gal NEM Life Science 

Uridine diphosphate N-acetyl [1-
3H]galactosamine 

UDP-[1-3H]GalNAc NEM Life Science 

Uridine diphosphate [1-3H]glucose UDP-[1-3H]Glc NEM Life Science 

Uridine diphosphate [U14C] glucuronic acid UDP-[14C (U)]GlcA NEM Life Science 

Uridine diphosphate N-acetyl [6-
3H]glucosamine 

UDP-[6-3H]GlcNAc NEM Life Science 

Uridine diphosphate [U14C] xylose UDP-[14C (U)]Xyl NEM Life Science 

Adenosine-5’-triphosphate ATP Sigma 

Cytidine 5’-monophophate sialic acid CMP-NeuAc Kyowa Hakko Kogyo 

Guanosine diphosphate fucose GDP-Fuc Kyowa Hakko Kogyo 

Guanosine diphosphate mannose GDP-Man Kyowa Hakko Kogyo 

Uridine diphosphate galactose UDP-Gal Kyowa Hakko Kogyo 

Uridine diphosphate N-acetyl galactosamine UDP-GalNAc Sigma 

Uridine diphosphate glucose UDP-Glc Kyowa Hakko Kogyo 

Uridine diphosphate glucuronic acid UDP-GlcA Kyowa Hakko Kogyo 
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Uridine diphosphate N-acetyl glucosamine UDP-GlcNAc Kyowa Hakko Kogyo 

Uridine diphosphate [U14C] xylose UDP-[14C (U)]Xyl Sigma 

 

2.1.15 Laboratory equipment 

 

Blotting chamber Fast-Blot B44      Biometra 

Easy Enhanced Analysis System(E.A.S.Y RH-3,  

Videokamera 429K)       Herolab 

Elektrophoresis chamber for agarose-gels     peqlab 

Elektrophoresis chamber for SDS-PAGE     BioMetra 

Heating block TB1        BioMetra 

HeraSafe Hood        Heraeus 

Incubators         Heraeus 

Peristaltic pump P-1        Amersham Biosciences 

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

Sonifier 450         Branson 

Spectrophotometer Ultrospec 2100 pro     Amersham Biosciences 

Speedvac RVC 2-18        Christ 

Thermocycler T1 und T Gradient      Biometra 

GeneAmp System 2400      Perkin Elmer 

Thermomixer compact       Eppendorf 

Centrifuges:  -Biofuge fresco     Heraeus 

- Biofuge pico      Heraeus 

- Multifuge 3 S-R     Heraeus 

- Centrifuge 5415C     Eppendorf 

- Coulter Avanti J-30I     Beckman 

- Centrikon T-1170     Kontron 

Rotors:  - JA 25.50      Beckman 

- JLA 10.500      Beckman 

- JS-24.15      Beckman 

Liquid scintillation counter LS 5000CE    Beckman 
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2.2 Methods 
 

2.2.1 Multiple alignments, transmembrane domain prediction and phylogenetic analysis 

Human members of the SLC35 family were identified by WU-BLAST2 searches in the 

protein databases using various known members of the DMT superfamily as input. Searches 

were done at protein level and limited to the proteins predicted from the human genomic 

sequence. The TMHMM server v 2.0 was used for prediction of transmembrane helices in 

proteins (Center for Biological Sequence Analysis, Technical University of Denmark 

http://www.cbs.dtu.dk/services/TMHMM/). The multiple alignment and building of phylogenetic 

trees of members of the human SLC35 family was done using the online clustalW program at the 

EMBL-EBI (Hinxton, UK) http://www.ebi.ac.uk/clustalw/). 

 

2.2.2 Analytical plasmid preparation 

Four ml LB medium containing the appropriate antibiotic were inoculated with a single 

bacterial colony from a selective agar plate and incubated for 12-16 h at 37°C at 250 rpm. 3 ml 

of the culture were pelleted by centrifugation (20 sec, 14500xg, RT) and resuspended in 250 µl 

buffer P1 (50 mM Tris/HCl pH 8.0, 10 mM EDTA, 100 µg/ml RnaseA). 250 µl of buffer P2 (1 

% SDS, 0.2 M NaOH) and incubated for 4 min. The cell lyses was stopped by adding of 300 µl 

of buffer P3 (3,0 M potassium acetate, pH 5.5). The samples were centrifuged for10 min at 

14500xg, RT. The supernatant was applied on a Qiaprep spin column. The column was washed 

with 600 µl buffer PE and the plasmid DNA was eluted with 50 µl TE buffer. 

 

2.2.3 Preparative plasmid preparation 

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

according to the manufacturers instructions. A starter culture was generated by incubating 3 ml 

LB medium (200 µg/ml carbenicillin) inoculated with single bacterial colony from a selective 

agar plate for 12-16 h at 37°C and 250rpm. 200 µl of the starter culture were diluted in 100 ml 

LB medium (200 µg/ml carbenicillin) and again incubated for 12-16 h at 37°C and 250 rpm. The 

culture was centrifuged (15 min, 6000xg, 4°C) and the bacterial pellet resuspended in 4 ml buffer 

P1 (50 mM Tris/HCl pH 8.0, 10 mM EDTA, 100 µg/ml RnaseA). After the addition of 4 ml 
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buffer P2 (1 % SDS, 0.2 M NaOH) and cautious mixing the bacterial lysis was allowed to 

proceed for 5 min at room temperature. Then 4 ml of chilled buffer P3 (3,0 M potassium acetate, 

pH 5.5) were added, the sample was again cautiously mixed, incubated on ice for 15 min and 

centrifuged (30 min, 20000xg, 4°C). The supernatant instantly was applied to a QIAGEN-Tip 

100 column equilibrated in buffer QBT (750 mM NaCl, 50 mM MOPS pH 7.0, 15% 

isopropanol, 0.15% (v/v) TritonX-100). After two washing steps with 10 ml buffer QC (1 M 

NaCl, 50 mM MOPS pH 7.0, 15% isopropanol) the bound plasmid DNA was eluted in 5 ml 

buffer QF (1.25 M NaCl, 50 mM Tris-HCl pH 8,5, 15% isopropanol) and 3.5 ml isopropanol 

were added to the eluent. After centrifugation (30 min, 20000xg, 4°C) the pelleted DNA was 

washed in 2 ml ethanol (70 %) and recentrifuged (15 min, 20000xg, 4°C). The dried DNA pellet 

was dissolved in 200 µl TE buffer and stored at -20°C. 

 

2.2.4 Agarose gel electrophoresis of DNA 

DNA samples were diluted in 6 x loading buffer and separated on horizontal agarose gels 

(0.8 to 2.0 % agarose in TBE buffer). 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 ‘Easy Enhanced Analysis System’ (Herolab) was used. 

 

2.2.5 Determination of DNA concentrations 

DNA concentrations were determined photometrically and calculated from the absorbance 

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

 

2.2.6 Restriction digests of DNA 

Restriction enzymes and reaction buffers were used according to the manufacturers 

instructions. For preparative digests 2-2.5 µg of DNA were incubated with 2-5 Units of enzyme 

for 60-180 min at 37°C while the added volume of enzyme solution never exceeded 10 % of the 

total sample volume. For analytical digests 2 µl of plasmid DNA were incubated for 60 min at 

37°C with 1-3 Units of enzyme. 
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2.2.7 Isolation of DNA fragments form agarose gels 

To isolate DNA fragments after restriction 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. After one washing step with 500 µl buffer PE bound DNA was eluted in 30 µl 

EBC (10 mM Tris-Cl pH 8.5). Sample and buffer applications were mediated by centrifugation 

(60 sec, 14500xg, RT) of the column. 

 

2.2.8 Ligation of DNA 

20 fmol of digested vector DNA and 100 fmol of the respective insert were incubated with 

1 Weiss-Unit 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 either incubated for 

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

 

2.2.9 Preparation of CaCl2-competent E. coli 

100 ml SOB medium were inoculated with 5 ml of an overnight starter culture and grown 

at 37°C and 250 rpm to an optical density of OD600 = 0.5. The culture was incubated on ice for 

10 min and centrifuged (10 min, 4000xg, 4°C). The bacterial pellet was carefully resuspended in 

30 ml of ice-cold TB (10 mM MES pH 6.7, 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2), 

incubated for 10 min on ice and centrifuged (10 min, 4000xg, 4°C). The pellet was again 

carefully resuspended in 8.6 ml TB including 0.6 ml DMSO and aliquots of 200 µl were flash 

frozen in liquid nitrogen and stored at -80°C. This protocol was used to prepare competent E. 

coli of the strains JM109, XL1Blue and C43 (DE3). 

 

2.2.10 Transformation of competent E. coli 

50-200 µl of competent E. coli were thawed on ice and 10 ng of plasmid DNA or 10 µl of 

ligation mix were added. The mix was left on ice for 15 min, subjected to a 45 sec heat shock at 

42°C and incubated on ice for another 5 min. 500 µl of LB-medium was added, the cell 
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suspension was incubated at 37°C for 30 min and plated on selective LB-agar plates containing 

the appropriate antibiotics. 

 

2.2.11 Polymerase chain reaction (PCR 

To amplify DNA-fragments by PCR reaction, sense and antisense primer (10 pmol each), 5 

U Pfu-polymerase, dNTP´s (20 µM each) and 2% DMSO were mixed in a total volume of 50 µl 

1xPCR buffer. As a template for the PCR 10-50 ng of plasmid DNA or 1 µl of E.coli suspension 

was applied.The PCR-mix was incubated in a Thermocycler for 25-30 of the following cycles: 

45 sec at 94°C to denature double stranded DNA, 60 sec to anneal the oligonucleotide primers 

(5°C below their calculated melting point) and elongation at 72°C for 100 sec per kb of synthesis 

product. In the last cycle the elongation step was extended to 10 min. PCR reaction were either 

performed using the ‘GeneAmp System 2400’ (Perkin Elmer) or the ‘T1-Thermocycler’ 

(Biometra). 

 

2.2.12 Cultivation of CHO cells 

Chinese hamster ovary (CHO) cells were kept in a humidified incubator at 37°C and 5 % 

CO2. Cells were cultured in alpha-MEM supplemented with 1 mM sodium pyruvate and 5 % 

fetal calf serum (FCS). Confluent cell layers were treated with PBS/EDTA to detach the cells 

from the culture plate and diluted 1:10 in fresh medium. For long term storage in liquid nitrogen, 

cells were pelleted by centrifugation (5 min, 200xg, RT) and resuspended in culture medium 

containing 20 % FCS and 10 % DMSO at a concentration of 1x107 cells/ml. Aliquots of 1 ml 

were filled in cyro-vials, stored overnight at -80°C and then transferred to liquid nitrogen. To 

recover frozen cell pellets, they were kept on dry ice for 5-10 min, thawed in a water bath at 

37°C and diluted by drop wise addition of culture medium containing 10 % FCS. After 

centrifugation (5 min, 200xg, RT) the cell pellet was again resuspended in culture medium (10 % 

FCS) and transferred to culture plates. 

 

2.2.13 Transfection of CHO and HeLa cells 

For transient transfection, CHO cells were seeded in 6 well plates at a concentration of 

3x105 cells/well and incubated over night. A transfection mix was prepared by diluting 1 µg of 
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plasmid DNA and 6 µl of Lipofectamine each in 100 µl OptiMEM (Invitrogen). Both dilutions 

were combined and incubated for 15-30 min at RT. The CHO cell layer (70-80 % confluent) was 

washed twice in PBS and incubated with freshly prepared transfection mix diluted with 1 ml 

OptiMEM for 6 h. The transfection was stopped by the addition of 1 ml alpha-MEM 

supplemented with 1 mM sodium pyruvate and 10 % fetal calf serum (FCS). 

 

2.2.14 Generation of a stable cell line with high level of expression of the Tet repressor 

To determine the minimal concentration of Zeocin sufficient to kill non-transfected HeLa 

cells, a range from 0 to 1000 µg/ml Zeocin was applied in 12-well plates with 25 % confluent 

cells. Every two days, cells were transferred to a new 12-well plate with fresh medium and 

Zeocin. On the next day, the numbers of survived cells for each antibiotic concentration were 

estimated under a light microscope.  

Hela cells were seeded in a 24-well plate and transfected with 0.25 µg pcDNA6/TR. The 

next day, cells were diluted in a 150 mm plate and the previously determined minimal 

concentration of Zeocin (0.7 mg/ml) was applied. Every second day, the medium was 

exchanged. Formation of colonies was observed after 1-2 weeks. Clones were picked with a 20 

µl pipette under light microscope and seeded in 24-well plates. To determine the expression of 

Tet repressor, single cell clones were transfected with pcDNA4/TO/LacZ and x-gal staining with 

transformants was performed. 

 

2.2.15 X-gal staining 

To determine the expression of LacZ (beta-galactosidase), cells were washed twice with 

PBS and fixed at room temperature for 10 min in 2.5% glutarealaldehid PBS. Cells were washed 

two times with PBS and substrate staining solution (200 mM Ferrocyanide/Ferricyanide, and 1 

mg/ml X-Gal in PBS) was applied. To perform the beta-galactosidase reaction, samples were 

incubated at 37 °C for 6-12 hours. Positive cells develop a blue colour.  

 

2.2.16 Immunostaining of cell surface glycoconjugates 

CHO Lec2 cells 6B2 (Eckhardt et al., 1996) were grown in α-MEM with 10% Fetal Calf 

Serum. On day 1, Cells were plated in 6 well plates and on day 2 confluent cell layers were 
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transiently transfected with 1 µg plasmid DNA. On day 4, cells were washed with TBS, fixed 

with 2.5% glutaraldehyde for 10 min and blocked in 2% milk powder/TBS for 30 min. Cells 

were stained with monoclonal antibody mAb 735 (Frosch et al., 1985) for 2 h. Amplification of 

the signal was performed by incubation with anti mouse antibody conjugate with horse radish 

peroxidase for 1 h, followed by biotintyramid – peroxide reaction (10 min incubation with 

0.001% H2O2, 1.7 mM Biotintyramid and 0.1 M of Imidazole pH 7.6). Cells were incubated with 

alkaline phosphatase conjugated streptavidin in TBS/0.05% Tween20 for 1h. For colour 

development, Fast-Red substrate (Sigma) was used. Plates were analyzed under a normal light 

microscope. After each incubation step, 3-4 washings with TBS (0.05%Tween 20) was 

performed. 

CHO Lec8 cells (Deutscher and Hirschberg, 1986) were grown in α-MEM with 10% Fetal 

Calf Serum. On day 1, cells were plated in 6 well plates and on day 2 confluent cell layers were 

transfected with 1µg plasmid DNA and 1µg plasmid containig β1,3glucuronyltransferase cDNA 

(Terayama et al., 1997). On day 4, cells were washed with TBS, 2.5% glutarealaldehid-fixed and 

blocked in 2% millk powder/TBS. Cells were stained with a monoclonal antibody (mAb) L2-412 

(Bakker et al., 1997; Kruse et al., 1984) in the same solution, followed by an alkaline 

phosphatase conjugate secondary antibody. For colour development Fast-Red substrate (Sigma) 

was used. Plates were analyzed under a normal light microscope.  

