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YIHUAGU 
Structure-Functional Relationship Study ofGlycosyltransferases 
(Unaer the direction of ROBERT K. YU) 

Gangliosides are a group of functional molecules and are synthesized by 

glycosyltransferases in a stepwise manner. Mechanism of ganglioside profile change in 

normal conditions or in diseases is not well understood. Gene regulations, protein 

structures and catalytic mechanisms of related glycosyltransferases may provide clues to 

elucidate this phenomenon. In our project, GD3-synthase is used as a model of 

glycosyltransferases for protein structure-functional relationship study. GD3-synthase is a 

key enzyme in the ganglioside biosynthetic network. It catalyzes the biosynthesis of 

ganglioside GD3, which is the entry substrate of biosynthesis of the b- and c- series 

gangliosides. GD3 is a minor ganglioside in adult vertebrate tissues, while it is highly 

expressed during embryonic development and in pathological conditions, such as cancer. 

GD3 is also involved in aging, cell proliferation, and cell differentiation. Aspects that are 

still poorly understood include: 1) the regulatory mechanisms for change of GD3 levels 

in normal condition and in diseases, 2) the structure of GD3-synthase, 3) how the 

structure is related to function, and 4) how the synthesis and degradation of the enzyme 

are regulated. 

To carry out the structure-functional relationship study on GD3-synthase, we 

developed a strategy to obtain a large amount of pure human GD3-synthase for 

crystallographic analysis. E. coli, yeast, and baculovirus systems were screened for 

selection of the expression system. Transmembrane domain"truncated human GD3-

synthase was expressed in E. coli, but it aggregated into inclusion bodies. The refolded 



protein did not have enzyme activity. Human GD3-synthase could not be expressed in 

yeast cells, due to the presence of two yeast-specific stop codons. Although codon 

optimization was performed, the protein still could not be expressed in yeast cells. The 

soluble human GD3-synthase with enzymatic activity was expressed in Trichoplusia ni 

(T. ni) insect cells and secreted into the culture medium. The recombinant protein was 

purified from the culture medium with a yield of 1.45 mg/L. This is the first report of a 

procedure for expression and purification of GD3-synthase with a high yield, since the 

eDNA sequence was determined in 1994. 

As an alternative strategy, protein modeling was performed to study the structure

functional relationship of GD3-synthase. Cstii, a bacterial sialyltransferase, was 

identified as a remote homologue of human GD3-synthase with a low sequence 

similarity. Cstii and vertebrate sialyltransferases share a similar topology of protein 

structure, which makes it possible to build the structure of human GD3-synthase by using 

homology modeling. Sequence comparison (including primary sequence and secondary 

structure alignments) between Cstii and human GD3-synthase was performed to identify 

the possible functional sites. Between sialylmotifs L and S, four highly conserved amino 

acid residues (Asnl88, Prol89, Serl90, and Arg272) were identified. Protein sequence 

alignment of human sialyltransferases suggests that all conserved residues identified in 

our study are ST8Sia :subfamily-specific. Functional analysis of these residues in human 

GD3 -synthase was performed by using site-directed mutational analysis. Mutational 

analysis of these conserved residues suggests that Asnl88, Serl90, and Arg272 are 

necessary for enzyme activity. The predicted 3-D structures of human GD3-synthase with 

docking of substrates support the data of mutational analysis and elucidate the 



contributions of these residues to the enzymatic activity, which suggests: 1) Asn!88 is 

acceptor binding-related, 2) Ser190 functions to lock the acceptor substrate, and 3) 

Arg272 is acceptor binding-related. We also suggest that the protein modeling approach 

can be applied to structure-functional relationship studies only for those regions, which 

are highly conserved between vertebrate sialyltransferases and Csti!Cstii, due to the low 

sequence similarity. 

INDEX WORDS: Glycosyltransferase, Sialyltransferase, GD3-synthase, Ganglioside, 
Structure-functional relationship study, Overexpression, Purification, Molecular 
modeling, Mutagenesis. 
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I. INTRODUCTION 

Glycosphingolipids (GSLs) 

Recognized in the early 1800s by Nicolas Louis Vauquelin (Chatagnon & 

Chatagnon 1954) and identified in the 1880s by Johann Ludwig Wilhelm Thudichum 

(Debuch & Dawson 1965), sphingolipids are complex lipids consisting of a hydrophilic 

head group and a hydrophobic ceramide consisting of a sphingoid base and a fatty acid 

(Figure 1). Glycosphingolipids (GSLs) are an important family of sphingolipids, sharing 

the same topology of sphingolipids: as the common hydrophobic portion, ceramide of 

GSLs is inserted in the cell membrane as anchor; as the hydrophilic head of GSLs, one or 

several sugars is exposed towards the outer side of cell surface. 

Containing one or more sialic acid residues, gangliosides are a subset of GSLs 

(Figure 2). As components of membranes of various cell types (Sandhoff & Kolter, 

2003), gangliosides occur in extraneural tissues and fluids (Yamakwa and Suzuki, 1951; 

Svennerholm, 1964; Colley et al., 1992, Serafini-Cessi et a/.;1995; Allende et al., 1997), 

however, abundantly in brain and nervous tissues (Ledeen & Yu, 1982; Svennerholm, 

1984; van Echten & Sandhoff, 1989). Discovered and named in the brain of a patient by 

Klenk (Klenk 1935; 1939), the first ganglioside structure was described in 1963 (Kuhn & 

Wiegandt, 1963). Studies on gangliosides extended to structural variants, metabolism, 

biological functions and pathology. It is still too far to answer the question of the precise 

1 



Figure 1. Typical structure of sphingolipids. 

Different substituents (R) give: H ->ceramide; phosphocholine -> sphingomyelin; 

sugar(s) -> glycosphingolipid(s). 
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Figure 2. Typical structures of gangliosides. Ganglioside GMl is used as a model. 

"N-acetylneuraminic acid" in blue in (A) is also called "sialic acid", and is abbreviated as 

"Neu5Ac" in (B). Numbers in red in (A), and numbers and Greek letters in (B) describe 

the linkage types between components of oligosaccharide head of gangliosides. 
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functions of gangliosides, but to consider gangliosides as functional molecules involved 

in physiology is widely accepted, for instance, determining the properties of cells, 

participating in signaling, and in mediating cell-cell interaction and adhesion. 

Biosynthesis of gangliosides 

Synthesis of the oligosaccharide chain of GSLs is performed in a stepwise manner, 

which adds a specific monosaccharide from a sugar nucleotide donor to a ceramide or 

glycosyl ceramide acceptor. The pathway of ganglioside biosynthesis is depicted in 

Figure 3, and is summarized in detail by several reviews (Kolter, 2002; Merrill, 2002; 

Sandhoff & Kolter, 2003; Yu et al., 2007). 

Briefly, the biosynthesis of GSLs begins with ceramide synthesis, which is 

catalyzed by at least three membrane bound enzymes at the cytosolic face of the 

endoplasmic reticulum (ER) (Mandan et a!., I 992): serine palmitoyltransferase 

(producing 3-ketosphinganine), dihydroceramide synthase (producing dihydroceramide), 

and dihydroceramide desaturase (producing ceramides ). 

At the Golgi apparatus, ceramide is glycosylated by glucosylceramide synthase, 

which catalyzes the transfer of a glucose moiety from UDP-glucose to produce 

glucosylcerarnide at the cytosolic leaflet of the Golgi apparatus (Coste et al., 1986; 

Futerman & Pagano, 1991; J eckel et al., 1992; Nylund et al., 2006). Glucosylceramide is 

transferred to the luminal surface for galactosylation to produce lactosylcerarnide by 

galactosyltransferase-I (Ecford, 2005; Kolter & Sandhoff, 2003; 2006; Nomura, 1998). 

Ceramide also can ·be galactosylated to form galactosylceramide, which is then modified 
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to produce sulfatides (McKhann et al., 1965; Burkart eta!., 1977) or GM4 ganglioside 

(Yu & Yen, 1975). 

The transfer of sialic acid from CMP-sialic acid to lactosylceramide is catalyzed 

by GM3-synthase (ST-I) (Richardson eta!., 1977), which produces ganglioside GM3. 

Further addition of sialic acid to the sialic acid residue of GM3 by GD3-synthase (ST

II)(Sasaki et a!., 1994), and to disialic acid group of GD3 by GT3-synthease (ST

III)(Kono et a!., 1996; Zeng et a!., 1997) form GD3 and GT3, respectively. By 

GM2/GD2- synthase, N-acetylgalactosaminylation of lactosylceramide, GM3, GD3 and 

GT3 will lead ganglioside biosynthesis to asialo-, a-, b-, and c- series pathways, 

respectively (Nagata eta!., 1992). Yu and Ando (Yu & Ando, 1980; Ando & Yu, 1979) 

concluded the c- pathway of ganglisode biosynthesis by structural determination of 

ganglioside GT3, GT2, GT!c, and GQlc. 

From lactosylceramide, most GSLs are modified by glycosylation, which is 

catalyzed by glycosyltransfrases at the luminal side of the Golgi apparatus (Giraudo eta!., 

2003; Yu et al., 2004). GSLs are found mainly on the plasma membrane, in the vacuoles 

of the exocytic and endocytic pathways, and at a low level in the ER (Matyas & Morre, 

1986; van Genderen eta!., 1991). Located at the plasma membrane surface and luminal 

side of endocytic organelles, vesicular transport is a major mechanism to translocate 

GSLs (See review by Degroote eta!., 2004). Studies on sorting of ganglioside GM3 and 

sphingomylin indicate that complex GSLs only can be transported via vesicular transport 

(van Meer eta!., 2002, Young eta!., 1992). However, precursors of complex GSLs might 

use different mechanisms. For instance, cerarnide can be transported from the ER to the 

trans-Golgi in a non-vesicular manner, with the aid of ceramide-transfer protein (CERT) 

5 



Figure 3. Schematic diagram of biosynthesis pathway of gangliosides. (Yu et al., 

2007). 
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(Hanada et al., 2003). Glucosylceramide can flip across the Golgi membrane 

spontaneously (Burger et a!., 1996; Buton et al., 2002), as well as the plasma membrane, 

with the aid of ATP-binding cassette (ABC) transporter (van Helvoort et al., 1996; Lala 

et al., 2000; De Rosa et al., 2003). 