 

2.2.17 Immunofluorescence 

Cells of CHO-K1 or HeLa cells were seeded on glass cover slides and transiently 

transfected with mammalian expression vector (pcDNA3 or pcDNA4) with recombinant FLAG-

NSTs. Cells, 1-2 days post transfection, were washed twice with PBS and fixed in 4% 

paraformaldehyde for 20 min at room temperature. To permeabilize, cells were incubated with 

0.1% saponin in PBS containing 0.1% bovine serum albumin for 30 min. Further, samples were 

incubated with the respective primary antibodies (anti-Flag-tag M5 and rabbit anti-α-

mannosidase II) diluted in 0.1% BSA in PBS for 2 h. After 3 washing steps (PBS, 0.1% BSA, 

0.1% Tween 20) cells were incubated with anti-mouse IgCy3 and anti-rabbit Ig-Alexa 488 for 1 

h at room temperature. After 3 additional washes in PBS 0.1% BSA, 0.1% Tween 20 and a final 

wash in PBS, slides were briefly rinsed in water and mounted in Mowiol and analyzed under a 

Leica DM IRBE microscope. 
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2.2.18 Yeast media 

 

2.2.18.1 Yeast extract / peptone / dextrose (YPD) solid (agar plates) and liquid medium  

This medium is routinely used for growing of yeast. The YPD contains all required 

compound for growth of laboratory strains of Saccharomyces cerevisiae. To prepare YPD, 10 g 

Bacto yeast extract 20 g Bacto peptone and 20 g agar were dissolved in 900 ml distillated water 

and autoclaved. The solution was left at room temperature to cool to 60-70 °C. Hundred milliliter 

of 20 % filter sterilized glucose solution is added (final concentration 2%). 20-25 ml of warm 

medium was poured carefully into a plate (15x95 mm). Plates are cooled down to room 

temperature, closed in polyethylene bags and stored at 4°C. Before using, plates were dried with 

open lids for 10-15 min in a sterile hood. One liter medium is sufficient for generation of 40-50 

plates. Liquid media were prepared in the same way as the solid medium with the exception that 

agar was not added. 

 

2.2.18.2 Synthetic complete (SC) solid and liquid medium 

This media contains chemically defined compounds and usually is used for selection based on 

auxotrophic markers. In this work the SC medium is used for selection of positive transformants 

as well as in different steps in mating and random spore analyses. The basic compound is Bacto 

Yeast Nitrogen base (YNB) without amino acids. 6.7 g of YNB (0.67 % final concentration) and 

20 g agar were dissolved in 850 ml destilated water and autoclaved. Similar to the YPD plates 

when the temperature reach 60-65°C, the carbon source was added as a 100 ml of 20% filter 

sterilized solution of glucose or mixture of galactose and raffinose. Amino acids and uracil were 

added as 50 ml of 20 fold concentrated AA mix, filter sterilized solution. The kanamycin was 

applied as 1000x solution. The 20xAA mix with or without uracil is prepared according to 

auxotrophic markers listed for different strains in concentration 0.2 % (adenine, arginine, 

cysteine, leuine, lysine, threonine, tryptophan, uracil) or 0.1 % (aspartic acid, histidine, 

isoleucine, methionine, phenylalanine, proline, serine, tyrosine, valine). The solution supplied 

with carbon source, amino acids and other compounds (uracil, kanamycin) was poured in plates. 

The liquid medium was prepared in the same way without agar. 
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Instead of YNB without amino acids, to change nitrogen source YNB without amino acids 

and without amonium sulphate was used in a final concentration of 0.17 %. As a nitrogen source, 

1 ml of adenine as a 10% suspension in 70% ethanol was added. 

 

2.2.19 Yeast transformation 

A fresh yeast colony was inoculated in 10 ml YPD medium and incubated at 30 C° 

overnight with shaking (220 rpm).The next day the culture was diluted to an OD600 of 0.4 in 50 

ml and the cell suspension was grown an additional 2-4 h. Cells were harvested by centrifugation 

at 1500xg for 2 min. The pellet was resuspended in 40 ml 1xTE buffer and again centrifuged at 

1500xg. The resulting pellet was resuspended in 2 ml LiAc/0.5xTE buffer and left at room 

temperature for 10 min. For each transformation, in a 1.5 tube, 100 µl of cell suspension was 

mixed well with 1 µg plasmid DNA, 100 µg denatured salmon sperm DNA and 700 µl 

LiAc/40%PEG/1xTE buffer. The mixture was incubated for 30-60 min at 30 C. For each 

transformation, 88 µl of DMSO was added, mixed well and a heat shock at 42 C for 7 min was 

performed. Cells were centrifuged for 10 sec. at 15 000xg. The cell pellet was resuspended in 1 

ml 1xTE and repelleted at 15 000xg for 10 sec. The pellet was resuspended in 100 µl 1xTE 

buffer and plated on a selective SC plate. Single cell colonies were observed after 3 to 5 days 

incubation at 30 C.  

 

2.2.20 Mating of haploid yeast strains, sporulation of yeast a/alpha diploids, germination 

and random spore analyze. 

 

2.2.20.1 Mating of haploid strains and selection of a/alpha diploids 

Mating of Mat a and Mat alpha yeast strains is a naturally occurring process when the two 

type of haploid cells are in close contact. Two strains YER056c (Mat a; his3D1; leu2D0; 

met15D0; ura3D0; YER056c,:kanMX4) and FY1679-01D (Mat alpha ; ura3-52; LEU2; TRP1; 

HIS3; GAL2) were grown in YPD media over night at 30 degrees C to stationary phase. One ml 

of each haploid culture was thoroughly mixed together and plated on a YPD plate and incubated 

for 2h at 30 °C. The yeast were washed from the plate with 10 ml of Tris EDTA buffer pH 7.5, 

pelleted down for 2 min at 1500xg and resuspended in 10 ml of the same buffer. Five to ten µl of 
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the suspension were plated on an SC plate with Ura and Kan, without amino acids. Single cell 

diploid colonies were observed on the plate after three to four days of incubation at 30 °C. 

 

2.2.20.2 Sporulation of a/alpha diploids 

Yeast Sporulation and formation of tetrads from diploid zygotes occur due to starvation of 

the cells and presence of acetate in the culture media. Fifty µl of overnight diploid culture was 

mixed with 1 ml of 50 mM KOAc (pH 6.0) and centrifuged for 2 min at 1500xg. The resulting 

pellet was resuspended in 5 ml 50 mM KOAc (pH 6.0) with 0.02% glucose and 0.5x of Ura 

(auxotrophic marker). The yeast suspension was incubated in a 50 ml tube for 3 to 9 days on a 

roller at room temperature. Tetrads formation was controlled under a light microscope. 

 

2.2.20.3 Spore germination 

To release spores from the tetrads, 10 µl of sporulating suspension were mixed with 90 µl 

of 0.5 mg/ml Zymolase in potassium phosphate buffer (50 mM KPO4 pH 7.5; 1.4 M Sorbitol; 10 

mM NaN3 and 0.3% β-mercaptoethanol) and incubated at 30 °C for 30 min. To destroy the 

membrane of tetrads and lyses of diploids, the mixture was snap diluted with 900 µl of sterile 

water. Spores were collected by centrifugation at 15 000xg for 15 sec; the pellet was resuspended 

in 100 µl of TE buffer and plated on SC plate with Kan and Ura. Five days later, formation of 

single cell colony was observed. The majority of resulting colonies are due to spore germination, 

however, due to uncomplete lyses, could originate from diploids. Therefore, to exclude the 

presence of heterozygotes, determination of the mating type is required. 

 

2.2.20.4 Random spore analyses, determination of the mating type 

Determination of the mating type is based on mating of the clone with alpha and a strains. 

The complementation of auxotrophic markers results in formation of colonies in one of the two 

replica plates. Therefore, two SC plates with Kan (an Alpha and an A plate) were covered with a 

thin layer of test strains YPH499 and YPH500 transformed with pYES2/NT-C. One SC plate 

with Kan and Ura was used to grow the haploid yeast cells (storing plate). To prepare replica 

plates, colonies obtained after spore germination were picked with tooth sticks and resuspended 

in 50 µl of TE buffer. Using a new tooth stick, part of the cell suspension was spread as a 1.5-2 
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cm line on the storing plate. The same step was repeated for the Alpha and A plates keeping the 

same order as on the storing plate. Plates were incubated for 5 days at 30 °C. Both testing strains 

as well as the haploid strain is not able to grow on a SC plate with Kan and without of Ura. 

Mating of the haploid strain and one of the two test strain complement Ura deficiency and results 

in kanamycin resistance. Clones grown on the Alpha plate were determine as a Mat alpha and 

clones on the A plate as a Mat a. Diploids are not able to mate with test strains and therefore no 

colonies could be observed on both test plates. 

 

2.2.21 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. 950 µl of the mixture were added to 50 µl of sample and incubated at 

37°C for 30 min in 1.5 ml tubes. As reference, samples with known BSA concentrations (0.0-1.0 

mg/ml) were included. The absorbance of all samples was measured at 540 nm. and protein 

concentrations were calculated from the BSA standard curve. 

 

2.2.22 Polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were separated on SDS-polyacrylamide gels composed of a 3 % stacking 

gel (125 mM Tris/HCl pH 6.8, 0.1 % SDS, 3 % polyacrylamide 4M Urea) and a 12 % separating 

gel (375 mM Tris/HCl pH 8.8, 0.1 % SDS, 7-14 % polyacrylamide 4M Urea). Gels were 

prepared by mixing buffer, SDS and the acrylamide stock solution (37,5 % acrylamide, 1 % 

bisacrylamide) and polymerization was initiated by adding 0,1 % TEMED and 1 % ammonium 

persulfate. Samples were mixed with one volume of protein loading buffer (15 mM Tris-HCl pH 

8.8, 1 % SDS, 8 M Urea and 10 % Glycerol) and incubated at 37 °C for 10. Electrophoresis was 

performed in SDS-electrophoresis buffer (50 mM Tris, 350 mM glycine, 0.1 % SDS) at 70 V 

(stacking gel) and 140 V (separating gel), respectively. 

 

2.2.23 Coomassie staining of polyacrylamide gels 

For Coomassie staining of protein gels, the colloidal staining solution Roti®-Blue (Roth) 

was used. Directly after electrophoresis, the gels were incubated overnight in 20 ml 1xRoti®-
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Blue in 20 % methanol, destained for 1 h in 25 % methanol and dried after 1 h incubation in 

drying-buffer (20 % ethanol, 10 % glycerol). 

 

2.2.24 Silver staining of polyacrylamide gels 

For silver staining the gels were directly after electrophoresis incubated for 1 h or 

overnight in fixing solution (30 % ethanol, 10 % acetic acid, 1.85 % formaldehyde). After two 

washing steps (20 min, 50 % ethanol) the gels were incubated for exactly 1 min in thiosulphate 

solution (20 mg/100 ml), washed three times for 20 sec in deionised water and incubated for 20 

min in staining solution (0.2 % (w/w) AgNO3, 2.8 % formaldehyde). After two washing steps in 

deionised water for 20 sec, the gels were incubated in freshly prepared developer solution (6 % 

(w/w) NaCO3, 2 % (v/v) thiosulfate solution, 1.85 % formaldehyde) until protein bands were 

lighting up. The reaction was stopped by transferring the gels to stop solution (30 % ethanol, 10 

% acetic acid) and gels were dried after 1 h incubation in dryingbuffer (20 % ethanol, 10 % 

glycerol). 

 

2.2.25 Western blotting 

By SDS-PAGE separated proteins were transferred to nitrocellulose membranes using a 

semi-dry blotting chamber (Biometra) at 2 mA/cm2 for 1 h. Gel and membrane were placed 

between two layers of Whatman filter paper soaked in blotting buffer (48 mM Tris, 39 mM 

glycine). To check the transfer efficiency and to label the bands of the molecular weight 

standard, the membrane was reversibly stained in Ponceau S-solution (0.2 % (w/v) Ponceau S in 

3 % TCA) and destained in deionised water and PBS. 

 

2.2.26 Immunostaining of Western blots  

The nitrocellulose membranes were incubated for 1 h at RT or at 4°C overnight in blocking 

solution (2 % drymilk in TBS and 0.05 Tween 20). Further, the membranes were incubated for 1 

h with the primary antibodies in blocking solution, washed again three times for 5 min in TBS 

and incubated for 1 h with alkaline phosphatase-conjugated secondary antibody (1:2000, 

Dianova) in blocking solution. For color development membranes were rinsed three times in 

TBS, once in AP-buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl2) and stained 
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with BCIP/NBT solution (0.3 mg/ml NBT, 0.15 mg/ml BCIP in AP-buffer). The color 

development was stopped by few rinses with deionised water. 

 

2.2.27 Expression of protein in E. coli C43 (DE3) 

For the recombinant expression in E. coli, the pET22b vector system was applied. To 

express protein in the C43 (DE3) strain, freshly transformed colonies were used. An E. coli 

single cell colony was picked and grown overnight at 37 °C in 5 ml of LB medium with 

ampicillin or carbenicillin. The bacterial suspension was inoculated in 40 ml LB media to an 

OD600 of approximately of 0.2 and further incubated at 30°C to reach an OD600 of 0.8. The 

expression was induced for two hours with 20 µl of 0.5 mM IPTG. Cells were harvested by 

centrifugation at 5000xg for 10 min. The pellet was resuspended in buffer A (100 mM sodium 

phosphate, 10 mM Tris-Cl, 0.1 mM MgCl2 pH 7.5) containing protease inhibitor cocktail. The 

cell suspension was adjusted to an OD600 of 20 and the 100 mg/ml lysozyme was added and 

incubated for 30 min at 37 °C. Two ml of each sample were sonicated until reaching a constant 

clarity using 20 sec pulses intermittent with 30 sec on ice. The soluble and insoluble fractions 

were separated by centrifugation at 15 000xg for 10 min. The pellet was resuspend in 2 ml buffer 

A. 15 µl of each fraction was analysed by SDS-PAGE, Western blot and Imunostaining with anti 

FLAG antibody.  

 

2.2.28 Expression of recombinant protein in Saccharomyces cerevisiae 

A fresh colony of transformed yeast was transferred in 10 ml SC medium supplied with 

corresponding amino acids according to the haplotype given for each strain. The culture was 

grown overnight at 30 °C under vigorous shaking (220 rpm) till reaching an OD600 of 0.8. The 

expression was induced for 1-6 h. with 0.5 - 2% final concentration of galactose or 0.1 - 2 mM 

CuSO4 for the GalP1 or CuP1 promoter respectively. Cells were harvested by centrifugation at 1 

500xg for 2 min. The pellet was washed ones with 10 ml TE buffer pH 7.5 and re-pelleted under 

the same condition. The cells were resuspended in 500 µl TE buffer pH 7.5 with 1% Triton 

X100. Half a volume of glass beads was added and each sample was vortexed for 5 min at 

maximal speed. To separate the cell lyses from the glass beads and cell debris, the samples were 
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centrifuged at 700xg for 10 min. For each sample, 15 µl of the supernatant were analyzed by 

SDS-PAGE, Western blot and immunostainig. 

 

2.2.29 Beta-galactosidase assay 

This assay is designed to study transfected cells with a LacZ constructs. Saccharomyces 

cerevisiae cells were transfected with pYEScup1 LacZ. Overnight cultures were grown to an 

OD600 of 0.8. The expression of LacZ gene was induced with different concentrations of CuSO4 

(0.01-2 mM). Cells were incubated for 1-3h at 30 °C under vigorous shaking (220 rpm) and cells 

were harvested by centrifugation at 1500xg for 2 min. The pellet was resuspended in 1 ml TE 

buffer pH 7.5 and collected in a 1.5 ml tube by centrifugation at 13000xg for 15 sec. The cell 

pellet was resuspended in 300 µl TE buffer pH 7.5. Half a volume of glass beads was added and 

the suspension was vortexed for 5 min at max speed. To separate the cell lyses from the glass 

beads and cell debris, the samples were centrifuged at 700xg for 10 min. With the supernatant, a 

beta-galactosidase assay was performed. As a negative control, cells transformed with 

pYEScup1 were used. For each sample, 1-10 µl cell lysate was adjust to a volume of 30 µl with 

deionized water, 30 µl of water was used as a blank control sample. To each sample, 70 µl of 

ONGP (4 mg/ml) and 200 µl Cleavage buffer (100 mM sodium phosphate buffer pH 7.0 with 10 

mM KCl and 1 mM MgSO4) were added, mixed and incubated at 37 °C for 30 min. To stop the 

reaction, 500 µl of Stop buffer (1 M sodium carbonate) was added. The absorbance at 420 nm of 

each sample was measured against a blank control. The result was expressed as a specific 

activity of beta-galactosidase which was calculated as a nM of hydrolyzed ONGP per 30 min 

from 1 mg of protein. The hydrolyzed ONPG was calculated using the formula given below: 

nmoles ONGP = (OD420 x 800000 nl) / ((4500 nl/nmoles-cm)x 1 cm) 

 where 4500 is the extinction coefficient for ONPG 

 

2.2.30 Preparations of Golgi rich fractions 

Fresh overnight yeast culture was inoculated in 1000 ml of SC medium to an OD600 of 

0.030 and additionally grown for 11-13 h to reach an OD600 of 0.8. The expression was induced 

with 100 ml of 20% galactose or 1 ml of 500 mM CuSO4 (according to the promotor in the 

plasmid) and grown for an additional 3h. Cultured cells were harvested by centrifugation (5 min 
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at 1500xg) and washed twice with ice-cold 10 mM NaN3. The pellet was transferred into a pre 

weighted tube. The weight of wet cells was measured and cells were resuspended in zymolyase 

buffer (3 ml/gram cells; 50 mM KPO4 pH 7.5; 1.4 M Sorbitol; 10 mM NaN3 and 0.3% β-

mercaptoethanol) containing 0,6 mg/ml of Zymolyase-100T (ICN Biomedicals, Inc). The 

suspension was incubated for 20 min at 30 °C. Spheroplasts were collected by centrifugation (5 

min at 1,000xg) and resuspended in lysis buffer (4 ml/gram cells; 10 mM Hepes-Tris pH 7.4; 0.8 

M sorbitol; 1 mM EDTA) containing a protease inhibitor cocktail (Roche Applied Science). 

After homogenization with 10 strokes in a Dounce homogenater, the lysate was centrifuged (5 

min, 1,500xg) to remove unlysed cells and debris. ER- and Golgi rich fractions were then 

obtained by centrifugation at 10,000xg for 10 min and 100,000xg for 1h respectively. Finally the 

100,000xg pellet was carefully resuspended in lysis buffer (0.8 ml/g cells), aliquots of 100 µl 

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

 

2.2.31 Nickel agarose affinity chromatography 

Recombinant SLC35B4 was expressed in a 1 l yeast culture as an N-terminally His-tagged 

protein. The protein was enriched by preparation of ER and Golgi membranes. Subsequently, the 

membranes were solubilized in 50 ml of solubilization buffer (20 mM sodium phosphate pH 8.0, 

10 % Glycerol, 50 mM NaCl, 2 % Triton-X100 and 0.008 % of n-dodecyl-beta-D-

glucopyranoside). The solution was passed over a 1 ml HisTrap column, overnight (flow rate 

1ml/min) by using a peristaltic pump. The column was washed with 20x 1 ml of washing buffer 

(20 mM sodium phosphate pH 8.0, 10 % Glycerol, 50 mM NaCl, 2 % Triton-X100, 0.008 % of 

n-dodecyl-β-D-glucopyranoside and 20 mM Imidazole). The protein was eluted with 10x 1 ml 

elution buffer (20 mM sodium phosphate pH 8.0, 10 % Glycerol, 50 mM NaCl, 2 % Triton-

X100, 0.008 % of n-dodecyl-β-D-glucopyranozide and 250 mM Imidazole). Aliquots from each 

step were analysed with SDS-PAGE, silver staining or Western blot and immunostaining with 

anti 5xHis antibody. 

 

2.2.32 In vitro synthesis of protein 

To express SLC35B4, the Rapid Translation System (Roche Applied Science) was used. 

Expression was performed according the manufacturer´s instructions. Briefly, for each reaction, 
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12 µl “E. coli Lysate”, 10 µl “Reaction Mix” 12 µl “Amino Acids”, 1 µl “Methionine” and 5 µl 

“Reconstitution Buffer” were mixed together into one of the supplied reaction tubes. The 

plasmid DNA (0.5 µg pET23d-SLC35B4 in 10 µl TE buffer) was added and the sample was 

incubated at 30 °C for 6 hours. The expression was analyzed by SDS-PAGE, Western blot and 

immunostainig.  

 

2.2.33 Extraction of yeast endogenous Golgi lipids 

Golgi lipids were isolated from Golgi reach membranes prepared as is described. One ml 

of purified Golgi vesicles (1-1.5 mg of protein), were extracted two times with 4 volumes of 

chloroform/methanol (2:l) and once with 4 volumes of chloroform alone. The organic solvent 

fractions were combined and dried under nitrogen. Dried lipids were resuspended in 5 ml of 

chloroform and extracted once with 1 ml of 10 mM Tris-HCI, pH 7.0. The chloroform layer was 

then dried under nitrogen to a volume of 1-1.5 ml. The sample was then transferred to a 

preweighed 1 ml Ependorf tube and completely dried under nitrogen. The lipids were weighed, 

redissolved in a volume of 20 mM phosphate buffer (pH 7.0) containing detergents to obtain 2 or 

10 mg/ml concentration. 

 

2.2.34 Reconstitution of SLC35B4 in proteoliposomes 

The in vitro synthesized SLC35B4 protein diluted with 450 µl 10 mM phosphate buffer pH 

7.0 with 0.009 % DDG, 0.8 M sorbitol and 0.2% Triton X100, and incubated for 1 h at 4 ºC. 

Solubilization was facilitated by gently shaking. Phospholipides (Asolectin, phosphatidylcholine 

or extracted Golgi lipids) were dissolved in the same buffer in two concentrations, 2 and 10 

mg/ml. Protein and phospholipid solutions were mixed together in a one to one volume ratio. 

After one hour incubation at 4 °C, polysterine beads (1/10 of the volume) were applied. The next 

day a fresh portion of beads were added and further incubated for 3 h. at 4 °C. Filtration trough 

chromatography column filled with fresh beads was performed to take out the residual detergent 

and beads from the mixture. With the proteoliposome solution NST assays were performed. 
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2.2.35 Nucleotide sugar transport assay 

For transport assay reactions, 50µl of Golgi fraction and of 2µM of radioactive nucleotide 

sugar (2000-4000 dpm/pmol) in assay-buffer (10 mM Tris-HCl, pH 7.0; 0.8 M Sorbitol; 2 mM 

MgCl2) were separately prewarmed at 30 °C for 45-60 sec. The vesicle preparation (50 µl 

equivalent to 75-100 µg of protein) was incubated with 50µl radioactive sugar for 30 sec at 30 

°C. The reaction was stopped by dilution with 1 ml assay-buffer containing 1 µM of the 

respective cold nucleotide sugar. The separation of vesicles and nucleotide-sugars was achieved 

by filtration trough nitrocellulose filter (MFtm-Membrane Filters Milipore). Filters were washed 

three times with 2 ml of ice cold assay-buffer containing the corresponding cold nucleotide sugar 

at a concentration of 1 µM and filters were dried for 15-30 min at room temperature. The 

radioactivity associated with the filters (vesicular fractions) was measured by liquid scintillation 

in a LS 5000CE counter (Beckman Coulter, Inc. Fullerton, USA). The result was expressed as 

pmoles of transported nucleotide sugar per 1 mg total protein per 1 min time of incubation. Golgi 

vesicles from yeast cells transformed with an empty vector were used to measure endogenous 

transport. The endogenous transport of UDP-Glc was used to control the quality of the vesicles. 

Transport values for each construct were calculated as mean from two independent experiments 

using independently prepared membrane fractions. In each experiment nucleotide-sugars were 

assayed in duplicate with the same vesicle preparation.  
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3. RESULTS 
 

3.1 Identification, cloning and characterization human nucleotide sugar 

transporters 
 

3.1.1 Identification of putative human nucleotide sugar transporters 

Selection of putative NSTs was based on sequences homology and architectural similarities 

with known member of the NST family. Characterized transporters from different species 

including human were first used as input to blast human protein databases. The cut-off was set 

for proteins with a length sufficient to accommodate the 10 transmembrane domains expected for 

NSTs (approximately 300-400 amino acids). The program TMHMM 2.0 for prediction of 

transmembrane helices (Center for Biological Sequence Analysis, Technical University of 

Denmark) was then used to refine the selection to proteins with eight to ten predicted 

transmembrane domains. Finally, candidates were analyzed using multiple alignments with 

different members of NST family and phylogenetic trees including all newly identified 

sequences, were created using the online clustalW program at EBI. This way, 17 open reading 

frames were selected in the human genome. The proteins were given name according to their 

order of selection from hORF-1 to hORF-17. The first 5 identified proteins (hORF-1 to hORF-5) 

were already characterized transporters whereas the function of the twelve remaining proteins 

was unknown. The characterization of hORF-10, hORF-12 and hORF-17 was however reported 

while this study was in progress (Ishida et al., 2005; Kamiyama et al., 2003; Kamiyama et al., 

2006; Luders et al., 2003; Suda et al., 2004). Recently, these 17 human members of the NST 

family were assembled in the solute carrier family 35 (SLC35) and classified in 5 sub-families 

indicated with letters A, B, C, D, and E (Ishida and Kawakita, 2004) containing a total of 17 

sequences including 16 of the 17 that we had identified originally.  

Because of the improvement of the BLAST program and databases, we decided to repeat 

the selection procedure using more input sequences and identified another 11 new NST like 

proteins coming to a total of 28. Especially the availability of family members of other species 

was helpful to identify some members that were not directly found using blast searches with only 

human sequences. An updated phylogenetic tree is presented in figure 8. 
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Figure 8: A phylogenetic tree of the human SLC35 family. The human nucleotide sugar transporter family is 

subdivided in seven subfamilies. The tree also contains well-characterized nucleotide sugar transporters from other 

organisms. 
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These new putative transporters can be grouped in two subfamilies named SLC35F and 

SLC35G which are rather distant from the other branches and contain no member with known 

transport activity. The F family shows most homology to a purine transporter from Arabidopsis 

thaliana and the G family has no known members at al, but has also homologs in other species.  

The members of the SLC35 family show rather low homology to each other. Most are not 

identified by blast searches using for example the known UDP-Gal transporter (SLC35A2). 

 

3.1.2 Cloning of putative human NSTs in yeast and mammalian expression vectors 

To check if putative NSTs are able to transport nucleotide sugars, expression in 

Saccharomyces cerevisiae is required. Therefore, cDNA clones of twelve selected proteins were 

ordered from RZPD (Berlin, Germany). According to the sequence, primer pairs were designed 

and PCR amplification was performed. From 9 of these 12 cDNA clones, complete open reading 

frames were amplified and ligated in commercially available pYES2/NT-C utilizing restriction 

sites listed in table 1. In order to facilitate the detection of the protein the vector contains the 

sequence for 5xHis protein tag followed by entherokynase site. The tag can be removed by 

treatment with entherokynase. The vector is design for expression of N-terminally his tagged 

protein in Saccharomyces cerevisiae under regulation of the Gal promoter. The resulting plasmid 

inserts were conformed by sequencing.  

To analyze the cellular distribution of selected proteins, candidate NSTs must be expressed 

in mammalian cells as a recombinant protein fused to a protein tag. The pcDNA3 vector system 

from Invitrogen was chosen. The vector was available in the laboratory as a modified plasmid 

including a sequence for the FLAG tag epitope. This plasmid drives the expression in 

mammalian cells of N-terminally FLAG tagged protein under control of the strong CMV 

promoter. The inserts from the yeast vector were subcloned into corresponding sites of the 

pcDNA3 vector.  
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Table 1: Vector constructs containing SLC35 family members 

IMAGE 

ID 

Laboratory 

name 

SLC35  PCR primers Restriction 

sites  

Vector 

163552 

 

5191731 

UGT1 

 

UGT2 

A2 

 

A2 

HB22 

HB23 

HB22 

HB24 

BamHI 

XbaI 

BamHI 

XbaI 

pYES2/NT-UGT1 

pcDNA3/FLAG-UGT1 

pYES2/NT-UGT2 

pcDNA3/FLAG-UGT2 

2961449 hORF-16 A4 AAhum16F 

AAhum16R 

BamHI 

XbaI 

pYES2/NT-hORF-16 

pcDNA3/FLAG-hORF-16 

5302877 hORF-6 A5 AAhum6F 

AAhum6R 

KpnI 

XbaI 

pYES2/NT-hORF-6 

pcDNA3/FLAG-hORF-6 

5296591 hORF-9 B1 AAhum9F 

AAhum9R 

EcoRI 

XbaI 

pYES2/NT-hORF-9 

pcDNA3/FLAG-hORF-9 

5597840 hORF-17 B2 AAhum17F 

AAhum17R 

EcoRI 

XbaI 

pYES2/NT-hORF-17 

pcDNA3/FLAG-hORF-17 

4363961 hORF-10 B3 AAhum10F 

AAhum10R 

BamHI 

XbaI 

pYES2/NT-hORF-10 

pcDNA3/FLAG-hORF-10 

3904672 hORF-11 B4 AAhum11F 

AAhum11R 

BamHI 

XbaI 

pYES2/NT-hORF-11 

pcDNA3/FLAG-hORF-11 

3920710 hORF-15 C2 AAhum15F 

AAhum15R 

BamHI 

XbaI 

pYES2/NT-hORF-15 

pcDNA3/FLAG-hORF-15 

4810919 hORF-7 E3 AAhum7F 

AAhum7R 

EcoRI 

XbaI 

pYES2/NT-hORF-7 

pcDNA3/FLAG-hORF-7 

1869574 hORF-8 F6 AAhum8F 

AAhum8R 

BamHI 

XbaI 

pYES2/NT-hORF-8 

pcDNA3/FLAG-hORF-8 

 

3.1.3 Analysis of UDP-Gal and CMP-SA transport 

Complementation of primary genetic defect in mutant cell lines that have alteration in the 

cell wall composition has been widely used for identification of proteins involved in 

glycosylation. Two Chinese hamster ovary cell lines, 6B2 and CHOP8, belonging to the 

complementation group Lec2 and Lec8, have a mutation in the CMP-SA and UDP-Gal 

transporters respectively. As sialic acid residues are added onto galactose residues, the cell 

surface glycoconjugates of both cell lines are deficient in terminal sialic acid and polysialic acid. 
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As a result these cells cannot be stained with antibody 745 (Frosch et al., 1985) recognizing 

polysialic acid (figure 9).  