Galactosylceramide can be freely translocated across the ER membrane (Burger et 

al., 1996), or with the aid of glycolipid transfer protein (GL TP) (Lin et al., 2000). Mark 

and Pagano summarized the detailed information of the recycling of ganglioside through 

endocytic pathways (Mark & Pagano, 2002). Tettamanti et al. gave a panorama of GSL 

metabolism (Figure 4) (Tettamanti et a!., 2003), which includes GSL recycling to the 

plasma membrane, de novo biosynthesis in the endoplasmic reticulum and Golgi 

apparatus, direct glycosylations at the Golgi apparatus level, degradation in the late 

endosomes/lysosomes, salvage processes at the endoplasmic reticulum/Golgi apparatus 

level, and local changes (glycosylations/deglycosylations) at the plasma membrane level. 

Glycosphingolipids are degraded primarily by glycosidases in the lysosomes after 

endocytosis of membranes. Glycosidases play a central role in the degradation of 

complex carbohydrates, which cleave the glycosidic bonds in glycoconjugates, 

oligosaccharides and polysaccharides (Starn et al., 2005). Enzyme cofactors play an 

important role in GSL catabolism. Several proteins were named sphingolipid activator 

proteins (SAPs): SAPs mediate the interaction between the membrane~bound lipid 

substrate and the water-soluble enzyme or activate the enzyme directly. The presence of 

an activator protein is required in many catabolic reactions. Five SAPs are known thus 

far: the GM2 activator protein and the four saposins (Sap-A, -B, -C, and -D) (Sandhoff 
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Figure 4. Scheme of the subcellular sites of ganglioside metabolism and trafficking. 

(Tettamanti eta!., 2003) 
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et al., 2001). The GM2-activator is an essential cofactor in the in vivo degradation of 

ganglioside GM2 by 13-hexosaminidase A (Conzelmann & Sandhoff, 1979). Insertion of 

itself into the bilayer of intralyspsoma! lipid vesicles is the critical step for the GM2-

activator to present not only ganglioside GM2 but other related glycosphingolipids to the 

active site of the degrading enzyme (Wilkening et a!., 2000). Hooking the substrate by 

the lipid recognition site, the activator embeds the hydrophobic ceramide portion of the 

substrate in the hydrophobic cavity of the activator protein, which helps to increase the 

solubility of the complex of activator-GSL. The complex is then released from the 

membrane, and ganglioside GM2 is presented to the enzyme for degradation (Wendeler 

eta/., 2004). 

Functions of glycosphingolipids 

GSLs are composed of neutral, acidic and basic subsets. The largest population of 

GSLs in the acidic subset is gangliosides. Their structural complexity and diversity, 

cell/tissue specificity, and precise functions are not fully understood so far. 

Lessons from GSL knockout mice 

Knockout mice are useful tools in understanding GSL physiological functions. 

When glucosylceramide-derived GSLs (ganglio-series GSLs) are knocked out in mice, all 

the embryos die by embryonic day 7.5 (Table !)(Yamashita eta!., 1999), indicating that 

GSL synthesis is critical for embryonic development and differentiation of certain tissues. 

A conditional neural cell-specific disruption of glucosylceramide-derived GSLs was 

performed at E14 (Jennemann et a!., 2005). Mice are born alive but present both 
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structural defects of the cerebellum as well as the peripheral nerves. They show a lifespan 

of about three weeks. The phenotype suggests that GSLs might be essential for brain 

maturation after birth. 

Mice with deletion of galactosylceramide-derived GSLs are . viable, but 

demonstrate neurological defects and male infertility (Bosio et al., 1996; Coetzee et al., 

1996; Fujimoto et al., 2000). Resulting from lack of galactosylceramide, sulfatide or 

ganglioside GM4, the phenotype of these mice indicates that galactosylceramide-derived 

GSLs play important roles in nervous system functions and spermatogenesis. Mice with 

deficient sulfotransferase lack sulfatide, sulfolactosylceramide, and seminolipids. 

Animals are viable and display some neurological disorders due to myelin dysfunction 

and male sterility due to an arrest of spermatogenesis (Honke eta!., 2002; 2004; Ishibashi 

et al., 2002). Recent reports further indicated the critical roles of sulfoglycolipids IT,~ 

maintenance of CNS myelin and axon structure (Marcus et al., 2006), and 

emphasized their importance in spermatogenesis (Zhang et a!., 2005). 

Notably, galactosylceramide-derived GSLs do not compensate for GlcCer-based 

GSLs (Jennemarm et al., 2005). In contrast, in mice with disruption of ceramide 

galactosyltransferase, GlcCer concentration dramatically increases (Bosio et al., 1996). 

Altogether, the results suggest that both glucosylceramide- and galactosylceramide

derived GSLs play critical roles in a number of important biological events, especially in 

nervous system related processes. 

Homozygous mice with disrupted GalNAc-T gene have no ganglio-series 

complex gangliosides. They are viable (Table 1) (Takamiya et al., 1996; Liu et al., 1999) 

and have a normal lifespan and display no obvious neurological abnormalities. A closer 

10 



Table 1. 

Mice witlz disrupted glycosplzingolipid synthesis genes. 

Gene Disrupted 

Glucosylceramide synthase 

GM2 synthase (Ga!NacT)1 

GDl synthase(STII)1 

GD3 synthase/GM2 synthase 
(STII/GalNacT)1 

Phenotype 

Lethal at gastrulation 

Viable; impaired nerve conductance; motor 
function defects; impaired Ca2+ regulation in 
neurons; dysfunctional interleukin-2 signalling 
in T cells; male infertility 

GDia viable; impaired regeneration of the 
hypoglossal nerve after lesioning 

Viable with spontaneous adult lethal phenotype; 
sensitivity to audiogenic seizure; refractory skin 
lesion due to peripheral nerve degeneration 

GM3 synthase/GM2-synthase Viable; limb weakness, ataxia, and tremors; 
(ST I/GalNAcTi die of3 weeks; CNS degeneration. 

In wild-type mice, the major brain gangliosides are GMI, GDla, GDlb and GTI. 
(1: Proia et al., 2003, 2: Yamashita et al., 2005) 
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examination demonstrated that the mutant mice exhibit male infertility and neurological 

abnormalities, including impaired nerve conductance, Wallerian degeneration, and age

related motor functional defects (Takamiya et al., 1996; Sheikh et al., 1999; Chiavegatto 

et al., 2000). Dysmyelination and progressive neurodegeneration in the central and 

peripheral nerve system were observed, suggesting that complex gangliosides might have 

a functional linkage with myelin-associated glycoprotein (MAG), a resident of myelin 

membrane to promote axon-myelin stability (Fruttiger et al., 1995; Yin et al., 1998). 

Impairment of Ca2+ regulation in neurons and IL-2 signaling in T cells also have been 

described (Wu et al., 2001; Zhao et al., 1999). Although the absence of complex 

gangliosides results in neurological abnormalities, the nervous system can be formed 

when ganglio-series ganglioside synthesis is totally interrupted. 

GD3 is a minor ganglioside in most adult tissues. Its expression increases not only 

in pathological conditions such as cancer and neurodegenerative disorders, but also in 

biological events such as normal aging process, cell proliferation and differentiation 

(Malisan & Testi, 2002; Dal!'Olio & Chiricolo, 2001). The dramatic changes in 

expression of GD3 and other b-series gangliosides during neuronal development and 

morphogenesis imply that these gangliosides may be required for neuronal differentiation. 

However, disruption of the ST-II gene deletes the b-and c- series gangliosides. ST-Il-l

mice do not have significant change in phenotype (Table l)(Kawai et al., 2001; Okada et 

al., 2002). Even in embryonic stem cells with a disrupted STII gene, neuronal 

differentiation proceeds normally (Kawai et al., 1998). This result indicated a possibility 

that complex gangliosides of the a-series may play a role in functional compensation 
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when GD3-synthase deficiency results in the absence of the b- and c- series complex 

gangliosides. 

ST-II!GalNAc-T double-knockout mice only have glucosylceramide-derived 

asialo-series gangliosides and galactosylceramide-derived GSLs (gala-series GSLs ). The 

homozygous mice are viable, with spontaneous adult lethal phenotype (Table 1) (Kawai 

et at., 2001; Inoue eta/., 2002). All the adult double mutant mice suffer from seizures by 

noise that leads to death. They also suffer from refractory skin lesions. 

Gene disruption of ST-UGa!NAc-T deletes all the ganglia-series gangliosides. 

The homozygous mice without the ganglia-series gangliosides are viable (Table 1) 

(Yamashita eta/., 2005). The phenotype shows solid evidence of CNS degeneration and 

lethality, similar to that of ST-II!GalNAc-T knockout mice. Neurological abnormalities 

can be observed soon after birth. A set of neurodegenerations, for instance, brain 

shrinkage and apoptosis in the cerebral cortex and astrogliosis, are observed. Abnormal 

axon-glial interaction is also present, indicating that gangliosides are required to stabilize 

the mature nervous system. There is a recent report to support this hypothesis that 

patients with mutation in the GM3 synthase gene show an obvious course of 

neurodegeneration (Simpson eta/., 2004). 

Interestingly, gene disruption of glucosylceremide synthase in yeast or fungus 

does not affect cell growth (Lei pelt et at., 2001 ). In the absence of GSL synthesis, no 

significant change was found in differentiation of cultured cells (Kolter et al., 2000). 

These reports can only suggest that cell culture conditions are often artificial and differ 

from the native tissue environment of the cells. 
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Lipid storage diseases: Lessons learned from GSLs catabolism deficiency 

Studying human diseases caused by abnormal expression, degradation and 

distribution of GSLs can help to understand the physiological importance of GSLs 

themselves, and of those processes. Not only synthesis, but also removal of GSLs is of 

physiological importance. 

Storage diseases caused by GSLs catabolism deficiency belong to sphingolipid 

storage diseases (SLSDs) and are termed glycosphingolipidoses (Mark & Pagano, 2002, 

Sillence & Platt, 2003 ). SLSDs are a subset oflysosomal storage diseases, which are rare 

disorders and include mucopolysaccharidoses, mucolipidoses, glycoprotein- and 

glycogen- storage diseases (Suzuki & Suzuki, 2002; Vellodi et al., 2004; Platt & Walkley, 

2004; Winchester, 2004; Futerman & van Meer, 2004). Except Fabry disease, the mode 

of inheritance is autosomal recessive (Desnick & Ioannou 200 I). Glycosphingolipidoses 

are inherited diseases, which result from deficiency of genes encoding glycosidases, 

cofactors, and proteins related to targeting or transport systems in degradation processes 

(Kolter & Sandhoff, 2006). Most enzymes and cofactors deficient in the 

glycosphingolipidoses have been characterized. 