Galactose
Sialic Acid Fucose 

Lec2  CHO

Deficiency of 
CMP-Sialic acid 
transport

Lec8  CHO

Deficiency of 
UDP-Galactose 
transport

735 Ab

Transfection with CMP-Sialic acid transporter

Transfection with UDP-Galactose transporter

Cotransfection with 
Glucuronyltransferase

Mannose
N-acetylglucosamine

Glucuronic acid 412 Ab

(   )n

 
 

 

Figure 9: Complementation test in Lec2 and Lec8 CHO cells. CHO Lec2 and CHO Lec8 cell lines have primary 

defects in the genes for CMP-SA and UDP-Gal transporters respectively. As a result, the N-linked cell surface 

glycoconjugates do not have terminal sialic acid and polysialic acid. By re-introduction of a CMP-SA or UDP-Gal 

transporter in these cells by transfection, sialic acid addition is restored and can be observed by antibody 735 

staining. Cotransfection with a glucoronyltransferase creates an epitop for antibody 412 and increases the sensitivity 

of the detection 

 

The biosynthesis of this epitope can be restored by transfection of 6B2 or CHOP8 with a 

functional CMP-SA or UDP-Gal transporter respectively and easily detected with antibody 745. 

An alternative, more sensitive, method, applicable to Lec8 cells only, is the detection with 

antibody 412 (Kruse et al., 1984) , For this, cells have to be cotransfected with a 

glucoronyltransferase (Terayama et al., 1997), which, in a presence of terminal galactose, forms 

the HNK-1 epitope recognized by Antibody 412 (Kruse et al., 1984). These systems provide thus 
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a fast method for the identification of CMP-SA and UDP-Gal transporters as illustrated in figure 

9. 

Recent reports indicate that certain nucleotide sugars can be transported by multiple 

transporters. Moreover the number of putative NSTs found in databases, largely exceeding the 

number of nucleotide sugars, supports this concept. Therefore, the ability of the candidate NSTs 

to transport UDP-Gal or CMP-SA was investigated, although a human UDP-Gal and CMP-SA 

had already been described. cDNA sequences of the nine selected NST members (see table 1) 

were cloned in the mammalian expression vector pcDNA3 and the resulting plasmids were tested 

for their ability to complement the defect of 6B2 and CHOP8 lines. Hamster CMP-SA and 

human UDP-Gal transporters were used as positive controls. None of the analyzed nine proteins 

were able to complement 6B2 and CHOP8 indicating that they are unable to transport CMP-SA 

or UDP-Gal. 

 

3.1.4 Subcellular localization of selected NST like proteins 

Nucleotide sugar transporters reside in the membrane of the Golgi apparatus and/or 

endoplasmic reticulum. Subcellular localization of our putative transporters can thus be used as 

an additional selection step as well as part of initial characterization of these proteins. 

 

3.1.4.1 Expression of predicted NSTs in CHO K1 cells 

To explore the cellular segregation of the selected nine proteins, the cDNAs encoding the 

complete open reading frames cloned in the pcDNA3 vectors were transfected in CHO K1 cells. 

Resulting plasmids lead to expression of N-terminally FLAG tagged proteins under regulation of 

the strong CMV promoter. Transient expression of the proteins and immunostaining with the 

anti-Flag antibody in CHO K1 cells were performed as described in material and methods. Two 

splice variants of the human UDP-Gal transporter called UGT1 and UGT2 were used as control. 

The former resides in the Golgi apparatus, while the second localizes both in the ER and Golgi. 

Additionally the Golgi resident alpha-Mannosidase II was used as Golgi marker. As shown in 

figure 10, hORF-11 (SLC35B4) co-localizes with this protein and is thus localized in the Golgi 

apparatus like the UGT1 control whereas the distribution of hORF-15 (SLC35C2) is similar to 

UGT2 indicating both endoplasmic reticulum and Golgi apparatus localization.  
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Figure 10: Subcellular localization of SLC35B4 and SLC35C2. CHO cells were transiently transfected with 

FLAG-tagged UGT1, UGT2, SLC35B4 and SLC35C2. The localisation of the recombinant proteins was analysed 

by indirect immunofluorescence microscopy. The FLAG tagged SLC35B4 transporter (red) co-localises with the 

Golgi marker mannosidase II (green). The SLC35C2 protein shows a distribution similar to UGT2 (control) and 

therefore is suggested to be localised in the ER and Golgi. 

 

Over-expression of other hORFs seems to destroy the internal organization of the cells 

leading to cell death as the only stained cells were small rounded cells without apparent Golgi 

apparatus. In order to decrease protein expression, experiments were first repeated with a lower 
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concentration of plasmid DNA and shorter time of expression but the results did not improve. 

We then tried to generate “semi stable” cell lines to limit the plasmid copy numbers and lower 

protein expression. The remaining hORFs were therefore transfected in CHO K1 cells and 

antibiotic selection was applied. Only cells with low expression of the transporter are expected to 

survive. Unexpectedly, two days after transfection no cells were alive. Results obtained from this 

experiment show clearly that expression of putative transporters under control of CMV promoter 

is too high and kills the cells. A system in which the level of hORFs expression could be tightly 

controlled is thus required for localization of NSTs in mammalian cells. 

 

3.1.4.2 Expression under control of the tet repressor  

The T-REx™ System is a tetracycline-regulated mammalian expression system that uses 

regulatory elements from the E. coli tetracyclin resistance operon (Hillen et al., 1983; Hillen and 

Berens, 1994).The regulation is based on the binding of tetracycline repressor homodimer to the 

tetracycline operator inserted after the strong CMV promoter as is indicated on figure 11. The 

ratio tetracycline – repressor determine the level of expression of the gene of interest (in our case 

NSTs). The repressor protein is encoded from pcDNA6/TR vector and is under regulation of the 

CMV promoter. By applying different concentration of tetracycline, the amount of produced 

NST can vary from virtually zero to the level obtained from the CMV promoter. 

The cDNA of nine putative transporters listed in table 1 were recloned in pcDNA4 vector 

(utilizing the same multiple cloning sites) in witch the CMV promoter is repressed by Tet – 

operator. Human ORFs and pcDNA6 were co-transfected in CHO cells and antibiotic selection 

was applied. Using this approach hORF-7 (SLC35E3) was successfully localized in the Golgi 

apparatus (figure 12).  
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Figure 12: Subcellular localization of SLC35F6. CHO cells were transiently cotransfected with FLAG-tagged 

SLC35F6 and pcDNA6/TR and antibiotic selection was applied. The localisation of the recombinant protein was 

analysed by indirect immunofluorescence microscopy. FLAG tagged SLC35F6 (red) co-localises with the Golgi 

marker mannosidase II (green). 
 

Figure 11: Inducible expression of the gene of 

interest under regulation of the tet repressor. The 

tet repressor (tetR) is expressed from pcDNA6/TR in 

transfected cells. TetR homodimers bind to tet 

operator (tetO2) sequences and the expression of the 

gene of interest is suppressed. Tetracycline, added in 

the medium binds to tetR and induces conformational

changes in the repressor protein which results in 

releasing of the tetO2 sites. This leads to expression 

of the gene of interest.  
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However, the other proteins remain with unknown cellular distribution. Therefore, a 

system with the Tet-repressor stably integrated in the genome was used. For this, HeLa cells 

were used, as these are better suitable for intracellular localization of proteins. To generate the 

stable cell line, HeLa cells were transfected with pcDNA6/TR and selected with 0.7 mg/ml 

Zeocin antibiotic for stable integrants. Two days after transfection the cells were diluted and 

cultured till formation of single-cell colonies. Expression in selected single cell colonies was 

tested by transient transfection with pcDNA4/TO/LacZ. Cells were stained with X-gal 2 days 

after transfection. Forty-eight colonies were studied for expression / repression of LacZ. Two 

clones show high staining with x-gal in the presence of tetracycline and full repression without 

tetracycline. One of these clones (HeLa-TRex1) was used for further localization of putative 

transporters. Human ORFs in pcDNA4/TO were transfected as previously described. Different 

concentrations of tetracycline were applied. As expected addition of 1 mg/ml of the tetracycline 

induces maximal protein expression and kills transfected cells. Surprisingly, the same effect was 

observed with 0.5 and 0.05 mg/ml concentrations. However, small numbers of cells transfected 

with SLC35B1 were detected in the induction experiment with 0.05 mg/ml. Results shown in 

figure 13 suggest Golgi localization of SLC35B1. Expression without tetracycline was observed 

in some cells but the amount of protein was at the limit of the detection system. The other 

candidate NSTs could not be successfully localized. 
 

 
 

Figure 13: Subcellular localization of SLC35B1. HeLa cells stably expressing tet repressor were transiently 

transfected with FLAG-tagged SLC35F6. To induce the expression, 0.05 mg/ml of tetracycline was applied. 

Localisation of the recombinant protein was analysed by indirect immunofluorescence microscopy. The FLAG 

tagged SLC35B1 transporter (red) co-localises with the Golgi marker mannosidase II (green). 
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3.1.5 In vitro nucleotide sugar transport (NST) assays 

Bioinformatics and the localization of the proteins could not give information about the 

specificity and function of the selected human open reading frames. To determine the transport 

activity, in vitro assays were set up. 

 

3.1.5.1 Introduction of in vitro NST assays 

When this study started, a few methods based on preparation of Golgi membranes and 

incubation with radioactive substrates had been described. In order to analyze the capability of 

these proteins to transport nucleotide sugars, we decided to heterologously express the candidate 

genes in S. cerevisiae and measure transport of the nucleotide sugars in vitro with Golgi fractions 

isolated from transformed cells. Several published protocols for isolation of a Golgi reach 

fraction are available, however addition optimization was required.  

 

3.1.5.1.1 Optimization of the protocol for isolation of active Golgi membranes 

As a control of the quality of the Golgi membranes we decided to use the endogenous 

UDP-Glucose transport activity. Best results were obtained by using Hepes-Tris buffer as a lyses 

buffer and lyses facilitated by homogenization in a Dounce homogenater. Resuspending of the 

spheroplasts by other mechanical treatment drastically reduced the measured endogenous UDP-

Glc transport and gently shaking and mixing with the lyses buffer decreased the yield of isolated 

Golgi membranes.  

 

3.1.5.1.2 Expression of UGT1 under regulation of the Gal promoter 

Once the protocol for high quality Golgi membrane preparation was established, the human 

UDP-Galactose transporter (UGT1) was cloned in the commercially available yeast expression 

vector pYES/NT-C. The vector allows expression of 5xHis tagged protein under control of the 

galactose inducible promoter GalP1. As an expression system the INVSc strain was used. The 

UDP-Gal transporter could be expressed and the amount of produced protein was dependent on 

the concentration of galactose that is used as an inductor. Unexpected results were obtained 

when the transformants with UDP-Gal transporter and empty vector control were compared for 

the ability to transport UDP-galactose. Isolated Golgi fractions, including the Golgi fraction from 
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mock transformed yeast cells, demonstrated a significant increase in UDP-Gal transport. To 

further analyze this effect, native yeast cells were grown in media containing either galactose or 

glucose as the carbon source and isolated Golgi vesicles were tested for UDP-Gal and UDP-Glc 

transport activities. As shown in figure 14, the Golgi vesicles isolated from yeast cells grown in 

glucose are unable to transport UDP-Gal, however, Golgi vesicles from cells cultivated in 

galactose-containing media transport UDP-Gal with an efficiency similar to the endogenous 

UDP-Glc transport. The galactose is present in the medium as an inductor and therefore new 

yeast expression vectors were required in order to exclude the galactose from the culturing 

medium. Yeast is not known to incorporate galactose in the cell wall glycans, but it might does 

when grown in galactose rich medium and a specific transporter is induced upon growth in 

galactose. We have tested all yeast mutants in members of the SLC35 family (a total of 7) but in 

all of them, the UDP-Gal transport activity was still present. Induction of the UDP-Glc/UDP-Gal 

epimerase by galactose might be responsible for the measured activity. In that case, the 

epimerase might convert UDP-Gal to UDP-Glc and we are actually measuring UDP-Glc 

transport. Also this seems not to be the case. In an epimerase mutant, the UDP-Gal transport 

activity is still present. It is therefore still not clear what the cause of the UDP-Gal transport is. 

 
 

 

Figure 14: The Saccharomyces cerevisiae INVSc strain was 

grown in media containing either galactose (grey bars) or 

glucose (black bars) as the carbon source. Golgi vesicles 

were isolated and used to measure the uptake of UDP-Gal 

and UDP-Glc. Growth of yeast cells in galactose-containing 

media increased the UDP-Gal transport capabilities of 

isolated Golgi vesicles, whereas cells grown on glucose-

containing media are unable to transport UDP-Gal. 

 

3.1.54.1.3 Generation of a yeast expression vector with the CuP1 promoter 

Several Saccharomyces cerevisiae promoters have been describe in the literature. To 

exclude the effect of the carbon source, we decide to use the CuP1 inducible promoter. As an 

inducer of the protein expression, different concentration (up to 2 mM) of CuSO4 can be applied 

to regulate the expression. The pYES2/NT-C vector from Invitrogen was used as a source for 
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construction of a yeast expression vector with the CuP1 promoter and an N-terminal FLAG tag 

called pYEScupFLAG K. (The CuP1 promoter was PCR amplified with primers 5´-

GCTTACTAGT (Spe I) CTTTTGCTGGCATTTCTTTTAGAAGCAAAAAG -3´ and 5´- 

TACTAAGCTT (Hind III) CCAATTCGCTGAATATTTTATG -3´ from pYEX-BESN (a 

generous gift from Dr. Masao Kawakita - Tokyo Metropolitan Institute of Medical Science, 

Japan) and the GalT1 promoter was replaced utilizing the Spe I and Hind III endonuclease sites. 

The resulting vector pYEScup was sequenced and properties of the promoter were tested with 

Lac Z and β-galactosidase assays. The His-tag encoding sequence contained in pYES2/NT-C 

was replaced by either the linker AGC TTA CCA TGG ACT ACA AGG ACG ATG ACG ATA 

AGG TAC after HindIII/KpnI digestion or the linker AGC TTA CCA TGG ACT ACA AGG 

ACG ATG ACG ATA AGG after HindIII/EcoRI digestion, resulting in the vectors 

pYEScupFLAGK and pYEScupFLAG E, respectively. These vectors drive the expression of N-

terminally Flag-tagged proteins.  

 

3.1.5.1.4 Expression of UGT1 (SLC35A2) under regulation of CuP1 promoter 

The human UDP-Gal transporter was cloned in the pYEScupFLAG K vector. Due to the 

fact that the INVSC yeast strain exhibited high sensitivity to CuSO4, an alternative, less 

sensitive, yeast strain (YPH500) was used. Transformants with the human UDP-Gal transporter 

and an empty vector control were studied by in vitro assays.  

The results shown in figure 15 clearly demonstrate specific transport of UDP-Gal in the 

positive control whereas in the mock control it is below 1 pmol/mg/min. Moreover, tests with 

other nucleotide sugars demonstrated significant increase in transport for UDP-GalNAc 

(described as a second activity of the UDP-Gal transporter) (Segawa et al., 2002) but no 

transport of other UDP-sugars could be detected (figure 15). 
 



Results 

 - 68 -

0

2

4

6

8

10

12

14

16

UDP-Glc UDP-GlcNAc UDP-Gal UDP-GalNAc UDP-GlcUA UDP-Xyl

Empty
SLC 35A2

 
 

Figure 15: Substrate specificity of SLC35A2. Transport activity of SLC35A2 with different nucleotide sugars. 

Gray bars represent control values carried out with Golgi fractions isolated from empty vector transformed yeast 

cells. Black bars represent the activity of Golgi preparations isolated from yeast cells expressing FLAG-tagged 

SLC35A2. Each value represents the average of two independent experiments. In each experimental series values 

were measured in duplicate. 

 

3.1.5.2 Functional Characterization of a UDP-xylose transporter 

When this project started, five nucleotide sugar transporters were characterized and it has 

been shown that these five proteins are responsible for seven out of the nine transport activities 

measured in Golgi and ER membranes. No human transporters with specificity for UDP-Xyl and 

UDP-glc had been described. S. cerevisiae does not utilize UDP-Xyl and therefore we decided to 

heterologously express the candidate genes in S. cerevisiae and measure transport of the 

nucleotide sugars in vitro with Golgi fractions isolated from transformants with putative NSTs. 

The nine selected proteins (table 1) were recloned the in the yeast expression vector 

pYEScup1FLAGK or pYEScup1FLAGE. The complete ORFs were successfully inserted 

downstream of a FLAG sequence tag to enable detection of recombinant proteins. With the 

resulting vectors, transformation of the S. cerevisiae strain YPH500 was performed. The 

characterized gene SLC35A2 (UDP-Gal/UDP-GalNAc transporter) cloned into the same vector 

system, was used as a control. The transformants were compared with empty vector.  

 

3.1.5.1.1 Screening for UDP-xylose transport activity 

Proteins were expressed, and Golgi-rich microsomal fractions were isolated and used to 

measure transport activity with radioactively labeled sugar nucleotides. The Western blot shown 
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in figure 15C demonstrates that all proteins were expressed. Endogenous UDP-Glc transport was 

used as a quality control of membrane preparation. As is shown in figure 15A, we are able to 

produce high quality membrane fractions and the expressed proteins do not destroy internal 

membranes as we have observed in mammalian cells. Transport of UDP-Xyl in vesicles isolated 

from mock-transfected YPH500 cells (figure 15B background 1.1 pmol/mg/min) rose to 6.8 

pmol/mg/min in the vesicle fraction isolated from hORF-11 (SLC35B4) transformed cells. All 

other candidate genes, including the characterized human UDP-Gal/UDP-GalNAc transporter, 

did not significantly change UDP-Xyl background transport. With the performed screening we 

have identified the first UDP-Xyl transporter. However, many of the NSTs cloned and 

functionally characterized today exhibit transport activities for more than a single nucleotide 

sugar. Therefore we decided to analyze SLC35B4 for additional substrates. 
 

 

Figure 15: Screening for UDP-Glc and UDP-

Xyl transporters. A: UDP-Glc and B: UDP-

Xyl transport activities of Golgi vesicles isolated 

from yeast cells transformed with either the 

empty vector control (C) or vector constructs 

containing FLAG-tagged members of the human 

SLC35 gene family. Each value represents the 

average of two test series carried out with 

independent Golgi preparations.  C: Western 

blot analysis was used to control the expression 

of recombinant proteins. Golgi enriched 

fractions of transformed cells were lysed, 

separated by SDP-PAGE and, after transfer to 

nitrocellulose, stained with the anti FLAG-tag 

antibody M5.
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3.1.5.1.2 Specificity of SLC35B4 

As shown in a figure 16 transport assays were carried out with seven radioactively labeled 

nucleotide sugars. The high endogenous transport of UDP-Glc demonstrated the high quality of 

the vesicle preparation. Although no transport activity was found with the UDP-activated sugars 

Gal, GalNAc, and GlcA, the presence of FLAG-SLC35B4 clearly increases the transport activity 

for UDP-Xyl (6.2-fold vector control) and UDP-GlcNAc (2.6-fold vector control). In the case of 

GDP-Fuc, rather high transport values were observed already in vesicles isolated from mock-

transfected cells. Transport values were, however, not altered in the presence of FLAG-

SLC35B4, thus arguing against the recognition and transport of GDP-Fuc. The presented data 

identify the human SLC35B4 gene as a dually active NST with specificity for UDP-Xyl and 

UDP-GlcNAc. 

 

 
 

Figure 16: Substrate specificity of SLC35B4. Transport activity of SLC35B4 with different nucleotide sugars. 

Gray bars represent control values carried out with Golgi fractions isolated from empty vector transformed yeast 

cells. Black bars represent the activity of Golgi preparations isolated from yeast cells expressing FLAG-tagged 

SLC35B4. Each value represents the average of two independent experiments. In each experimental series values 

were measured in duplicates. 

 

3.1.5.1.3 Conformation of UDP-GlcNAc transport activity in knock-out yeast 

The endogenous transport for UDP-GlcNAc did not allow us to directly compare the two 

transport activities. As the gene encoding the UDP-GlcNAc transporter in S. cerevisiae is known 

and not essential for yeast growth, the UDP-GlcNAc transporter (YEA4) knock out yeast strain 

BY4741 was used to compare the two transport capabilities of SLC35B4. The protein was 
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expressed and membrane preparations were assayed. Results are shown in a figure 17. As 

expected, the endogenous UDP-GlcNAc transport was reduced to background level in the mock-

transfected BY4741 knock-out strain but increased by a factor of 7.5 in Golgi vesicles isolated 

from cells transfected with FLAG-SLC35B4. The factor of 6.5 measured for the increase in 

UDP-Xyl transport is almost identical to that already determined in the wild type strain YPH500 

(compare with figure 16). These data, demonstrating comparable activity for UDP-Xyl and UDP-

GlcNAc confirmed the dual activity of the newly identified NST.  

 

 
 

3.1.5.3 Functional analyze of members of the SLC35 family 

At the beginning of this project 17 ORFs were selected as members of the SLC35 family. 

Five of these proteins were already described as transporters of nucleotide sugars. When this 

project was in progress, human SLC35B2, SLCB3 and SLC35D2 (Kamiyama et al., 2003; 

Kamiyama et al., 2006; Suda et al., 2004) were published as two PAPS and a multisubstrate 

specific transporters respectively. We demonstrated (see chapter 3.1.5.2) that SLC35B4 is a 

bifunctional transporter with specificity for UDP-Xyl and UDP-GlcNAc and that none of the 

other 8 tested transporters had UDP-Xylose transport activity. Although a few new human 

transporters have been identified, many proteins in the SLC35 family remain without function. 

To analyze the function of these family members, the clones analyzed for UDP-Xyl and UDP-

Glc transport activity were also analyzed with other nucleotide sugars. Golgi rich fraction 

isolated from Saccharomyces cerevisiae transformed with the human ORFs and empty vector 

were tested for transport activity with six nucleotide sugars including UDP-Glc as a control. The 

results obtained in this experiment (figure 18) did not give conclusive results. The high transport 

Figure 17: Conformation of UDP-GlcNAc transport.

UDP-GlcNAc and UDP-Xyl transport activity measured 

after expression of the FLAG-tagged SLC35B4 in a yeast 

strain defective in UDP-GlcNAc transport. 
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for UDP-GlcNAc observed for SLC35A4 (hORF-16), could not be conformed in the UDP-

GlcNAc transporter knock-out yeast strain as was done for SLC35B4. Results obtained in this 

experiment suggest other substrates and demonstrated that the analyzed proteins are not involved 

in transport of nucleotide sugars. Different solutes are required in the ER and Golgi and further 

studies could resolve the function of these proteins. 
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Figure 18: Substrate specificity of predicted NSTs. Transport activity of SLC35 family members were tested with 

different nucleotide sugars. Golgi fractions isolated from yeast transformed with SLC35 members (see legend) were 

compared with an empty vector control (C). 

 

3.1.6 Screening for yeast UDP-Glucose and Golgi ATP transporters 

Saccharomyces cerevisiae Golgi and ER membranes exhibit high transport for UDP-

Glucose and ATP, however, the transporters carrying out these functions remain unknown. None 

of the expressed human proteins was able to increase UDP-Glc transport significantly over the 

high endogenous transport level. Therefore, to find the human UDP-Glc transporter, a low 

background expression system is required. To identify the yeast UDP-Glc transporter, selection 

of putative yeast NSTs was performed. To select putative yeast NSTs, BLAST searches, 

transmembrane prediction and phylogenetic analyses were used. The yeast genome encodes eight 

members of the SLC35 (NST) family. Yeast open reading frame one (yORF-1) and yORF-3 

encode the already known GDP-Man and UDP-GlcNAc transporters respectively. Five NST like 

proteins were annotated with unknown function and a sixth one (with gene name Hut1), has been 

associated with UDP-Gal transport (Kainuma et al., 2001), although it is not responsible for the 

UDP-Gal transport that we measure when yeast is grown in galactose. All knock out strains are 
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available and were ordered from EUROSCARF, with the exception of the GDP-Man transporter 

which is essential for S. cerevisiae. To find out which of these proteins is a UDP-Glc transporter, 

analyzes of the deletion strains was performed. Golgi membrane fractions were compared with 

membranes isolated form wild type. The same approach was applied in order to characterize the 

yeast ATP transporter. As is shown in figure 19 the UDP-Glc transport decreases in five out of 

the eight analyzed yeast strains.  
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Figure 19: Screening for UDP-Glc and ATP 

transporters. Knock-out Saccharomyces 

cerevisiae strains were grown and in vitro

transport assays were performed with isolated 

Golgi vesicles. The transport of GDP-Man (A), 

ATP (B) and UDP-Glc (C) were compared with 

measured activities in the wild type (Ref). The 

GDP-Man transporter is essential for the yeast 

cell and therefore is used as a quality control.  
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However, the same effect was observed for ATP and GDP-Man. Calculation of UDP-Glc 

and ATP transport versus GDP-Man transport did not show significant difference with the wild 

type. The knock out strains grown in standard condition do not show phenotypic differences 

compared to the wild type, but absence of one of the putative yeast NSTs may affect the Golgi 

apparatus and decrease the quality of membrane preparations. None of the ORFs could therefore 

be identified as a UDP-Glc or ATP transporter, indicating that these activities are probably 

redundant in yeast. To address this problem, double mutants or maybe even triple mutants have 

to be generated. This is in progress at the moment. 

 

3.1.7 Complementation cloning of a purine transporter 

Members of the NST family exhibit a broad spectrum of specificity including not only 

nucleotide sugars but also sugar phosphates and activated sulfate (PAPS). Purine transporters 

from the outer membrane have been described from different species (Al Salabi et al., 2003; de 

Koning et al., 2003; Gillissen et al., 2000; Koukaki et al., 2005; Landfear et al., 2004; Natto et 

al., 2005; Weber et al., 1990; Argyrou et al., 2001), however, the characterized proteins are 

member of different SLC families. The Arabidopsis purine transporter (Gillissen et al., 2000) is a 

member of the NST family and shows most homology with proteins grouped in the SLC35F 

subfamily. The Saccharomyces cerevisiae knockout strain YER056c (with a defective purine 

transporter – deletion mutant for the FCY2 gene) cannot grow in a medium in which adenine is 

the only nitrogen source. This strain is a useful tool for complementation cloning of adenine 

transporters. The human purine transporter might be a member of the SLC35 family, but due to 

the heterogeneity of published purine transporters, screening of cDNA library was chosen as a 

cloning strategy.  

 

3.1.7.1 A yeast purine transporter knock-out  

The Saccharomyces cerevisiae FCY2 gene encodes the yeast purine transporter. A deletion 

mutant of FCY2 is available in the yeast knock out collection from EUROSCARF. In the 

YER056c strain the gene FCY2 is replaced with the kanamycin resistance gene KanMX4. This 

strain, however, has additional auxotrophic markers (his; leu; met and ura), that makes it 

dependent on amino acids in the medium, which is not compatible with selection procedure in 
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which adenine is the only nitrogen source. To produce a deletion mutant able to grow in a media 

without amino acids, a classical genetic approach of mating and sporulation was used. The 

YER056c strain was mated with wild type FY1679-01D and the resulting diploids were selected 

on a plate with kanamycine, uracil and without amino acids. The diploid strain was grown in 

starvation condition to produce haploid spores. To reduce the number of expected haplotypes, 

the spores were plated on a media containing uracil and kanamycine as selection. In this 

condition only desired haplotypes as well as the remaining diploids could grow. To determine 

and select the haploids and mating type, matings with YPH499 and YPH500 transformed with 

pYES2/NT-C (the plasmid complement the Ura3 deficiency) were performed. Fifty six out of 64 

analyzed single colonies were haploid containing the uracil auxotrophic marker and kanamycine 

resistance.  

Five out of the 56 independent clones were transformed with the yeast FCY2 gene in the 

yeast expression vector pYES2/NT-C and an empty vector as control, and plated on media with 

galactose (inductor of the Gal promoter) raffinose (carbon source) and adenine (nitrogen source). 

Two out of five clones formed colonies after transformation with FCY2 and did not growth when 

the empty vector was transformed. These two independent clones were defined as purine 

transporter knock-outs (Purine KO1 and Purine KO2) and were further used for screening of a 

human cDNA library. 