A significant characteristic of glycosphingolipidoses is phenotypic variability 

(Gieselmann, 2005). Not only different sphingolipidoses but also the same diseases show 

a wide range of variabilty on onset, development, and symptoms. Three major factors 

result in this kind of variability: 

I). Cell-type specific pattern of glycosphingolipid expression determines the 

injured cell types and specific tissues. For instance, catabolic disorders of complex 
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gangliosides initially lead to damage of the central nervous system because complex 

gangliosides are particuarly abundant in the plasma membranes of neuronal cells. 

2). Residual activity of the defective lysosomal enzyme partly determines the 

onset and severity of the storage diseases (Conzelrnann et al., 1983; Leinekuge et al., 

1992). Threshold theory of enzyme activity is valid for most sphingolipidoses (Kolter & 

Sandhoff, 1998): a reduced turnover rate and subsequent accumulation of the substrate 

occur only when the enzyme activity decreases below a critical threshold. In most cases, 

even a few percent of residual activity can be sufficient to delay the onset of the disease, 

cause an attenuated course, and even lead to pseudodeficiencies (Rapola, 1994). 

3). Nature of the storage material also affects phenotypes because the degradation 

products can produce bio-toxic substances. A good example is galactosylsphingosine 

(psycho sine), a highly cytotoxic lipid-degradation substance, leads to the destruction of 

affected cells before a significant accumulation can occur in Krabbe disease (Miyatake et 

al., 1994). 

Niemann-Pick type C is used as an example to show altered location of GSLs 

when a glycosphingolipidosis occurs (Table 2). This phenomenon implies that 

overexpression of a specific GSL in cells might lead to a misunderstanding of the 

biological functions of the g1ycosphingolipid because enrichment of a GSL will change 

its location and affect the downstream events. 
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Table 2. 

Abnormal storage and altered location of GSLs ilz a glycosplzingolipidoses-Niemann-

PicktypeC 

GSL 

Sphingosine 

Sphingomyelin 

Glucosylceramide 

Lactosylceramide 

GM3 

Gb3 

GM2 

GM1 

Storage level 

Moderate 

Mild 

Extensive 

Extensive 

Moderate 

Mild 

Moderate 

Mild 

Altered location 

Lysosome 

Endosome 

Lysosome 

Endosome 
/Lysosome 

Endosome 

1Location does not change. (Sillence & Platt, 2003) 
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Glycosyltransferases CGTs) 

The biosynthesis of glycosphirtgolipids requires a stepwise transfer of an activated 

monosaccharide unit from an appropriate nucleotide sugar to an acceptor lipid via a 

specific glycosyltransferase. Glycosyltransferases (EC2.4.x.y) constitute a large family of 

enzymes that are involved in the biosynthesis of oligosaccharides, polysaccharides, and 

glycoconjugates (Taniguchi et al., 2002). Transfer of the sugar residue occurs with either 

the retention or the inversion of the configuration of the anomeric carbon. These enzymes 

are present in both prokaryotes and eukaryotes, and they generally display specific 

specificity for both the glycosyl donor and the acceptor substrates. Despite several reports 

of unusual subcellular localization in eukaryotes, most of the glycosylation reactions 

occur in the Golgi apparatus (Berger, 2002). Particularly, galactosyltransferase (P4GalT) 

is recognized as a typical marker enzyme for Golgi membrane fractions. Golgi-resident 

glycosyltransferases are type-II transmembrane proteins that contain a short N-terminal 

cytoplasmic domain and a stem region with a large C-terminal globular catalytic domain 

facing the luminal side (Figure 5). 

Within the anterograde pathway, glycosyltransferases are translocated to the 

Golgi apparatus from the ER after translation. The translocation mechanism involved is 

vesicular transport with retention to the Golgi compartment by an anchor peptide located 

at its N-terminus (Colley et a!., 1989). Golgi g1ycosyltransferases can be released from 

Golgi apparatus membrane by limited proteolysis in the stem region, and can be 

transported outside of the cell by a poorly understood post-Golgi trafficking pathway. In 
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Figure 5. Topology of animal glycosyltransferases. (Breton et al., 2001). 
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Table 3. 

General properties of animal glycosyltransferases. 

General properties of animal glycosyltransferases-

Monomeric, might be dimeric in vivo 

Type II transmembrane protein 

Domain structure consists of cytoplasmic, transmembrane, stem and catalytic 
domains 

Usually N- and/or 0-glycosylated, predominantly in the stem region 

Ordered bisubstrate mechanism: binds first donor, then acceptor substrate 

Mn2
+ is nsually a cofactor 

Km donor substrate: micromolar range 

Km acceptor substrate: millimolar range 

Catalytic activity: usually in the range of 5-20 Unit/mg 

* One unit is defined as that amount of the enzyme that catalyzes the conversion of micro 
mole of substrate per minute. (Malissard et al., 1999) 
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2001, ~-secretase (BACEI) was identified as the first protease responsible for the 

cleavage and secretion of glycosyltransferases (Kitazume et al., 2003). The function of 

soluble glycosyltransferases in body fluids is unknown (Gerber et al., 1979; Zhu et al., 

1998; Sugimoto et a!., 2007). Table 3 summarizes the general features of animal 

glycosyltransferases. 

Classifications of the GT families 

According ·to different approaches, several types of _classifications have been 

applied to glycosyltransferases. Glycosyltransferases are usually classified according to 

the donor substrate, for instance, in groups of sialyl-, fucosyl-, galactosyl-, N

acetylglucosaminyl-, and N- acetylgalactosaminyltransferases. The prefix refers to the 

linkage types they catalyze between the transferred sugar residues and the acceptors, 

which usually are not included in the trivial name (e.g., Ll4GalT). This classification, 

however, does not reflect the actual redundancy of enzymes catalyzing similar linkages 

and subtle differences in substrate specificity. 

·Based on amino acid similarities, Coutinho and colleagues classified GTs into 

families (Coutinho et al., 2003) (available at http://afmb.cnrs-mrs.fr/CAZY). The CAZy 

database integrates glycosyltransferases that utilize nucleotide sugars, dolichol-phospho

sugars, sugar-1-phosphates, and lipid diphospho-sugars as activated donors. At the time of 

writing (January 2008), the database comprises more than 20,000 known and putative GT 

sequences that have been divided into 84 families. A glycosyltransferase is grouped to a 

specific CAZy family if it has a BLAST probability value lower than I 0"3 over a stretch 

of 100 amino acids and a hydrophobic cluster pattern that is similar to other members in 
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that group (Campbell et al., 1997). Since the origin of the sequences varies greatly, large 

differences in the number and function of glycosyltransferases are observed among 

families. Family GT2 is the best example, which contains more than 3500 sequences, 

originating from animal, plant, yeast, and bacterial species. At least 12 distinct 

glycosyltransferase functions have already been characterized in this family, including 

cellulose synthase, chitin synthase, mannosyltransferase, glucosyltransferase, and so on. 

In contrast, other families are monofunctional and contain only one taxonomic group. 

Structural and mechanistic features will be integrated with sequence similarity for 

classification (Coutinho et al., 2003) 

Crystal structure of glycosyltransferases 

Because of the difficulties with large-scale expression, purification, and 

crystallization, progress of structure determinations for glycosyltransferases is slow. In 

1994, the first X-ray structure was reported for bacteriophage T4-glucosyltransferase, an 

enzyme that catalyzes the transfer of glucose from UDP-Glc to phage-modified DNA 

(Vrielink et al., 1994). Up to 2006, crystal structures of21 glycosyltransferases from 20 

distinct GT families have been reported (CAZy GT family 1, 2, 5-9, 13, 15, 20, 27, 28, 

35, 42-44, 63, 64, 72, 78, and 80) (Martinez-Fleites et al., 2006). In 2007, only two 

structures of bacterial glycosyltransferases have been determined (Chiu et al., 2007; 

Kakuta et al., 2008). Structures of glycosyltransferases adopt an a.!Wu sandwich topology, 

which is similar or close to a classical structural motif present in many nucleotide-binding 

proteins, named Rossmann fold (Rao & Rossmann, 1971; Lesk, 1995). 
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Although glycosyltransferase families share a low sequence similarity with each 

other, only three structural superfamilies have been described for most of 

glycosyltransferases, named GT-A, GT-B, and Cstii (Table 4). GT-A and GT-B were 

first observed in the original SpsA and ll-glucosyltransferase (BGT) structures, 

respectively (Vrielink et al., 1994; Charnock & Davies, 1999). A third type of fold has 

recently emerged following the determination of the structure of a bacterial 

sialyltransferase, Cstii (Chin et al., 2004). Cstll belongs to family GT42, which 

comprises sialyltransferases from Campylobacter jejuni (C. jejuni) and Haemophilus 

injluenzae. 

Members of the GT -A fold family contain a Rossman fold, which is a central 

seven ll-sheet flanked by several a-helices at each side (Figure 6), these members have 

two dissimilar domains, one is the nucleotide sugar-binding domain at the N-terminus 

and the other is the acceptor-binding domain at the C-terminus. Almost all enzymes with 

a GT-A fold type have a DXD motif. This motif is found to interact with the phosphate 

groups of the nucleotide donor through a divalent cation, most commonly Mn2+. The 

functions of the DXD motif are different in inverting and retaining glycosyltransferases. 

The two aspartates interact with the ion in retaining glycostyltransferases, but only the 

last aspartate interacts with the metal cation in inverting glycosyltransferases (Breton et 

al., 2006). The two aspartates are not strictly conserved in the GT-A family, but the 

location never changes. GT-A structures contain a flexible loop that is believed to be 

involved in the active site and the binding of the substrate (Figure 7) (Boix et al., 2001; 

Ramakrishnan et al., 2002; Ramakrishnan et al., 2006). 
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Table 4. 

Fold families in gylcosyltrausferase family. 

GT families 

Known fold 

Predicted fold 

GT-A fold GT-B fold Cstll fold 

2, 6, 7, 8, 13, 15, 27, 1, 5, 9, 20, 28, 35, 42 
43,64, 78 63 

12, 14, 16, 21, 24, 
25, 31, 32, 34, 40, 3, 4, 10, 18, 19, 30, 
45, 46, 49, 54, 55, 33, 38, 41, 47, 56, 29,73 
60, 62, 67, 69, 71, 70, 72 
74, 77 

(Breton eta!., 2006) 
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Figure 6. Topology diagram of GT -A fold. 