 

3.1.7.2 Screening of a human cDNA library for adenine transporters 

A human hepatoma G2 cDNA library in yeast expression vector pSCGAL10-SN was 

amplified in XL1-Blue E. coli cells. Hundred pools of 20 000 independent clones were 

generated. Plasmid mini preparation and DMSO stocks of each pool were prepared. The quality 

of plasmid preparation and the yield were controlled by agarose electrophoresis and 

photometrically determination of the DNA concentration respectively. 

The pools of the human cDNA library were transformed in the purine transporter KO1 

using the lithium acetate method. After two weeks incubation at 30° C, plates were analysed for 

the presence of colonies. Unexpectedly, ten colonies were found on the plate with the empty 

vector control. These positive clones were replated on a new plate and one out of the ten clones 

demonstrated growing in the second plate. Low numbers of colonies were observed on plates 

transformed with the cDNA library. A total of 128 single cell clones were plated on a second 
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selective plate. Sixty clones were able to grow further on plates with adenine as a nitrogen 

source. To analyze if this effect is due to expression of specific transporter expressed from the 

induced plasmid, single cell clones were plated on media with galactose and on a second plate 

with glucose, which is an inhibitor of the GalP1 promoter. One of the analysed clone shows 

significantly reduced growth in the presence of glucose when the rest exhibit equal growth in 

presence of inductor (galactose) and repressor (glucose). Plasmid from this clone was isolated, 

amplified in E. coli and sequenced. The plasmid carries the open reading frame for the human 

adenosine receptor (A2a receptor – a G-coupled protein). Presence of this protein in the positive 

clone could not explain the ability of cells to grow on a media with adenine. The screening of 

human cDNA library was repeated and total of six plasmids were sequenced. None of the 

positive clones was a transporter like protein. 

Due to the negative results obtain from the screening of the cDNA library we decided to 

clone members of the SLC35F and SLC35G subfamilies, which are close homologues of plant 

purine transporters. Primer pairs for amplification of members of SLC35F and SLC35G were 

ordered and PCR amplifications using the same cDNA library as a template were performed. So 

far only one member of the G and F subfamily, SLC35F2, was found in the cDNA library. 

Absence of other members could explain the negative result obtain from the screening of the 

cDNA library. 

Cloning of members of SLC35F and SLC35G subfamilies is in progress. Screening of 

individual plasmids will give us clear information if the human purine transporter is a member of 

the SLC35 family. 

 

3.2 Developing of new methods for transport assays 
 

Heterologous expression of NSTs in yeast followed by Golgi membrane preparation and in 

vitro transport assays were used in many studies. In this work, the method was applied for 

cloning of the UDP-Xyl/UDP-GlcNAc transporter. However, cloning of UDP-Glc and ATP 

transporters were hampered by high endogenous transport present in Saccharomyces cerevisiae. 

Moreover, the endogenous transport depends on the carbon source used in the media. Many 

transporters were characterized as multi substrate specific. Often, as a second or third activity, 

UDP-Glc or UDP-GlcNAc, present also in yeast, was determined. These activities can, however, 
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in our opinion, not reliably be measured in yeast. Increased transport observed for UDP-GlcNAc 

for one of the predicted NSTs (SLC35A4) that was not reproducible in the YEA4 knockout 

yeast, which clearly demonstrated the limitation of the yeast expression system. Therefore a new 

low background system for transport assays is required. 

 

3.2.1 Expression of NSTs in E.coli 

Escherichia coli was chosen as a system lacking any NST activity. From earlier studies it 

was known that, transporters can be expressed in high amounts but they are insoluble in 

inclusion-bodies. To produce soluble protein localized on the cell membrane new expression 

vectors in strain E. coli C43 (DE3) were tested. This strain has been reported to be good system 

for expression of membrane and toxic proteins (Dumon-Seignovert et al., 2004; Schultz and 

Baltscheffsky, 2004; Voet-van-Vormizeele and Groth, 2003; Schultz and Baltscheffsky, 2003; 

Arechaga et al., 2003; Sorensen et al., 2003; Masi et al., 2003; Belogurov et al., 2002; Arechaga 

et al., 2000; Kastner et al., 2000; Begum et al., 2000; Miroux and Walker, 1996). 

 

3.2.1.1 Generation of an E. coli expression vector for membrane proteins 

The vector pET22b from Invitrogen was modified to direct expression on the cellular 

membrane. The primers pairs HB111/HB112 and HB111/HB113 were used for PCR 

amplification of signal sequences with or without the first transmembrane domain of the E. coli 

ammonium transporter, resulting in fragments with a 5’ NdeI and 3’ NcoI site. The signal 

sequence directs the expressed protein to the cellular membrane and will target the N-terminus to 

the periplasm before it is cleaved of. The constructs with and without the first transmembrane 

domain of the ammonium transporter will thus result in an opposite membrane orientations of the 

expressed transporter. The cDNA of human SLC35B4 (UDP-Xyl/GlcNAc) and SLC35A2 

(UDP-Gal) including the sequence encoding the FLAG tag were obtained by PCR with vector 

primers (T7R and AApYESXhoR) and as a template the pYES2/FLAG K SLC35B4 and 

pYES2/FLAG B SLC35A2, respectively. pET22b was digested with NdeI and XhoI. Triple 

ligations with the plasmid, signal sequence and cDNA of NSTs were performed. All 

modifications were verified by DNA sequencing. 
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3.2.1.2 Expression trials in the CD43 (DE3) E. coli strain 

Due to the presence of extra intracellular membranes (Arechaga et al., 2000; Miroux and 

Walker, 1996), the E. coli C43 (DE3) strain has been applied as a system for large scale 

expression of pro- and eukaryotic integral membrane proteins (Dumon-Seignovert et al., 2004; 

Voet-van-Vormizeele and Groth, 2003; Masi et al., 2003; Kastner et al., 2000; Begum et al., 

2000). The aim of the experiment was expression of NSTs on the bacterial membrane to be able 

to directly perform transport assays on the proteoliposomes extracted from transformed E. coli. 

Freshly transformed cells were cultured and harvested as describe in materials and methods. To 

assay the expression level the cells were broken by sonication and the inclusion body fraction 

was separated from the soluble and membrane bound protein by centrifugation. Both fractions 

were analyzed by SDS-PAGE, Western blot and immunostainig. As is shown in a figure 20 no 

expression of FLAG tagged proteins was detected. In every line including the empty vector 

control, an unspecific 50 KDa band appeared. 
 

 
 

Figure 20: Expression of NSTs in C43 (DE3) E. coli strain. The human SLC35B4 with an N-terminal signal 

sequence and with (1) or without (2) the first transmembrane domain of the E. coli ammonium transporter, and the 

SLC35A2 with an N-terminal signal sequence and with (3) or without (4) the first transmembrane domain were 

transformed in C43 (DE3) E. coli strain. The expression was induced by 0.25 µM IPTG. The soluble and insoluble 

fractions obtained after sonication and centrifugation were analyzed by SDS-PAGE, Western blot, and 

imunostaining by anti-FLAG Ab (A) or coomassie staining (B). The results were compared with an empty vector 

control (5). 
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Human UDP-Xyl/UDP-GlcNAc and UDP-Gal transporters could not be expressed. Moreover, 

when the transformants were grown in presence of Ampicillin the cells loose the plasmid very 

fast, therefore the all expression experiments were repeated with Carbenicillin but that did not 

change the result. The negative result can be explained with toxicity of the NSTs when they are 

expressed in the cellular membrane. 

 

3.2.2 Purification trials of the human UDP-Xyl/UDP-GlcNAc transporter 

Many NSTs have been characterized from different species but the mechanism of 

recognition and transport, as well as the structure of the protein is not well investigated. This is 

due to the difficulties associated with expression and purification of membrane proteins in 

general. In comparison with soluble proteins, limited numbers of structures for transporters have 

been solved. NSTs are membrane proteins of 300-400 amino acids with ten transmembrane 

domains. The prediction of transmembrane helices demonstrated that the majority of the protein 

is very hydrophobic and is in the membrane. In contrast to other membrane proteins the inter-

helical loops of transporters are relatively small. To purify the NST from other membrane 

proteins, solubilization of the protein is required. 

NSTs can be produce in E. coli, however the protein is in inclusion bodies. Expression of 

the transporter as a membrane protein in E. coli CD43 (DE3) failed. The mammalian system is 

not suitable for high level of NSTs expression. Therefore the yeast expression system was 

chosen as production platform for protein production. 

To express the 5xHis tagged SLC35B4 the yeast strain BY4741 was transformed with 

SLC35B4 cloned in the pYES2cup vector utilizing the BamHI/XbaI sites (pYES2cup-

SLC35B4). The vector leads to translation, under control of the CuP1 promoter, of fusion protein 

with an N-terminal 5xHis tag. The tag facilitates the detection of the protein as well as 

purification via Ni-agarose affinity chromatography. The amount of protein and distribution in 

different fractions were controlled by SDS-PAGE, Western blot and immunostaining with anti 

5xHis antibody. 

To concentrate the recombinant protein Golgi and ER rich fractions were collected as 

described in material and methods. Furthermore, both fractions were diluted in phosphate or Tris 

buffer pH 8.0 to a protein concentration of 2 mg/ml. Aliquots of 100 µl were mixed with 

solubilization buffer containing different detergents. Several detergents Tween-20, Triton-X100, 
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NP-40, n-Dodecyl- β -D-maltoside and n-Octyl-β-D-glucopyranoside, were tested. The complete 

tests were done in both buffers in two variants with final protein concentration of 1 and 0.1 

mg/ml. Most tested conditions resulted in precipitation of SLC35B4. Good results were obtained 

using 0.5% n-Octyl-β-D-glucopyranoside and phosphate buffer. Hundred percent soluble 

proteins was obtained with a final concentration of 0.1 mg/ml. These conditions were applied for 

ER and Golgi membranes isolated from 1 l culture and the obtained soluble fraction was used for 

Ni-agarose affinity chromatography. Nickel agarose chromatography is based on noncovalent 

binding of histidine residues to the immobilized Ni. The method was applied for purification of 

huge number of proteins. The obtained soluble fraction was passed via a 1 ml HisTrap column. 

Disappointingly, the 5xHis tagged SLC35B4 precipitated in the column and could only be eluted 

by stripping buffer containing 500 mM Imidazole, 1% SDS and 8 M Urea. Further study 

demonstrated that precipitation occurred due to concentration of the protein. No soluble protein 

was detected in the trials when the final protein concentration was above 1 mg/ml.  

Due to the first good results obtain with OGP, other detergent from the same group but 

with longer hydrophobic chain was tested. N-dodecyl-β-D-glucopyranoside (DDG) has twelve 

carbon aliphatic chain and glucose as a hydrophilic part. The solubility of DDG in water is about 

0.008% when the critical mycell concentration is 0.007%. Therefore only one concentration of 

DDG was tested using two different buffers (phosphate and TRIS) and two final concentrations 

of the protein. No protein in the soluble fractions was detected. Furthermore, several mixtures of 

DDG with other detergents were applied for solubilization of SLC35B4. As is shown in figure 21 

the DDG in combination with Triton-X100 in phosphate buffer (20 mM sodium phosphate pH 

8.0, 10 % Glycerol, 50 mM NaCl) was able to reduce the protein in the pellet.  

Although, no soluble protein was detected, this was the first indication of the capability of 

DDG/Triton-X100 mixtures to solubilize the protein. Better results were obtained by increasing 

the concentration of Triton-X100. Hundred percent solubility was detected when the 

concentration of Triton-X100 was increased to 3%. This detergent mixture was further applied 

for solubilization of large scale ER and Golgi membranes and further purification via a Ni-

agarose column. 
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Figure 21: Solubilization of SLC35B4. Golgi membranes isolated from yeast transformed with N-terminally his 

tagged SLC35B4 were divided in equal aliquots. The solubilization capabilities of a DDG alone and as combinations 

with a Triton-X100 and CHAP in phosphate buffer (20 mM sodium phosphate pH 8.0, 10 % Glycerol, 50 mM 

NaCl) were tested. The soluble protein (s) and the pellet (p) obtained after centrifugation at 15 000xg were analyzed 

by a SDS-PAGE, western blot and immunostaing with a 5xHis Ab. Arrows indicate reduced amount of the 

SLC35B4 in the pellet. Soluble SLC35B4 could not be detected. 

 

To facilitate efficient binding, overnight circulation via the column was performed. The 

bound proteins were washed and further elute as is described in Materials and Methods. 

Fractions from different steps were collected and analyzed by SDS-PAGE, Western blot and 

immunostaining with anti 5xHis antibody. Purity of the protein was estimated after SDS-PAGE 

and silver staining. As is shown in figure 22 the binding to Ni-agarose of 5xHis tagged SLC35B4 

is very efficient and no detectible protein was washed of the column. The His-tag signal 

appeared in the second elution fraction and is at the level of the dimer SLC35B4. Maximum 

amounts of the SLC35B4 were detected in the third elution fraction. Additional positive bands 

were observed at the level of 45-60 kDa. The silver staining clearly illustrated co purification of 

the SLC35B4 with other proteins. Triton-X100 is able to form very big micelles and often is 

spotted as a reason for co-purification of different proteins. Therefore, several optimizations of 

the Ni-agarose affinity chromatography including exchange of the Triton-X100 in the washing 

and elution buffers with other detergents were tested but that did not improve the results 
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significantly. Moreover in some of the conditions, precipitations of the protein in the column 

were detected. The purification trials did not lead to a pure product. As the idea was to separate 

the recombinantly expressed transporter from endogenous transporters to have a zero 

background assay system, reconstitution experiments into proteoliposomes were not pursued.  
 

 
 

Figure 22: Purification trials of 5xHis tagged SLC35B4 by Ni2+-affinity chromatography. Protein fractions 

obtained through purification were analyzed by silver staining (lower panel) and a western blot immunostained with 

the anti 5xHis Ab. Fractions are indicated as: flow trough (FT), washings (W1-5), elutions (E1-9) and striping of the 

colomn (S1-6). Arrows point at bands that correspond to the expected monomer and dimmer of the SLC35B4 

protein. 
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3.2.3 In vitro expression, reconstitution in artificial proteoliposomes and transport assay of 

SCL35B4 

 

3.2.3.1 In vitro synthesis of SLC35B4 

The rapid-translation system (RTS) from E. coli is designed for cell free transcription and 

translation of proteins directly from cDNA. Plasmid or PCR product with a T7 promoter can be 

applied as a template for protein expression. The system is membrane free, therefore is an ideal 

background free system for investigation of transporters. Big advantage is the possibility of large 

scale production of toxic proteins. To check whether the SLC35B4 protein could be in vitro 

synthesized, the plasmid pET23d-SLC35B4 was designed. The vector primers pairs (FLAG-HK 

F and AApyes-xhoR) were used for PCR amplification of SLC35B4 included the sequence 

encoding the FLAG epitope. The resulting product was ligated in pET23d. In vitro expression 

was performed according to the manufacturer’s instructions. The expression was analyzed by 

SDS-PAGE, Western blot and immunostaining with an anti FLAG antibody. 