Structure of ~4Gal-Tl is used as a model. Arrows and circles represent strands and 

helices, respectively. 
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Figure 7. Schematic drawing of the conformational changes during catalysis 

observed in GnT I. 

i) The binding of the ion makes it possible for substrate binding. ii) Sugar donor binds to 

GnT I. iii) The loop folds in to the structure. iv) Conformational change creates a binding 

site for the acceptor, then the reaction can take place. The donor and the product leave the 

active site and the cycle starts once again (Qasba et al., 2005). 
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Members of the GT-B fold family contain two separate Rossmann domains. A 

linker region and a catalytic site are located between the two domains. The GT-B 

structure is better suited for larger acceptor molecules compared to GT-A, due to the 

large cleft existing between the two domains (Figure 8) (Breton et a!., 2006). The 

domain at the C-terminus of the protein is well conserved and related to binding of 

nucleotides. The N-terminal domain is diverse to accommodate the variant sugar 

acceptors (Breton et al., 2006). The GT-B family lacks the common DXD motif, 

although it is known that most GT-B enzymes are further activated by divalent cations. 

No ions, however, have been found in the active site in the known crystal structures 

(Breton et al., 2006; Gibson et al., 2004; Hu eta!., 2003; Mulichak et al., 2001). 

Cstii from C. jejuni displays a different type of structure with the GT-A fold 

(Figure 9), and lac~ the DXD motif. The secondary structure arrangement in the Cstii 

enzyme is also different from the GT-A family and has been designated to a fold family 

of its own by Structural Classification of Proteins (SCOP) database (Murzin et al., 1995; 

Pak et al., 2006). It also requires further activation by Mg2
+ and Mn2+, even though the 

ions are known not to be essential (Chiu et al., 2004). Due to the absence of the DXD 

motif, an ion in the active site, and a catalytic base, the reaction occurs with the retention 

of configuration, although the anomeric configuration of the product is inverted (Chiu et 

al., 2004). However, the structure of Cstll is not the same as the GT-A fold. Unlike the 

GT-A fold, the flexible loop of Cstii contains short helixes that fold over the active site 

(Chiu et al., 2004). 

Catalytic mechanisms 
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Figure 8. Topological diagram of GT-B fold. 

Structure of GnT I is used as a model. Arrows and circles represent strands and helices, 

respectively. 
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Figure 9. Topological diagram of Cstll fold. 

Structure of Cstll is used as a model. Arrows and circles represent strands and helices, 

respectively. 
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Glycosyltransferases can transfer an activated donor, such as nucleotide 

diphospho-sugar, nucleoside monophospho-sugar, or lipid phosphor-sugar, to an acceptor 

molecule. According to the catalytic mechanisms, glycosyltransferases can be classified 

as either inverting or retaining, depending on the overall stereochemical course of the 

reaction (Figure 10). 

Both the GT-A and GT-B families include inverting and retaining 

glycosyltransferases. The catalytic mechanism of inverting GTs is believed to be similar 

to the one of inverting glycosylhydrolases with the recruitment of one acidic amino acid 

that activates the acceptor hydroxyl group by deprotonation (Lairson & Withers, 2004). 

All structural evidence to date supports an SN2 mechanism originally proposed by 

Wong's group (Murray et al., 1996) (Figure lOA). The mechanism of GT-A inverting 

glycosyltransferases has the particularity of involving a Mn2
+ ion that plays the role of 

acid catalyst and also initiates a sequential ordered mechanism in which nucleotide sugar 

binding is followed by loops closing and acceptor binding (Ramakrishnan et al., 2004). 

For the GT-B fold family, inverting glycosyltransferases have completely different active 

sites, with no ion involved. 

The mechanism of retaining glycosyltransferases is not clearly understood yet. 

Originally, it is thought to involve a double displacement reaction similar to that of 

retaining glycosidases (Figure lOB) (Lairson et al., 2004; Zechel & Withers, 2000). 

However, structural and biochemical studies of several retaining glycosyltransferases with 

substrate analogues failed to support this hypothesis (Persson et al., 2001; Boix et al., 

2001; 2002; Ly et al., 2002; Pedersen et al., 2003; Zhang et al., 2003). An SNi attack 

mechanism was proposed, involving a direct attack by the acceptor (Persson et al., 2001). 
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Figure 10. Catalytic mechanisms of glycosyltransferases. 

NDP is nucleotide diphosphate group. A) Catalytic mechanism of inverting GTs. For 

inverting glycosyltransferases, general base (B)-catalysed in-line SN2 attack at Cl of the 

NDP-sugar donor by the acceptor leads to inversion of stereochemistry at the anomeric 

carbon. B) Catalytic mechanism of retaining GTs. The SNi mechanism for retaining 

glycosyltransferases involves the SNi attack of an active site nucleophile (Nu) at Cl of 

the NDP-sugar to form a covalent sugar-enzyme adduct, followed by an SNi attack of the 

acceptor at Cl to form the glycosidic linkage with retention of anomeric configuration. 

(Thibodeaux et al., 2007) 
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In all retaining glycosyltransferases, the nucleotide sugar is forced to adopt a folded shape, 

which brings the sugar over the pyrophosphate to facilitate the transfer of the sugar. 

Structure-functional relationship studies of glycosyltransferases based on structure 
prediction 

Fold recognition methods for homologue identification 

Molecular modeling is an alternative strategy to build the structure of a protein 

when structural information is unavailable. Since the number of available crystal 

structures is still very limited, molecular modeling of GTs is difficult. Only 21 of the 84 

CAZY families have at least one member with known X-ray structure. The low degree of 

sequence similarity within some of the CAZY families and the absence of similarity 

among different families make it almost impossible to use classical methods of pair-wise 

sequence comparison to identifY a template 'for homology modeling. 

"Fold recognition" or "threading" methods essentially are algorithms examining 

the compatibility of a sequence with a given 3-D folding template (Godzik eta!., 2003). 

These algorithms are powerful tools for the detection of distant folding similarities and 

superfamilies among glycosyltransferases. The fold recognition is performed with a "fold 

scoring" system, combined with biochemical characteristics of the sequences (such as 

length, theoretical pi, and so on) and treated with chemometric methods to discriminate 

and/or predict folds (Dnligil & Rini, 2000; Bourne & Henrissa, 2001; Tarbouriech et al., 

2002). Only three fold superfamilies have emerged from known 3-D structures of 

glycosyltransferases. At present, more than 55 of 84 glycosyltransferase families have 

been grouped into GT-A, GT-B, or Cstii fold superfamily, reflecting distant evolutionary 
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and fold constraints among glycosyltransferases. It is striking to note that GT29, a 

glycosyltransferase family comprising vertebrate sialyltransferases, adoptes the fold of 

Cstii superfamily, suggesting that known structures of glycosyltransferases in Cstii 

superfamily can be used as templates for the structural predictions of vertebrate 

sialyltransferases. Some families give weak or moderate scores in fold recognition (i.e., 

GTll, 17, 18, 23, 26, 37, 44, 52, 61, 65, 68, 75), and this probably means that novel folds 

can still be discovered in future structural studies. 

Fold recognition cannot predict the functions of glycosyltransferases. Some 

glycosyltransferase families with different functions and catalytic mechanisms have 

similar fold properties. GT-A and GT-B fold superfamilies contain members that are not 

glycosyltransferases. Good examples are bacterial UDP-N-acetylglucosamine 2-

epimerase (Mulichak et a/., 2001) and bacterial glucosamine-1-phosphate 

pyrophosphorylase (Brown et al., 1999). With different algorithms, fold recognition 

methods often generate different results in different laboratories. When fold recognition 

methods were performed within family GTIO, some researchers proposed a fold similar 

to that of phage T4 DNA glucosyltransferase (Breton et al., 1996) and the others stated a 

fold similarity to that of tryptophan synthase (de Vries et al., 2001). 

Homology modeling and docking of substrates 

With an attributed fold, a protein can be assigned secondary structure elements, a.

helices and 13-strands, to its sequence with known three-dimensional . structure. 

Comparison of hydrophobic clusters (HCA) has proven to be a useful method for 

aligning sequences with a similar fold in the case of low sequence identities (Gaboriaud 
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et al., 1987). A protein structure can then be modeled using homology-building methods. 

Generally, models have a low confidence index for flexible loops and highly variable 

regions. For g!ycosyltransferases, flexible loops and highly variable regions may function 

as acceptor binding sites. An inaccurate model still can provide information for active 

sites. An example is that the roles of Rossmann-like topology of the nucleotide-binding 

domain and the DxD motif in an a3-galactosyltransferase were proposed with a wrong 

model, using as a template the only glycosyltransferase structure at that time. Later, this 

proposal was confirmed by crystal structure of the protein (Gastinel et al., 2001). When 

target and template protein sequences have sufficient identity, such as o3-GalT and the a 

3-GTs responsible for the synthesis of blood group A, blood group B, Forssman and iGb3 

antigens, the models are accurate and allow for docking of nucleotide sugars and 

acceptors (Heissigerova et al., 2003). 

In 2004, 3-D structure of Cstii, the first crystal structure of a sialyltransferase, 

was determined (Chiu et a!., 2004). As a bacterial protein, Cstii shares a fold with 

vertebrate sialyltransferases, which makes it possible to build 3-D structure of vertebrate 

sialyltransferases for structure-functional relationship study. Using as a template the only 

structure of sialyltransferase at that time, Balaji's group constructed a protein model of 

human u2,3-sialyltransferases (Sujatha and Balaji, 2006). Exploration of functional sites 

with docking models of substrates has also been carried out by computer analysis (Patel 

& Balaji, 2007). In Balaji's models, the structures of conserved regions, sialylmotifs L, S, 

and VS, adopt the structure from Cstll, while the flexible loop cannot be modeled due to 

the huge sequence variaties between human u2,3-sialyltransferases and CstiL Cstii is a 

dual-function sialyltransferase that prefers u2,8-sialyl transfer to u2,3-sialyl transfer. This 
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feature might result in the difference between the loops of Cstii and human a2,3-

sialyltransferases. Although the modeled structure of the flexible loop in human a2,3-

sialyltransferases is inaccurate, the work of Balaji' s group demonstrates a feasible 

strategy to explore vertebrate sialyltransferases functional sites in the conserved regions, 

using a predicted structure. In 2007, the crystal structure of Csti, a mono-functional 

bacterial sialyltransferase, was determined (Chiu et al., 2007). This enzyme has activity 

of a2,3-sialyltransferase, suggesting that Csti and vertebrate a2,3-sialyltransferases may 

share more structure similarities in their flexible loops. It further suggests that Csti may 

be the better template for protein modeling of vertebrate a2,3-sialyltransferases. 
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II. SPECIFIC AIMS 

Gangliosides are a group of functional molecules, which are synthesized by 

glycosyltransferases in a stepwise manner. Changes to ganglioside composition in 

normal conditions or in diseases are poorly understood. Gene regulations, protein 

structures and catalytic mechanisms of related glycosyltransferases may provide clues to 

elucidate this phenomenon. In our project, GD3-synthase is used as a model of 

glycosyltransferase for understanding protein structure-function relationship. GD3-

synthase is a key enzyme in the ganglioside biosynthetic network. It catalyzes the 

biosynthesis of ganglioside GD3, which occupies the entry point of biosynthesis of the b

and c- series gangliosides. GD3 is a minor ganglioside in adult vertebrate tissues, while it 

is highly expressed during embryonic development and in pathological conditions, such 

as cancer. GD3 is also involved in the aging process, cell proliferation, and cell 

differentiation. 

To carry out a structure-function study on GD3-synthase, we employed two plans: 

1) To develop a strategy to overexpress and purify human GD3-synthase for 

crystallographic analysis. Human GD3-synthase is a membrane--obound glycoprotein. To 

enhance protein solubility, the transmembrane domain of the protein was truncated for 

overexpression. Two tags (V5 and 6xHis) were fused at the C-terminus of the protein to 

allow protein detection by Western blot and protein purification by immobilized metal 

ion affinity chromatography (!MAC). A protease (enterokinase) cleavage site was 
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i~serted between protein and tags." E. coli, yeast and baculovirus systems were screened 

for selection of the expression system. 

2) To perform protein modeling for the structure-functional relation study as an 

alternative strategy. The structure of Cstii, a sialyltransferase, was determined in 2004. 

Cstii is a bacterial sialyltransferase and shows a different protein fold than those of 

vertebrate sialyltransferases. Surprisingly, Cstll and vertebrate sialyltransferases share a 

fold, which makes it possible to build the structure of human GD3-synthase with 

homology modeling. Sequence comparison between Cstii and human GD3-synthase was 

performed to search for the possible functional sites, including primary sequence and 

secondary structure alignments. Protein-substrate docking was performed to illustrate 

spatial relationships between enzyme and donor/acceptor substrate. Since native GD3-

synthase was not detected in CHO cells, human GD3-sythase was expressed in CHO cells 

for mutational analysis. Enzymatic and kinetic analysis provided clues to explain the 

roles of these functional sites in the enzyme. 
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III. RESULTS 

SECTION I. IDENTIFICATION AND ASSESSMENT OF FUNCTIONAL SITES 
IN A REGION BETWEEN SIAL YLMOTIFS L AND S IN HUMAN GD3-
SYNTHASE 

INTRODUCTION 

Sialyltransferases are a subset of glycosylstransferases whose members catalyze the 

transfer of a sialic acid group from a donor molecule, CMP-Neu5Ac, to different acceptor 

oligosaccharides on glycoproteins and glycolipids. According to the specificity of the 

linkage formed and the acceptor carbohydrates, sialyltransferases can be classified into 

ST3Gal, ST6Gal, ST6GalNAc, and ST8Sia subfamilies. Vertebrate sialyltransferases 

share a common topology with-the glycosyltransferases located in the Golgi membrane: 

they have a short N-terminal cytoplasmic tail that is unnecessary for enzyme activity, a 

type II transmembrane domain that provides the signal for the protein to anchor in the 

Golgi apparatus membrane, and a luminal stem region of variable length that is followed 

by a large C-terminal catalytic domain (Paulson et a!., 1987). The activities of 

sialyltransferases can be modulated by phosphorylation at serine or threonine residues 

with protein kinase C (PKC) and protein phosphatase, suggesting that phosphorylation 

might be a potential regulatory mechanism for ganglioside biosynthesis (Gu eta!., 1995; 
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Bieberich et al., 1998). There are several N-glycosylation sites in sialyltransferases, some 

of them present in the catalytic domain (Martina et al., 1998). While N-glycosylation is 

not required for enzyme activity, it is necessary for turnover arid proper trafficking of 

sialyltransferases (Bieberich et al., 2000;Yu et al., 2004). 

Sialylmotifs 

Based on pair-wise sequence similarity of all the known mammalian 

sialyltransferases, two conserved sequence regions of sialyltransferases, sialylmotifs L 

and S, were first identified (Wen et al., 1992). Later, two other conserved regions were 

identified: the sialylmotif VS, which is located close to the C-terminus with conserved 

Glu and His residues separated by four amino-acid residues (Geremia et al., 1997), and 

the (Y /Ff)Y(W IF N)(JJ/E/G/Q) motif (or named as motif III), which is positioned between 

sialylmotifs S and VS (Kapitonov & Yu, 1999; Jeanneau eta!., 2004). Using different 

sialyltransferases as models, a series of mutational analyses on these common sequence 

regions have been performed. Sialylmotif L participates in the binding of donor substrate 

(JJatta et al., 1995), while the sialylmotif S plays a role in binding of donor and acceptor 

substrates (Datta eta!., 1998). A conserved cysteine residue in sialylmotifs LandS forms 

an essential disulfide bond (JJatta et al., 2001 ). Sialylmotif III is presumed to be donor 

binding-related and plays a role in the maintenance of sialyltransferases structure 

(J eanneau et a!., 2004 ). Sialylmotif VS may participate in the catalytic process and 

formation of the active site (Jeanneau et al., 2004; Kitazume-Kawaguchi et al., 2001). 

Further sequence comparison also suggests that the four sialylmotifs are characteristic of 

eukaryotic sialyltransferases (Harduin-Lepers et al., 2005). When sequence analyses are 
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extended to the sialyltransferase subfamilies, a series of subfamily-specific conserved 

sequence regions were discovered (Patel & Balaji, 2007). Although site-directed 

mutagenesis and enzymatic assays are required to assess the functions of these regions, it 

is believed that they might contain functional sites specific for each sialyltransferase 

subfamily. 

Folds of vertebrate sialyltransferases 

Lack of structural information for the. vertebrate sialyltransferases limits the 

understanding of the detailed catalytic mechanisms. Homology modeling is required to 

build 3-D structures. Among more than 20,000 glycosyltransferases, 3-D structures of23 

glycosyltransferases have been determined (our data shown). None of the existing pure 

sequence alignment algorithms has identified a homologue of vertebrate 

sialyltransferases for protein modeling, thus far. As an approach to assign a predicted 

structure to a given protein sequence, assuming a lack of sequence similarity, "fold 

recognition" or "threading" algorithms classify most glycosyltransferases into three fold 

families, GT-A, GT-B, and Cstii (Breton et al., 2006). Notably, the predicted structures 

of vertebrate sialyltransferases belong to the Cstii fold family. In the Cstii fold family, 

structures of two Campylobacter jejuni proteins from the Cstii family have been 

determined by crystallography analysis. Cstl is a mono-functional sialyltransferase 

catalyzing an a2,3-sialic acid transfer, while Cstii is a bi-functional sialyltransferase 

catalyzing the transfer of sialic acid with a2,3~ or a2,8-linkage type (Chiu et al., 2004; 

2007). Using Cstii as a remote template, 3-D structures of human ST3Gal subfamily have 
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been modeled, and acceptor-binding sites were thoroughly studied by computer analysis 

(Sujatha & Balaji, 2006; Patel & Balaji, 2007). 

Procedure of structure prediction 

At present, homology modeling is the most reliable technique for protein structure 

prediction. A general procedure of protein modeling is summarized in Figure 11. 

Homology modeling can be applied when sequence identity between the target and the 

template is high. Identification of a homologue is the first and critical step for the 

modeling. Pure sequence-based methods for homologue identification have inherent 

statistical limits. The BLAST program, the most popular software, functions very well for 

alignment of sequences with high similarities. However, when the sequence identity is 

below 30%, homology hits from BLAST are not reliable. 

A number of alternative strategies, combined with structural information (Suyama 

et a/., 1997), are more sensitive because protein structure is more evolutionarily 

conserved than sequence. The use of structural information has been shown to increase 

both the detection sensitivity and alignment accuracy when a relationship between the 

protein and the template has been detected. With this idea, fold recognition is applied for 

template searching, which is an approach to identifY a known fold for a given target 

sequence (Godzik et a/., 2003). Secondary structure of the target protein is predicted and 

is compared with known folds. Theoretically, a template can be identified even if its 

sequence does not have any similarity to that of the target protein (Floudas et a/., 2006). 

A standard procedure for homology (or fold recognition) modeling includes the 

following steps (Xiang, 2006): 
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I) Identification of remote homologues or homologues of known structure to be 

used as a template for modeling the target sequence of interest. 

2) Improving the alignment of the target sequence with the template structures 

using alternative alignment methods or manual adjustment. 

3) Building coordinates of the three-dimensional model based on the alignment, 

including the building of loops and sidechains, and the refinement of the entire model 

away from the template structure toward the target. 

4) Assessing the accuracy of the model from the alignment or the model. 

5) Using the model to obtain biological inference from existing experimental data 

or to generate ideas for new experiments. 

If no template is available, ab initio- or de novo- modeling can be applied for 

structure prediction, which builds 3-D protein models based on physical principles rather 

than known structures. So far, no practical method is available because current ab initio 

(de novo) modelings lack a reliable scoring function to distinguish correct and incorrect 

structures and a reliable search method to explore the conformational space. 
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Figure 11. Procedure of protein structure prediction. (Russell, 2002) 
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MATERIALS AND METHODS 

Materials 

The full-length eDNA clone of human GD3-synthase (Accession number: 

X77922), vector pcDNA3 .1 topo, mouse monoclonal antibody against V5, Lipofectamine 

2000, Opti-MEM medium, and pft DNA polymerase were purchased from Invitrogen 

(Carlsbad, CA). Oligonucleotides for PCR were from Integrated DNA Technologies 

(Coralville, lA). Quick ligation kit was from Epicentre Technologies (Madison, WI) and 

restriction enzymes from New England Biolab (Ipswich, MA). QuickChange site

directed mutagenesis kit (including XL-I 0 Gold competent cells) was from Stratagene 

(La Jolla, CA). CMP-Neu5Ac and Laemmli denaturing buffer were from Sigma (St. 

Louis, MO). CMP-e4CJ Neu5Ac (293 mCi/mmol) was from Perkin Elmer (Waltham, 

MA). GM3 (NANA) was a gift from Matreya, Inc (Pleasant Gap, PA). CIS Sep-Pak 

cartridge was from Waters (Milford, MA). Nitrocellulose membranes and protein assay 

kit were from Bio-Rad (Hercules, CA), and ECL reagent from GE Healthcare 

(Piscataway, NJ). Peroxidase-conjugated goat anti-mouse secondary antibody was from 

Santa Cruz Biotechnology (Santa Cruz, CA). 