The in vitro expression experiments were done with two concentrations of the plasmid, 

0.25 µg and 0.50 µg. As is shown in figure 23, the SLC35B4 was synthesized and the amount of 

the protein depends on the concentration of plasmid DNA that was applied. Not unexpected, the 

produced protein is in the insoluble fraction. From the literature (Klammt et al., 2005) it is 

known that addition of low concentrations of detergent does not interfere with the expression of 

protein but may affect the solubility. Therefore, 0.005% of DDM, DDG or OGP were tested 

alone or in combinations. None of conditions resulted in production of soluble SLC35B4. 

In contrast to the inclusion bodies formed in bacteria, the precipitates obtained during the 

in vitro syntheses are not compact structures and could be easier dissolved in buffers containing 

detergents. To check whether the DDG previously used in the purification trials is suitable for 

solubilization of SLC35B4, the protein was in vitro expressed and further treated with detergents 

dissolved in a phosphate buffers (10 mM sodium phosphate pH 7.0 with 0.8 M sorbitol). As we 

expected the combination of DGG and Triton-X100 was able to dissolve the precipitated protein. 

The amount of SLC35B4 in the supernatant increased with increasing the concentration and 

reached virtually hundred percent at 2% of Triton-X100.  
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Figure 23: In vitro syntheses of the human SLC35B4 transporter. The Rapid Translation System (Roche 

Applied Science) was used for in vitro syntheses of the human SLC35B4 transporter. To produce the SLC35B4 

protein, 0.25 µg or 0.50 µg plasmid pET23d-SLC35B4 were applied according to the manufacturer’s protocol. The 

expression was compared with an empty vector control (mock). For each sample the soluble and insoluble fractions 

were separated by centrifugation at 15 000xg for 10 min and further analyzed by SDS-PAGE, western blot and 

immunostaining with anti-FLAG Ab (A) or coomassie staining (B). The quantity of in vitro synthesized protein 

correlates with the amount of the applied plasmid DNA. The SLC35B4 transporter is synthesized as an insoluble 

protein. 

 

3.2.3.2 Reconstitution in proteoliposomes and transport assays 

To investigate whether in vitro synthesized and dissolved SLC35B4 is an active 

transporter, reconstitution into membranes and NST assays were performed. By slowly removing 

or diluting the detergent from the protein phospholipid detergent mixture, spontaneous formation 

of proteoliposomes could occur (Rigaud and Levy, 2003). Formation and characteristics of 

vesicles are dependent on many factors including lipid composition, protein lipid ratio and 

rapidity of removing of the detergent. Therefore optimizations of reconstitution procedures were 

required. 

The SLC35B4 was in vitro synthesized in a 50 µl reaction. The protein was solubilized by 

dilution with 450 µl 10 mM phosphate buffer with 0.009 % DDG, 0.8 M sorbitol, 0.2% Triton-

X100 pH 7.0 and incubated for 1 h at 4 ºC. Phospholipides solutions were prepared in the same 

buffer in two concentrations, 2 and 10 mg/ml respectively. Protein and phospholipids were 
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mixed together in a volume ratio of one to one and incubated at 4 °C for 1 h. To facilitate slowly 

removing of the detergent, polystyrene beads (1/10 of the volume) were applied and further 

incubated over night at 4 °C. The next day a fresh portion of beads were added and further 

incubated for 3 h. at 4 °C. Filtration trough chromatography column filled with polystyrene 

beads was performed to take out the residual detergent and beads from the mixture. With the 

flow through solution NST assays were performed. The result was expressed as pmol nucleotide 

sugars retained in 1 ml proteoliposomes per 1 min time of incubation. Initial experiments were 

done with two commercially available phospholipids. Asolectin is mixture of natural lipids 

isolated from soybean while phosphatidylcholine is a pure chemical compound. In figure 24 the 

NST assay results obtained with 1 mg/ml final concentration of phospholipids is shown. No 

significant difference was measured between vesicles with and without SLC35B4 protein. 

Increased concentrations of the lipids did not change the results. Initially, partial purification of 

mammalian UDP-Xyl transporter indicated that UDP-xylose transport could be reconstituted in 

the presence of Golgi lipids while egg yolk phosphatidylcholine gave poor results (Milla et al., 

1992). To check whether the activity of SLC35B4 requires specific lipids, a protocol for 

extraction of yeast Golgi lipids was introduced.  

0

2

4

6

E
SLC35B4

 
 

 

The method is based on three component (water, methanol, chloroform) extraction (see 

Materials and Methods). The extracted and dried Golgi lipids were used for preparation of 

proteoliposomes as was described. The results obtained with this experiment are presented in 

figure 25. SLC35B4 reconstituted with Golgi lipids was able to transport UDP-Xyl but no 

transport of UDP-GlcNAc or other UDP-sugars was measured.  
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Figure 24: NST assays of in vitro syntheses 

SLC35B4 protein reconstituted into 

proteoliposomes. The uptake of UDP-Xyl was 

analyzed in proteoliposomes prepared with the in 

vitro synthesized SLC35B4 or mock control 

reconstituted in asolectin or phosphatidylcholine

vesicles. The result is expressed as pmol 

nucleotide sugars retained in 1 ml proteoliposomes 

for 1 min time of incubation. No significant 

difference was measured between vesicles with 

and without SLC35B4 protein. 
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Figure 25: NST assays of in vitro syntheses SLC35B4 protein reconstituted in extracted Golgi lipid 

proteoliposomes. Transport activity of the in vitro synthesized SLC35B4 with different nucleotide sugars. Gray 

bars represent control values carried out with vesicles formed from empty vector control (mock). Black bars 

represent the activity of proteoliposomes prepared with the FLAG-tagged SLC35B4. 

 

The results obtained from the in vitro synthesis and reconstitution of the SLC35B4, allow 

us to suggest that SLC35B4 is a UDP-Xylose transporter (29 pmol/ml/min versus 3.8 

pmol/ml/min in the mock control). Due to the presence of other transporters as well as 

glycosyltransferases utilizing UDP-GlcNAc, the UDP-GlcNAc transport activity might have 

been overestimated in the yeast expression system. The new method gives the opportunity to 

assay NSTs in a background free system and can be applied for screening of putative UDP-Glc 

and ATP transporters. 

 

3.3 Conclusions 
At the beginning of this study five human nucleotide sugar transporters were characterized 

(see figure 7), which represented transport of six nucleotide sugars (CMP-SA, GDP-Fuc, UDP-

Gal, UDP-GalNAc, UDP-GlcA and UDP-GlcNAc). However, at that time, no transporters were 

identified with specificity for UDP-Glc, UDP-Xyl, ATP and PAPS, which previously had been 

described as transported compounds in mammalian Golgi vesicles. Therefore, the aim of this 

project was identification of new human ER and Golgi transporters.  

In conclusion, a new human nucleotide sugar transporter was identified and characterized 

as a UDP-xylose transporter and a zero background system was developed that allows 

identification of new NSTs as well as re-evaluation of multi-specificity described for some 
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members of the SLC35 family. When this study was in progress three other members of the 

SLC35 family have been characterized as a UDP-GlcNAc and two PAPS transporters. The 

current knowledge about human SLC35 members is summarized in figure 26.  

 

 
gene name  transport function  reference 
SLC35A1 CMP-sialic acid (Eckhardt et al., 1996; Eckhardt and Gerardy-Schahn, 

1997; Ishida et al., 1998; Muraoka et al., 2001) 
SLC35A2 UDP-Gal/GalNAc (Miura et al., 1996; Segawa et al., 2002) 
SLC35A3 UDP-GlcNAc (Guillen et al., 1998; Ishida et al., 1999) 
* SLC35B2 PAPS (Kamiyama et al., 2003) 
* SLC35B3 PAPS (Kamiyama et al., 2006) 
* SLC35B4 UDP-Xyl (Ashikov et al., 2005) 
SLC35C1 GDP-Fuc (Lubke et al., 2001; Luhn et al., 2001) 
SLC35D1 UDP-GlcA/GlcNAc (Muraoka et al., 2001) 
* SLC35D2 UDP-GlcNAc (Ishida et al., 2005; Suda et al., 2004) 

 

Figure 26: Characterized human SLC35 family members till 2006. In the last four years, four new members of 

the SLC35 family were characterized (indicated with a star). The UDP-xylose transporter characterized in this study 

is underlined.  
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4 DISCUSSION  
 

4.1 Substrates and localization of NSTs 

Glycosylation and consequently transport of nucleotide sugars is essential for single and 

multicellular organisms. This is clearly demonstrated by NST mutants affected in the 

biosynthesis of glycans. There are numerous examples in different animals in which reduced 

transport of activated sugars leads to malformation during development and is the course of two 

human congenital disorders of glycosylation, which are also characterized by developmental 

retardation (Berninsone et al., 2001;Goto et al., 2001;Herman and Horvitz, 1999;Herman et al., 

1999;Luders et al., 2003;Marquardt et al., 1999;Selva et al., 2001;Thomsen et al., 2006). The 

first NSTs have been identified by complementation of mutant cell lines (Abeijon et al., 

1996b;Abeijon et al., 1996a;Dean et al., 1997;Deutscher et al., 1984;Eckhardt et al., 

1996;Eckhardt and Gerardy-Schahn, 1997;Guillen et al., 1998;Ishida et al., 1996;Ma et al., 

1997;Miura et al., 1996;Stanley, 1985) or by homology of already characterized transporters 

(Aumiller and Jarvis, 2002;Ishida et al., 1998;Ishida et al., 1999;Ishida et al., 2005;Kamiyama et 

al., 2003;Kamiyama et al., 2006b;Muraoka et al., 2001;Suda et al., 2004). However, 

complementation cloning is limited by the number of existing mutants. Transport assays carried 

out in vitro with Golgi vesicles isolated from mammalian cells, showed specific uptake for a total 

of eight nucleotide sugars, ATP and PAPS (Capasso and Hirschberg, 1984;Capasso et al., 

1989;Carey et al., 1980;Creek and Morre, 1981;Schwarz et al., 1984;Sommers and Hirschberg, 

1982;West and Clegg, 1984). When this project started, the proteins transporting these 

nucleotide sugars had been cloned with the exception of the UDP-xylose, UDP-glucose, ATP 

and PAPS transporters. To identify human NSTs with a new specificity, a new strategy was 

applied. The availability of whole genome sequences and the development of bioinformatics 

tools offered new strategies to select NST like sequences, which can be further analyzed and 

tested for their transport activity. In this work, by screening of the human genome, 27 NST like 

protein were identified. According to the primary sequences homology, proteins were grouped in 

seven subfamilies. The homology in one subfamily is quite high (30-40%) however, members 

exhibit broad specificity (SLC35A1, SLC35A2 and SLC35A3 transport CMP-SA, UDP-Gal and 

UDP-GlcNAc respectively) (Eckhardt et al., 1996;Eckhardt and Gerardy-Schahn, 1997;Guillen 
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et al., 1998;Ishida et al., 1998;Ishida et al., 1999;Miura et al., 1996) and in the same time 

proteins recognizing the same nucleotide sugar (UDP-GlcNAc) barely show homology on amino 

acid level (mammalian SLC35A3, SLC35D2 and the yeast UDP-GlcNAc transporters) (Guillen 

et al., 1998;Ishida et al., 1999;Ishida et al., 2005;Suda et al., 2004). Therefore, bioinformatics 

tools can be applied for selection of putative NST, but prediction of the substrate specificity of 

unknown proteins is hardly possible. Moreover, the number of predicted NSTs is much higher 

than the measured transport activities in the Golgi and ER membranes, thus more redundancy is 

expected. Cloning of the two human and a Drosophila PAPS transporter (Kamiyama et al., 

2003;Kamiyama et al., 2006a;Luders et al., 2003) showed that other substrates than nucleotide 

sugars could be translocated also by the animal members of the SLC35 family. The human 

members of the SLC35F subfamilie show homology with plant purine and sugar-phosphate 

transporters. Therefore, similar specificities in human cells as well as localization in other 

compartments than Golgi and ER, cannot be excluded.  

Although having important functions, NSTs are expressed at very low levels in the cell, 

which is a hindrance for in vivo study of cellular distribution as well for production of high 

amount of protein for biophysical characterization. An antibody generated against the C-terminus 

of the human UDP-GlcA transporter has been reported to recognize only the overexpressed 

protein whereas the level of the endogenous transporter is below the detection limit. In 

transiently transfected CHO cells, the antibody gives similar sensitivity as the monoclonal anti 

HA antibody. This suggest that the UDP-GlcA transporter in vivo is expressed in very low 

amounts (Muraoka et al., 2001). Overexpression of the CMP-SA transporter increases the 

sialylation of recombinantly expressed protein, which conforms the regulatory function of NSTs 

in glycosylation (Wong et al., 2006). From our own experiments, we can conclude that 

overexpression of NSTs is very often hardly tolerated by both mammalian and yeast cells. 

Overexpression of the UDP-Glc transporter may increase the glucosylation of N-linked glycans 

and retention of glycoproteins from the calnexin/calreticulin chaperon system which could be an 

explanation for the cytotoxic effect observed for some predicted NSTs. To exclude that, 

mutations of conserved amino acids and expression of inactive NSTs can be performed. 

However, this may affect the proper folding and localization of the protein. Another reason for 

cytotoxic effects could be overloading of the Golgi and ER membranes with recombinant protein 

and destruction of the glycosylation and secretion machineries. Application of inducible 
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promoters and cell lines tolerating higher amount of NST could maybe solve the observed 

problems. Although for four out of nine investigated predicted transporters the intracellular 

localization could be determined, the rest remain with unknown cellular distribution.  

 

4.2 The human UDP-Xylose transporter 

The chosen strategy of bioinformatics selection of putative NST followed by functional 

analyses resulted in cloning of the firs transporter with specificity for UDP-xylose. The human 

SLC35B4 gene is mapped to chromosome 7q33 and contains 10 exons and large 5´ and 3´ 

untranslated regions. The predicted protein is 331 amino acids long and has a calculated 

molecular mass of 37422.6 Da. Topological analyses predicts the presence of ten hydrophobic 

transmembrane regions, which is in accordance with the number experimentally determined for 

the CMP-sialic acid transporter (Eckhardt et al., 1999). Immunofluorescence studies carried out 

with the FLAG-tagged protein localized the protein exclusively to the Golgi apparatus. This 

finding confirms previous biochemical studies, which demonstrated UDP-Xyl uptake into 

isolated Golgi vesicles (Milla et al., 1992). It has been shown that UDP-Xyl serves as a substrate 

for xylosyltransferases involved in the building of xylose containing glycoconjugates (Kearns et 

al., 1993). Due to the fact that UDP-Xyl can be generated by decarboxylation of UDP-GlcA 

inside the compartmental lumen (Kearns et al., 1993;Moriarity et al., 2002), the physiological 

meaning of this transporter in mammalian cells is not absolutely clear. The human UDP-GlcA 

transporter resides in the ER membrane (Muraoka et al., 2001) and therefore it is likely that the 

catalytic domain of the UDP-GlcA decarboxylase (UDP-Xylose Synthase) is also in the ER 

lumen. However, the presence of a UDP-Xyl transporter in the Golgi suggests the existence of 

UDP-Xyl pools in the cytoplasm of mammalian cells. In plants, which have UXS activity in the 

cytoplasm and in ER and Golgi lumen (Harper and Bar-Peled, 2002;Pattathil et al., 2005) this 

pool seems to exist. No information is, however, available for the mammalian cell. An 

alternative for de novo synthesis of nucleotide sugars is the salvage pathway in which nucleotide 

sugars can be generated from sugars taken up from outside or generated during degradation of 

glycans. Again, in plants it has been shown that UDP-Xyl can be generated from Xylose-1-

phosphate (Kotake et al., 2004). Future studies will show if this pathway also exists in mammals.  