Construction of plasmid for protein expression 

A DNA fragment containing the mouse interleukin 2 (IL2) signal sequence and 

the transmembrane domain truncated human GD3-synthase eDNA fragment (amino acid 

residues 49-356) was amplified by two-step PCR with two forward primers 5'

AITGCACTAAGTCTTGCACTTGTCACGAATTCGTACCGGCTGCCCAACGA-3', 
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5' -AAGCTT ATGTACAGGATGCAACTCCTGTCTTGCA TTGCACTAAGTCTT-3' 

and one reverse primer 5'-TCTAGACTGGAAGTGGGCTGGAGT-3', using human 

GD3-synthase full-length eDNA as the template. Two restriction sites, Hind III/Xba I, 

were added as underlined sequences in the primers at each side of gene. According to the 

manufacturer's instruction, the reaction solution contained: 5 ng plasmid DNA as 

template, 5.0 1-11 1 Ox Pft amplification buffer, 1.5 1-1110 mM dNTP, 1 1-11 50 mM MgS04, 

1 pmol sense and antisense primers, 1 unit Pft DNA polymerase, and water added to the 

final volume of 50 1-11. PCR amplification was performed 1 cycle at 94 °C for 5 min, and 

30 cycles at 94 °C for 1 min, at 55 °C for lmin, and at 68 °C for 1.5 min. After restriction 

digestion, the PCR fragment was inserted into the Hind III/Xba I sites of pcDNA3 .1 topo 

vector to give the plasmid pcDNA-STII49. The transformants were selected for 

ampicillin resistance in Luria Bertani (LB) plates. The clones were picked and amplified 

in LB medium with ampicillin. 

Site-directed mutagenesis 

Using the pcDNA-STII49 as a template, mutants of human GD3-synthase were 

prepared by QuickChange® mutagenesis following the manufacturer's instruction. The 

primer pairs used for preparation of the mutants were described in Table 5. The 

recombinant plasmids were propagated in XL-10 Gold cells. All wild-type human GD3-

synthase and mutants were verified with DNA sequencing. The amino acid residues in 

human GD3-synthase for mutational analysis are shown in Figure 13. 

Expression of human GD3-synthase in CHO-Kl cells and Western blot analysis 
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Figure 12. Diagram of construction of recombinant human GD3-synthase. 

Inter!eukin 2 signal peptide was excised and removed from the recombinant protein when 

the protein was secreted through the cell membrane. 
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Plasmids of the wild type human GD3-synthase and mutants were transfected into 

CHO-K1 cells with Lipofectamine 2000 and Opti-MEM. Between 36-48 hours after 

transfection, I 00 Ill of culture medium was harvested, centrifuged to remove cell debris, 

and the supernatant was precipitated by TCA, then washed with 1x PBS. The precipitate 

was dissolved in 15 Ill Laemmli denaturing buffer. Protein in the cell pellet and the 

culture medium was determined using a modified Lowry assay (Lowry eta!., 1951), with 

a protein assay kit from Bio-Rad. The protein sample was applied to 10% sodium 

dodecyl sulfate-polyacryamide gel for electrophoresis, and then electrotransferred to a 

nitrocellulose membrane. The membrane was incubated first with anti-V5 antibody 

(1 :5000, Invitrogen) and then with peroxidase-conjugated goat anti-mouse secondary 

antibody (1 :3000, Santa Cruz, CA). Immunoreacting products were visualized using ECL 

solution kit. 

Sialyltransferase assays 

Sialy1transferase assays were performed as described previously (Dasgupta et al., 

1990; Melkerson-Waston et al., 1987). In brief, the reaction mixtures were incubated at 

37°C for 2-3 hours in a volume of 100 Ill, buffered by 25 mM sodium cacodylate, pH 6.5. 

The reaction solution contained 10 mM MgCh, 0.15% Triton CF-54, 10 nmol donor 

substrate CMP- Neu5Ac and acceptor substrate GM3, 55,000 cpm ofCMP-e4CJ Neu5Ac, 

and 10-20 Ill culture media. The reaction was terminated on ice. After partitioning with 

diethy1ether, the aqueous phase containing radioactive glycolipid was applied to a Sep

Pak C18 cartridge (Waters) previously equilibrated with 0.1 M KCI, the column was 

washed with 25 ml of distilled water, and the sample was eluted with 5 ml of 
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Figure 13. Diagram of sites for mutational analysis in human GD3-synthase. 
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Table 5. 

List of primer pairs for mutational analysis. 

Mutant Primer Sequence 
Name 

Nl88D 
N188D 5'-TAGTGACAGCTGATCCCAGCATAATTCG-3' 
sense 
N188D 5'-CGAATTATGCTGGGATCAGCTGTCACTA-3' 
antisense 

P189A 
5'-

Pl89A CCAAAAGTCAGTTAGTGACAGCTAATGCCAGCATAATT 
sense 

CGG-3' 

P189A 
5'-

antisense 
CCGAATTATGCTGGCATTAGCTGTCACTAACTGACTTTT 
GG-3' 

Sl90A 
S190A 

5'-CAGCTAATCCCGCGATAA TTCGGCAAAG-3' 
sense 
S190A 

5'-CTTTGCCGAATTATCGCGGGA TTAGCTG-3' 
antisense 

R272A 
R272A 

5'-AATCCATGCCAAGGCGCTGTCCACAGGA-3' 
sense 
R272A 

5'-TCCTGTGGACAGCGCCTTGGCATGGATT-3' 
antisense 

R272I 
R272I 

5'-AATCCATGCCAAGATCCTGTCCACAGGA-3' 
sense 
R272I 

5' -TCCTGTGGACAGGATCTTGGCATGGA TT-3' 
antisense 

R272K 
R272K 

5'-AATCCATGCCAAGAAGCTGTCCACAGGA-3' 
sense 
R272K 

5'-TCCTGTGGACAGCTTCTTGGCATGGATT -3' 
antisense 
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chloroform/methanol, 2:1 (v/v). The eluent was dried under nitrogen, and the 

radioactivity was measured by liquid-scintillation counting. The apparent Km of human 

GD3-synthase for CMP-Neu5Ac was obtained by using 2.5-200 11M CMP-Neu5Ac with 

250 11M GM3; the apparent Km of human GD3-synthase for GM3 was obtained by using 

2.5-200 11M GM3 with 250 11M CMP-Neu5Ac. All enzyme assays were done in 

triplicate. 

Template searching for GD3-synthase and protein sequence analysis 

PSI-BLAST (Altschul et al., 1997) was used to search for homologues of human 

GD3-synthase. PSIPred (Jones, 1999), FUGUE (Shi et al., 2001), and HHPred (Soding et 

al., 2005) servers were also used to search for homologues of human GD3-synthase by 

fold-recognition methods. 

Amino-acid sequences of vertebrate sialyltransferases were retrieved from 

GenBank (Benson et al., 2007). Multiple sequence alignments were performed with the 

Clusta!W program (Chenna et al., 2003). 

3-D strncture modeling for human GD3-synthase 

Using 3-D structure of Cstll (PDB ID 1R07, chain A) as a template, the 

homology modeling MODELLER 7.0 program (Sali et al., 1993) was used to build the 

structure of the residues 136-356 of human GD3-synthase. The resulting models were 

then evaluated using VERIFY3D (Bowie et al., 1991), SolvX (Holm et al., 1992), and 

ANOLEA (Melo & Feytrnans, 1997). Figure 18 was prepared using Python-based 

Molecular Viewer (PMV, http://www. mgltools.scripps.edu). 
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Docking of substrates into modeled 3-D structure of human GD3-synthase 

Using Autodock 3.0 (Morris et al., 1998), CMP-Neu5Ac was docked into the 

binding site of human GD3-synthase in a conformation and location similar to what has 

been observed in Cstll. Sialyllactose, the oligosaccharide group of GM3, was docked into 

the GD3-synthase complex with CMP-Neu5Ac. Figures 19a and b were prepared with 

Swiss-Pdb Viewer 3.7 (http://www.expasy.org/spdbv/). Hydrogen bonds between 

functional sites and substrates were computed by Swiss-Pdb Viewer 3.7. 

RESULTS 

Identification of modeling template for human GD3-synthase 

The sequences of full-length and the catalytic domain ofGD3-synthase were used 

for homolog searching. PSI-BLAST cannot identify a homologue with determined 

structure. When the sequence of full-length human GD3-synthase was used for template 

searching, PSIPred and FUGUE identified Cstii as a homolog in a confidence of "guess", 

and HHPRed identified CSTII as a top hit. When the sequence of the catalytic domain of 

human GD3-synthase was used, all servers gave a top "hit" to Cst!I. 

Sequence analysis of sialyltransferases 

Sequence alignment with predicted secondary structure between Cstii and human 

GD3-synthase were obtained from fold-recognition servers (Figure 14). Catalytic domain 

of human GD3-synthase was assigned secondary structure to its sequence. The catalytic 
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regions beginning with sialylmotifL of human GD3-synthase are shown. There are a few 

insertions or deletions in the regions corresponding to secondary structures. Flexible loop 

regions display more variability, but their sizes are comparable, thus facilitating the 

modeling study. The sequence identities were determined as 16-20%. Several residues of 

Cstii were .found to be conserved or replaceable in human GD3-synthase. Some of 

residues are in sialylmotifs L, S, and VS, suggesting that, as a bacterial sialyltransferase, 

Cstii also has sialylmotifs L, S, and VS. Sialylmotif III was not present. Some other 

conserved amino-acid residues were located between sialylmotifs L and S. The circled 

sequences "NPS" and "R" were strictly conserved between Cstii and human GD3-

synthase, and are reported to be functional sites of Cstii (Chiu et al., 2004). 

Protein sequence alignment of all the human sialyltransferases is shown in Figure 

15. The circled sequences ''NPS" and "R" were found strictly conserved only in the 

ST8Sia subfamily. At the same po~itions, only proline is conse_rved in ST3Gal subfamily, 

indicating the sequence ''NPS" and "R" might be u2,8-sialyl transfer-specific. "NPS" 

and "R" were also strictly conserved in all vertebrate u2,8-sialyltransferases (data not 

shown). 

Expression of wild type enzyme and mutants 

Since enzymatic activity of endogenous GD3-synthase is undetectable, a 

manunalian CHO cell expression system was developed to express wild-type human 

GD3-synthase and mutants. Using IL2 signal peptide, a soluble form of GD3-synthase 

with a VS tag and a 6x His tag fused at the C-terminus was secreted from CHO cells into 
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Figure 14. Secondary structure alignment of hSTSia I with CSTII. 

Secondary structure alignment was performed by PsiPred, Fugue and HHpred servers, 

with partial amino acid sequence containing sialylmotif of human GD3 synthase (hSTII, 

residue136-356) and full-length sequence of Cstll. In the alignment, the first line is the 

sequence of CSTII; others are human GD3-synthase whose secondary structure is 

predicted by different prediction servers; the possible activity sites, "NPS" and "R", are 

circled. Protein secondary structure is indicated by background colors, Blank: Coil; 

. a-helix; Yellow: ~-strand. 
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Figure 15. Sequence alignment of human sialyltransferases. 

The alignment was performed by ClustalW program. Strictly invariant residues in all 

sialyltransferase sequences are indicated in white on a black background. The other 

conserved residues are shaded in· gray. Sialylmotif L and S were defmed, respectively. 

Circled residues are strictly conserved in ST8Sia subfamily and Cstii. 
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the medium (Figure 16). Medium from cells transfected with plasinids without a eDNA 

insert showed no endogenous GD3-synthase activity. The (His) 6 tag was added to the 

construct to aid in the purification of recombinant GD3-synthase from the culture 

medium. Nonspecific-binding proteins were the major content trapped by immobilized 

metal ion affinity chromatography (!MAC) (data not shown). Anti-VS antibody was used 

to monitor the expression level of the soluble form of native ST8Sia I and mutants. 

Plasrnids containing insertions of native enzyme and mutants were transfected 

into CHO cells. The culture media were harvested, analyzed by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE), and followed by Western blotting. The 

relative amounts of recombinant proteins were determined by ImageJ 

(http://rsb.info.nih.gov/ij/). Similar amounts of wild -type enzyme and mutants were used 

for enzymatic assays (Figure 17, lower panel). The relative amount of recombinant 

proteins was determined and used to normalize enzyme activities of native enzyme and 

mutants. The enzymatic activities of mutants N188D, P189A, S190A, R272A, R272K, 

and R272I are 42%,91%,33%,20%,98%, and 19% of that of wild-type enzyme (Figure 

17, upper panel), respectively. The mutant R272K keeps almost 98% of enzyme activity, 

suggesting that the positive charge on the Arg272 side chain plays an important role in 

the catalytic activity. The importance of this residue was confirmed by mutant R272I, 

which had a nonpolar side chain substitution (isoleucine), and retained only 19% of 

native enzyme activity. 

Kinetic analysis of wild-type human GD3-synthase and mutants 

Kinetic parameters of wild type human GD3-synthase and three mutants (N188D, 
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Figure 16. Expression of wild-type human GD3 synthase in CHO cells. 

The level of recombinant proteins in culture medium was analyzed by Western blotting 

after SDS-PAGE gel electrophoresis as described under "Materials and methods". The 

culture medium of CHO cells transfected with the vector without the gene insert was also 

analyzed. No protein could be detected. 
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Figure 17. Activities of wild-type human GD3-synthase and mutants. 

The amounts of enzymes were compared by Western blot analysis, as described under 

"Materials and methods". Enzyme proteins were adjusted to the similar amount of wild 

type enzyme (lower panel). The relative amounts of mutants to that of wild type enzyme 

were determined by ImageJ. Enzyme assays were performed as described under 

"Materials and Methods" and values are the average of triplet experiments. Normalized 

by the relative amount of proteins, enzyme activities of mutants were expressed relative 

to that of wild type -enzyme (upper panel). 
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S 190A, and R272A) were determined, as described under "Materials and Methods". 

Results are summarized in Table 6. The apparent Km values of the wild-type enzyme for 

donor and acceptor are 88 11M and 83 11M, respectively, which are consistent with data 

from naturally occurring GD3-synthases (Higashi et al., 1985). The Km values of 

Nl88D and Sl90A for donor substrate increased to 1.25 to 2.5-fold of the native enzyme, 

while the Km values of S 190A and R272A for acceptor substrate increased in a range of 

2 to 10-fold. This suggests that Asnl88 is involved in donor substrate binding, Serl90 is 

donor and acceptor substrate binding-related, and Arg272 contributes to acceptor 

substrate binding. A dramatic decrease of catalytic velocity of R272A also suggests that 

Arg272 also functions in catalysis. 

DISCUSSION 

On the basis of sequence similarity, sialyltransferases were classified into four 

glycosyltransferase families by CAzy database (Coutinho et a/., 1999): family GT29 

consists of viral and vertebrate sialyltransferases; members of family GT3 8 are 

Escherichia coli and Neisseria meningitides originated; members of family GT42 are 

from Campylobacter jejuni and Haemophilus injluenzae, and family GT52 are of 

Neisseria gonorrhdeae, Neisseria meningitides origin. Members of family 42 have a 

cytoplasmic tail at the C-terrninus of the protein, while family 29 has one at the N

terminus. Cstii belongs to family GT42, and was the first sialyltransferase whose 3-D 

structure was determined, followed by Cstl. Notably, GT42 and GT29 families share 

similar structure and do not have the DXD motif, which is a common region for most of 
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Table 6. 

Kinetic parameters of wild type GD3-synthase and mutant/ 

CMP-Neu5Ac GM3 

GD3-synthase 
Kin Vmax Kin Vmax 

Vma:x/Km Vma:x/Krn 
(J.Un) (pmol/hour) (J.Un) (pmol/hour) 

Wild Type 88(±7) 167(±11) 1.90 83(±8) 165(±12) 1.98 

NI88D 220(±32) 74(±4) 0.34 87(±10) 74(±5) 0.85 

SI90A 110(±13) 55(±6) . 0.50 184(±20) 57(±4) 0.31 

R272A 81(±7) 37(±2) 0.46 979±(133) 37(±5) 0.04 

1Kinetic constants were determined for the wild type enzyme and mutants, as described 
under "Materials and Methods". 
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the glycosyltransferases. Cstll is more specific for a2,8-sialyl transfer than for a2,3-sialyl 

transfer activities (Gilbert et al., 2002), suggesting that its structure may have more 

similarities with that of vertebrate a2,8-sialyltransferase. 

To understand the roles of the functionaJ sites, the catalytic region of human 

GD3-synthase was modeled using Cstll as a template (Figure 18). The modeled 

structure displays a central region of parallel ~-strands, flanked by several a-helices on 

each side. This is a classic a/~/a Rossmann fold (Rao & Rossmann, 1971). Asn188, 

Pro189, Ser190, and Arg272 are invariant in the ST8Sia subfamily and are located 

around the cleft-like active site, suggesting that these residues may participate in the 

catalytic activity. 

Human GD3-synthase and Cstii utilize a common donor substrate CMP-Neu5Ac. 

According to the location of Cstii for donor binding, CMP-Neu5Ac is docked into 

modeled human GD3-synthase (Figure 19a). The spatial relationship between the 

enzyme and donor substrate were determined. The carboxamide group on Asn188 has an 

interaction with the carboxyl group on the sialic acid group of the donor substrate (2.98 

A). Pro189 has no interaction with the donor. The distance between Ser190.and the donor 

substrate is 4.4 A, suggesting that this residue may interact with the donor. Arg272 is 8.8 

A away from the donor, suggesting that this residue has no function on donor substrate 

binding. 

Because of program limitations, the non-carbohydrate part ( ceramide) of the 

acceptor substrate, GM3, has not been taken into account in the modeling. The 

oligosaccharide group of the acceptor substrate (sialyllactose) was introduced into the 
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Figure 18. Ribbon representation of the peptide chain in human GD3-synthase 

model, together with graphic representation of novel functional sites. 

Residues 136-356 of the protein is modeled. Novel functional sites are located around the 

active "cleft" of the enzyme. 
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Figure 19a. Spatial relationships between donor substrates and novel functional 

sites. 

Stereoscopic representation of spatial relationships between CMP-Neu5Ac and novel 

functional sites. The figures were prepared by Swiss-PdbViewer 3.7. 
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Figure 19b. Spatial relationships between donor/acceptor substrates and novel 

functional sites. 

Stereoscopic representation of spatial relationships between CMP-Neu5Ac/GM3 

oligosaccharide group and novel functional sites. The figures were prepared by Swiss

PdbViewer 3.7. 
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complex structure of human GD3-synthase and CMP-Neu5Ac (Figure 19b). When 

compared to the donor nucleotide sugar, the docking result indicated that the acceptor 

oligosaccharide is more exposed to the solvent. This suggests that the ceramide part of 

the acceptor substrate may have a weak contact with the active site of the enzyme. The 

positive side chain of Arg272 formed a solid hydrogen bond with the 0-8 of the sialic 

acid group. Ser 190 interacts with galactose moiety of the acceptor substrate at a distance 

of2.22 A. Pro189 and Asn188 have no contact with the acceptor substrate. The results of 

modeling of donor and acceptor substrates into the enzyme are in a good agreement with 

the data of kinetic analysis. 

According to pair-wise sequence identity, sequences "NPS" and "R" are ST8Sia

specific. Our experimental data and protein model of human GD3-synthase suggest the 

following conclusions: Asn188 may act as an anchor for donor substrate binding; Pro189 

may not play a role in the active site; Ser 190 has a slight interaction with donor and 

stronger repulsive interaction with acceptor substrate; and Arg272 has a strong contact 

with the acceptor substrate by a hydrogen .bond. In vertebrate sialyltransferases, many 

functional sites located in sialylmotifs L and S are reported to function as involved in 

donor anchoring (Datta et al., 1998). Absence of the Asn188 may not result in a dramatic 

loss of donor binding ability. Ser190 in our model plays a mild. role in the interaction 

between the substrates and enzyme. It protrudes from the binding pocket and functions 

sterically to block other oligosaccharide group except sialyllactose (Chiu et al., 2007), 

suggesting that Ser190 may function in locking the acceptor with a contact to the 

galactose group of acceptor substrate. But, the mutational analysis does not suggest that a 

dramatic change of kinetic parameters occurs when Ser 190 is replaced by alanine, while 
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replacement of the corresponding Ser53 with alanine in Cstii will abolish much of the 

u2,8-sialyltransferase avtivity. This suggests that there may be other residues working in 

concert with Ser190 in human GD3-synthase for the selection of acceptor substrate. The 

corresponding Argl29 in Cstii plays a role in anchoring acceptor substrate, which is also 

invariant in Cstl that has only u2,3-sialyltranferase activity. The docking model of Cstii 

with different acceptor substrates suggests that this conserved arginine is a critical residue 

to anchor the acceptor substrate and does not contribute to the acceptor specificity (Chiu 

et a/., 2007), which is also supported by our model. Compared to the functional sites 

related to donor binding, fewer sites have been reported to function as an acceptor anchor. 

This may explain why the absence of arginine can result in significant decrease of 

enzyme activity and acceptor binding ability. 