UDP-xylose plays an important role in biosynthesis of proteoglycans where xylose is the 

first sugar added to the protein. This posttranslational modification takes place in the ER or early 
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Golgi. The sugars are added sequentially during the transport of the protein in the secretory 

pathway and therefore the glycosyltransferases are localized in different parts of the ER and 

Golgi (Kearns et al., 1993). This suggests a model in which the UDP-GlcA is transported in the 

ER or early Golgi where it is decarboxylated and the resulted UDP-Xyl is utilized in 

proteoglycan biosynthesis. Besides its importance as an initiating sugar in proteoglycan 

biosynthesis, xylose is also found in a trisaccharide (Xyl-Xyl-Glc) that decorates functionally 

important glycoconjugates. This epitope has been identified in Notch (Moloney et al., 2000) a 

key factor in the regulation of cell growth and differentiation during ontogeny (Haines and 

Irvine, 2003) and in the blood coagulation factors VII and IX (Hase et al., 1988). Although direct 

evidence is missing, it could be that the SLC35B4 is involved in the biosynthesis of these O-

linked glycans. In fact, the expression of the gene is relatively high in liver (Zhang et al., 2004), 

where the coagulation factors VII and IX are produced. A clear answer about the physiological 

function of SLC35B4 could be obtained by generation of a knock-out mouse. 

 

4.3 Developing of new methods for NST assays 

Human SLC35B4 was found to be a bifunctional transporter with specificity for UDP-Xyl 

and UDP-GlcNAc. The transport of UDP-GlcNAc was conformed in a yeast strain lacking the 

endogenous UDP-GlcNAc transporter. However, two other human proteins have been reported 

as UDP-GlcNAc transporters (SLC35A3 and SLC35D2) (Guillen et al., 1998;Ishida et al., 

1999;Ishida et al., 2005;Suda et al., 2004). Initially, based on biochemical studies, the idea 

appeared that NSTs are monospecific (one gene / one transport activity). Unexpectedly, many of 

the characterized transporters have more than a single specificity (Berninsone et al., 2001;Goto 

et al., 2001;Hoeflich et al., 2004;Hong et al., 2000;Segawa et al., 2002;Segawa et al., 2005;Selva 

et al., 2001;Suda et al., 2004). Out of the nine characterized NSTs in the SLC35 family, three are 

able to transport UDP-GlcNAc. Because UDP-GlcNAc transport activity has been found to be 

combined with substrates as different as UDP-Gal (Hoeflich et al., 2004) and UDP-Xyl (this 

study), the prediction of epitopes within the transporters that determine substrate specificity 

becomes very difficult. Moreover, linear alignment of all known UDP-GlcNAc transporters did 

not reveal a common motif, which may point towards UDP-GlcNAc specificity. In line with this, 

the phylogenetic tree demonstrates that UDP-GlcNAc transporting proteins belong to very 

distant subfamilies (e.g. SLC35A, SLC35B and SLC35D). Multiple alignments demonstrated 
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that the SLC35B4 is the closest human homolog of yeast UDP-GlcNAc transporter (YEA4) (Roy 

et al., 2000) and therefore this specificity could be expected.  

Most of the transporters which recognize UDP-GlcNAc were characterized using yeast as 

an expression system. S. cerevisiae is the most commonly used tool in NST expression studies 

(Aoki et al., 2001;Berninsone et al., 1997;Ishida et al., 1999;Sun-Wada et al., 1998). 

Surprisingly, growth of yeast cells on different carbon sources alters the background transport 

profile of isolated Golgi vesicles. Moreover, the recently cloned human ortholog of D. 

melanogaster frc and nematode SQV-7, the human SLC35D2 transporter, has been shown to 

possess multisubstrate specificity (Suda et al., 2004), however, was found to only transport UDP-

GlcNAc by others(Ishida et al., 2005). Transport specificity in both instances was determined by 

heterologous expression in yeast, although multisubstrate specificity was also observed in 

mammalian cells (Suda et al., 2004). These recent findings, together with the large number of 

putative NSTs, that exceeds the number of nucleotide sugars requiring transport, highlights the 

necessity for the development of alternative zero background assay systems that allow the 

substrate specificities of the SLC35 family to be evaluated. Recently, purification and functional 

reconstitution in artificial liposomes has succeeded for the recombinant Leishmania LPG2 

(Segawa et al., 2005) and the CMP-SA transporter (Tiralongo et al., 2006). Using the zero 

background conditions, these studies have confirmed the specificity of LPG2 (Ma et al., 1997) 

for three substrates GDP-Man, GDP-Fuc and GDP-Ara, and the monospecificity of the mouse 

CMP-SA transporter. In the present study, the expression of SLC35B4 in E.coli failed and the 

purification of recombinantly expressed transporter in S. cerevisiae resulted in co-purification of 

SLC35B4 with yeast Golgi proteins. Therefore, in vitro synthesis and reconstitution in artificial 

proteoliposomes, as a background free system, was chosen. The result obtained with the new 

system suggested monospecificity of the SLC35B4 for UDP-xylose. The previously determined 

UDP-GlcNAc transport could be explained by presence in the yeast Golgi apparatus of 

transferases or other endogenous factors which utilized the UDP-GlcNAc. However, testing of 

more transporters with this new system for NST assay could evaluate the method and could 

provide a tool for identification of UDP-Glc and ATP transporters. The new strategy could be 

applied to study the multi-specificity observed in several transporters. 
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SUMMARY 
 

The transport of nucleotide sugars from the cytoplasm into the Golgi apparatus is mediated by 

specialized type III proteins, the nucleotide sugar transporters (NSTs). Transport assays carried 

out in vitro with Golgi vesicles from mammalian cells, showed specific uptake for a total of eight 

nucleotide sugars, for activated sulfate (Adenosine 3'-phospho 5'-phosphosulfate, PAPS) and 

ATP. By phenotypic correction of biochemically characterized mutants several transporters have 

been identified and revealed that NSTs are type III membrane proteins with eight to ten trans-

membrane domains (TMD). When this study was started, NSTs with transport activities for all 

but two nucleotide sugars (UDP-Xyl and UDP-Glc) had been cloned. Aiming at identifying these 

elusive NSTs, bioinformatics methods were used to display putative NST-sequences in the 

human genome. Twenty eight human and eight yeast open reading frames were selected as 

putative NSTs. Nine proteins were hetero- or homologeously expressed in yeast and transport 

capabilities for UDP-Glc and UDP-Xyl were determined with Golgi vesicles isolated from 

transformed cells. Vesicles from yeast cells expressing the human gene SLC35B4 showed 

specific uptake of UDP-Xyl and subsequent testing of other nucleotide sugars revealed a second 

activity for UDP-GlcNAc. Expression of the epitope-tagged SLC35B4 in mammalian cells, 

demonstrated strict Golgi localization. Because decarboxylation of UDP-GlcA is known to 

produce UDP-Xyl directly in the ER and Golgi lumen, our data suggest that two ways exist to 

deliver UDP-Xyl to the Golgi apparatus. While these studies identified the first UDP-Xyl 

transporter a, potential UDP-Glc transporter could not be found due to the high endogenous 

transport background present in S. cerevisiae. To identify this remaining activity and to search 

for a specific ATP transporter six yeast strains with defects in the SLC35 gene family were used 

as expression systems of candidate genes. Testing of prepared Golgi fractions demonstrated, 

however, that redundancy exists in the transport of these essential solute compounds and a single 

gene deletion is not enough to reduce the endogenous transport. Importantly, observations made 

in these assays are in excellent agreement with the lately identified multi-substrate specificity of 

many members in the SLC35 family, which clearly contrasts earlier biochemical data describing 

NSTs as mono-substrate specific. Low (better zero) -background systems are, therefore, needed 

to further investigate SLC35 family members. Towards this goal my subsequent studies were 

concentrated at generating and evaluating such systems. With SLC35B4 as model system 
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reconstitution of recombinantly expressed protein in artificial proteoliposomes was tested. 

Because expression of the SLC35B4 protein in E. coli was not possible, purification of this 

recombinant protein after expression in S. cerevisiae was used but resulted in copurification of 

endogenous Golgi proteins and thus hampered the reconstitution experiments. Consequently, 

efforts were focused at cell free synthesis of SLC35B4. Using this method homogenous protein 

was obtained in sufficient concentration for reconstitution in true zero background systems. The 

reconstituted SLC35B4 confirmed specific transport for UDP-Xyl. However, the second 

transport activity for UDP-GlcNAc could not be detected in this system. Together, the results 

clearly demonstrate that the SLC35B4 protein is a human UDP-Xyl transporter. The second 

activity determined in the yeast system is, by all likelihood, formed in the cell by involvement of 

endogenous factors. The method newly developed in this study provides a crucial step forward 

should help to reevaluate transport specificities of know proteins and to characterize unknown 

members in the SLC35 family.  
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ZUSAMMENFASSUNG 
 

Zuckermonomere müssen in eine biologisch aktive Form gebracht werden, um Eingang in 

anabole Biosynthesewege zu erhalten. Die Aktivierung erfolgt durch die Herstellung von 

Zuckernucleotiden. Die Enzyme, die die Aktivierung der Zucker katalysieren, befinden sich 

hauptsächlich im Zytoplama der Zelle. D.h. auch ihre Produkte, die Zuckernucleotide fallen 

im Zytoplasma an. Glycosyltransferasen sind dagegen hauptsächlich im Golgi Apparat 

lokalisiert. Zur Überwindung der Membranbarriere existieren spezifische Transportsysteme, 

die sogenannten Zuckernucleotid Transporter (nucleotide sugar transporter, NST). 

Biochemische Analysen der Transportleistungen von Golgi Vesikeln hatten, in den 80er 

Jahren des vergangenen Jahrhunderts, acht NSTs mit unterschiedlichen Substratspezifitäten 

für Zuckernucleotide, das aktivierte Phosphat (Adenosine 3'-Phospho 5'-Phosphosulfat) und 

ATP identifiziert. Die ersten Klonierungen von NSTs gelangen 1996. In rascher Folge 

konnten in unabhängigen Laboratorien NSTs aus verschiedenen Spezies (Hefe, Maus, 

Hamster; Mensch) identifiziert werden. Der Weg zur Identifizierung war in allen 

Laboratorien identisch und bestand in der Komplementation von charakterisierten 

Zellmutanten. Das Vorliegen der NST Sequenzen machte klar, dass es sich hier um eine 

strukturell hoch konservierte Proteingruppe handelt. Alle identifizierten NSTs behielten nach 

Expression in heterologen Systemen volle Funktion. Zu Beginn dieser Arbeit, waren, mit 

Ausnahme der Transporter für UDP-Glucose und UDP-Xylose, alle im Golgi vorausgesagten 

NSTs kloniert. Die hohe Konservierung nutzend, begann die Suche nach den verbleibenden 

Aktivitäten mit einer Datenbankrecherche in der die bekannten Sequenzen als Matrizen 

dienten. Im humanen Genom wurden 28 und im Hefegenom 8 potentielle NST Sequenzen 

identifiziert. Alle humanen Gene gehörten in die family 35 of solute carriers (SLC35). Für 

den Vertreter SLC35B4 konnte auf diese Weise eindeutig eine Transportaktivität für UDP-

Xylose nachgewiesen werden. Dagegen war, aufgrund der hohen endogenen 

Transportleistung der Hefevesikel, für keines der übrigen Gene eine spezifische Aktivität 

nachweisbar. Die weitergehende Charakterisierung des SLC35B4 zeigte neben der UDP-

Xylose Transportaktivität der Golgi-Präparationen auch eine eindeutige Steigerung des 

Transports von UDP-N-Acetylglucosamin. Bestätigen ließ sich diese zweite Aktivität in 

Hefezellen, die einen genetischen Defekt im endogenen UDP-N-Acetylglucosamin Transport 

tragen und somit ein hintergrundfreies Testsystem zur Verfügung stellten. In der Summe 

erlaubten die durchgeführten Experimente den Schluss, dass das isolierte Gen SLC35B4 für 
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einen bifunktionellen NST kodiert. Das erhaltene Ergebnis war in sehr guter 

Übereinstimmung mit parallelen Arbeiten, welche multiple Substratspezifitäten für mehrere 

NSTs zeigten. Die Charakterisierung weiterer Vertreter der SLC35 Familie auf dem 

eingeschlagenen Wege war jedoch aufgrund der hohen endogenen Transportaktivitäten der 

Hefen ausgeschlossen. Zur Etablierung eines alternativen Testsystems bestand mein nächstes 

Ziel darin, rekombinante Formen der NSTs herzustellen und als gereinigte Proteine in 

künstlichen Lipidmembranen zu rekonstituieren. Die so erzeugten Proteoliposomen sollten 

dann auf Transportaktivität getestet werden. Leider war die Expression der hydrophoben 

NSTs (Typ III Membranproteine) in Bakterien nicht erfolgreich. Der Versuch der 

Aufreinigung von epitopmarkierten NSTs nach Expression in Hefezellen war erfolgreich, die 

Testung wurde aber dadurch behindert, dass erhebliche Mengen an kontaminierendem 

Protein (vor allem NSTs) in den Fraktionen enthalten waren. In einem dritten Versuch wurde 

die Herstellung von NSTs im zellfreien System getestet. Mit SLC35B4 als Modellprotein 

wurden die Schritte optimiert und es konnten für die Durchführung der Transportassays 

ausreichende Mengen des NST in hoher Qualität erzeugt werden. In einem hintergrundfreien 

System konnte die UDP-Xylose Aktivität für SLC35B4 bestätigt werden. Transport für UDP-

N-Acetylglucosamin war nicht sichtbar. Das Ergebnis erlaubte den Schluss, dass die zweite 

Aktivität im in vivo System erzeugt wurde. Vermutlich stellen im Golgi vorhandene NSTs 

(oder auch andere Faktoren) in Assoziation mit dem UDP-Xylose Transporter diese Aktivität 

her. Zusammenfassend kann damit gesagt werden, dass das neu etablierte Testsystem ein 

wichtiges Werkzeug für die Re-Evaluation bekannter NSTs und die Charakterisierung neuer 

Mitglieder der SLC35 Familie darstellt.  
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