In this study, we have demonstrated a combined strategy to identify functional 

sites in vertebrate sialyltransferases. We have also shown that protein modeling can be 

used to explain the roles of functional sites in vertebrate sialyltransferases, even when the 

sequence similarity is low between the target and the template. However, the protein 

model can only adopt the backbone of the template when similarity between their 

sequences is low (<30%). Except the well-conserved region, the detailed structural 

information of side chain is uncertain (Dunbrack eta/., 2006). A good example is that the 

flexible loops in human u2,3-sialyltransferases are unable to be modeled due to the huge 

sequence variation between the flexible loops of the target and the template (Sujatha & 

Balaji, 2006). At the present, Cstl and Cstii are the only templates available for 

homology modeling of vertebrate sialyltransferases. The ·sequence similarities between 

vertebrate sialyltransferases and Cstl or Cstii are only 16-20%, suggesting that the 
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current models of vertebrate sialyltransferases may be inaccurate. In our research, 

Asnl88, Pro189, Ser190, and Arg272 are highly conserved in human GD3-syntahse and 

Cstii, the structural information of their side chains in the protein model should be 

reliable. We suggest that the protein modeling approach can be applied to study on 

structure-functional relationship only for those regions which are highly conserved 

between vertebrate sialyltransferases and Csti!Cstii due to the low sequence similarity 

between targets and templates. 
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SECTION II. OVEREXPRESSION AND PURIFICATION OF HUMAN GD3-
SYNTHASE 

INTRODUCTION 

GD3-synthase (CMP-NeuAc:GM3 a2,8-sialyltransferase, EC 2.4.99.8) is a 

membrane-bound glycosylated protein that catalyzes transfer of a sialic acid (Neu5Ac) 

residue from cytidine 5'-monophosphono-N-acetyl neuraminic acid (CMP-Neu5Ac) to 

the oligosaccharide of ganglioside GM3 in an a2,8-linkage (Higashi et a!., 1984). Like 

most animal glycosyltransferases, GD3-synthase consists of a short N-terminal 

cytoplasmic tail, a type II transmembrane domain, a protease sensitive stem region, and a 

large C-terminal catalytic domain (Weinstein et a/., 1987). GD3-synthase is a key 

enzyme in the ganglioside biosynthesis network. It catalyzes the biosynthesis of 

ganglioside GD3, which occupies the entry point of biosynthesis of the b- and c- series 

gangliosides. While GD3 is a minor ganglioside in adult vertebrate tissues, it is highly 

expressed during embryonic development (Yu eta!., 1988; Ngamukote eta!., 2007) and 

in pathological conditions such as cancer (Hakomori, 2002; Fredman et a!., 2003). GD3 

is also involved in the aging process, cell proliferation, and cell differentiation (Malisan 

& Testi, 2002; Andrews et a!., 1990). Thus far, only the role of GD3-synthase in the 

ganglioside biosynthesis pathway has been clearly described. Aspects that are still poorly 

understood include: 1) the regulatory mechanisms for change of GD3 levels in normal 

condition and in diseases, 2) the structure of GD3-synthase, 3) how the structure is 

related to function, and 4) how the synthesis and degradation of the enzyme are regulated. 
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Since it is difficult to purify this membrane-bound protein from cells or tissues, a high

yield expression system is required for protein structural determination and structure

functional relationship study. 

Overexpression systems 

In general, the term 'overexpression' is used to describe the production of 10 to 

100 mg of protein per liter of culture. Indeed, for 3D crystallization trials, tens of 

milligrams of pure protein are needed (At the crystallography facility at University of 

Georgia, three milligrams of pure protein are required). A large-scale overexpression 

system is required for crystallographical analysis, particularly when considering that the 

overall yield of the purification procedure is generally very low. Four widely used 

expression systems are summarized in Table 7. 

1) E. coli 

In 1977, Itakura et a/. first reported the expression of a mammalian protein in E. 

coli (Itakura eta!., 197.7). The major advantages of this expression system are: 1) low 

cost, 2) homogeneity of the recombinant proteins (no posttranslational modifications), 

and 3) short generation time (20 min). The expression of heterologous proteins in E. coli 

is widely employed for laboratory and preparative purposes with their lower cost and 

convenience. A heterologous gene might be expressed in cytoplasm (Magliery et al., 

2005), secreted into periplasm (Makrides, 1996), or accumulated in inclusion body in E. 

coli (Clark, 1998). The recombinant protein is very easy to purify from the inclusion 

body. Howover, proteins accumulated in these structures are usually inactive, and 
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functional refolding after purification is required. As a prokaryotic expression system, E. 

coli cannot perform the post-translational modifications that are often required for proper 

folding of the secondruy, tertiary and quaternary structures and for the functional 

characteristics of the protein of interest. This is particularly tme for certain membrane or 

secretory proteins (Linskens et al., 1999). 

2) Yeast cells 

Yeast has been applied for expression of heterologous genes since 1981 

(Hitzeman et al., 198l).Yeast presents short generation times (2 h) and inexpensive 

manipulation. The eukruyotic nature of these microorganisms confers on them the 

capacity to perform posttranslational modifications (Reilander & Weiss, 1998), which are 

sometimes essential for protein function. Currently, Pichia pas/oris (P. pastoris) (Zhou et 

a!., 2006) and Schizosaccharomyces pombe (S. pombe) (Kumar & Singh, 2004) are the 

more common yeast systems for heterologous protein expression rather than 

Saccharomyces cerevisiae (S. cerevisiae). However, the composition and quantity of N

glycans added by yeast are different from that of mannnalian cells, and this can be 

problematical when precise oligosaccharide structures are essential to protein function 

(Kaushal et a!., 1998). Recently, advances in glycoengineering of yeast and the 

expression of therapeutic glycoproteins with humanized N-glycosylation structures have 

shown significant improvement (Wildt & Gerngross, 2005). 

3) Insect cells 

The Autographa californica nuclear po1yhedrosis baculovirus (AcNPV) is a 
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Table 7. 

Comparison of expression systems. 

Characteristics E. coli Yeast Insect Mammalian 
cells cells 

Cell growth rapid rapid slow slow (24 h) 
(30 min) (90 min) (18-24 h) 

Complexity of growth minimnm minimnm complex complex 
medinm 
Cost of growth medinm low low high high 
Expression level high low- high low- high low-

moderate 
Extracellular expression secretion to secretion to secretion secretion to 

EeriElasm medinm to medinm medinm 
Posttranslational modifications 

Protein folding refolding refolding proper proper folding 
usually maybe folding 
required required 

N-linked glycosylation none high simple, no complex 
mannose sialic acid 

0-linked glycosylation no yes yes yes 
. Phosphorylation no yes yes yes 
Acetylation no yes yes yes 
Acylation no yes yes yes 
y-Carboxylation no no no yes 

(Fernandez and Hoeffler, 1999) 
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double-stranded DNA virus, which is able to selectively infect different insect cell types 

(Kidd & Emery, 1993). Co-transfection of the plasmid and viral DNA in insect cells 

allows insertion of the gene of interest into the viral genome in vivo by homologous 

recombination. Spodoptera frugiperda (cell lines Sf9 and Sf21) and Trichoplusia ni (T. 

ni, cell line High Five) are the most frequently used cells. These insect cells present 

relatively long generation times (up to 24 h) and require complex culture media. The 

eukaryotic nature guarantees them an ability to perform posttranslational modifications. 

Insect cells and mammalian cells differ in their glycosylation patterns, such as in the 

lengths of oligosaccharides and in mannose content (Kost & Condreay, 1999), so the 

bioactivity and imrnunogenicity of insect expression products are somewhat different 

from those of the natural product. 

4) Mammalian cells 

Mammalian cells present the closest environment to native tissues. They .are able 

to perform complex posttranslational modifications, particularly for eukaryotic proteins. 

The lipid composition of their membranes is also close to that of the native membrane 

proteins (Zimmer et al., 2003). Although the relatively high cost and complicated 

teclmology of mammalian cell expression have been bottlenecks for its use in large-scale 

production, this system is often utilized to express many heterologous proteins including 

viral structural proteins l\lld bioactive peptides for ftmctional analysis and crystallography 

(Ren et a!., 2006). 

Overexpression of mammalian glycosyltransferases 
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Several protein expression systems have been used for overexpresswn of 

glycosyltransferases, particularly including bacterial, yeast, insect and mammalian cells. 

Table 8 summarizes host cells used for structural determination of mammalian 

glycosyltransferases. E. coli is the first choice on the list of candidates for 

overexpression. Some mammalian glycosyltransferases have been successfully expressed 

in E. coli with enzymatic activities (Kakuda et al., 2004; Hidari et al., 2005), or refolded 

to generate active proteins (Saribas et al., 2007). Eukaryotic cells are also used for 

overexpression of mammalian glycosyltransferase. Since yeast cells have the advantage 

of being simpler to cultivate than mammalian cells, they have been used for 

overexpression of animal glycosyltransferases, especially for vertebrate sialyltransferases 

(Table 9). Overexpression of vertebrate ST8Sias in yeasts has not been reported, thus far. 

Our study suggests that the cDNAs of vertebrate ST8Sias may contain yeast-specific stop 

codons. However, no recombinant protein in yeast can be detected although codon 

optimization was performed in the eDNA of human GD3-synthase (our data). In 1997, 

insect cells were reported to be acceptable host cells for overexpression of 

glycosyltransferases (Shinkai, et al., 1997). In 2001, it was reported that mammalian 

glycosyltransferases were introduced in to insect cells to improve the glycosylation of 

heterogeouse mammalian proteins, which are co-expressed in insect cells (Breitbach & 

Jarvis, 2001). In 2004, application of insect cells for overexpression of human 

sialyltransferases was reported (Kim et al., 2004). Yields of 6.4 mg!L of soluble human 

Gal~ 1 ,4-GlcNAc a2,6-sialyltransferase and 8 mg/L of soluble human Gal~ 1 ,3( 4)

GlcNAc a2,3-sialyltransferase with enzymatic activities were obtained in the report, 
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Table 8. 

Host cells for overexpression of animal glycosyltransferases1
• 

Glycosyltransferase Name 
GT Host cell for 
family overexpression 

Mouse a-1,4-N- Extl2 GT64 E. coli (Pedersen et a/., 
Acetylhexosaminy1transferase 2003) 

Polypeptide--GalNAc ppGalNA GT27 Yeast (Fritz et al., 
transferase c-Tl 2004) 

Rabbit a-Glucosyltransferase Glycogen GT8 E. coli (Gibbons et al., 
m 2002) 

B-1 ,2-GlcNAc transferase I GnTI GT13 Insect (Unligil et al., 
2000) 

Bovine a-1 ,3-Galactosyltransferase 3GalT GT6 E. coli (Gastinel et al., 
2001) 

B-1 ,4-Galactosyltransferase I B4Ga1Tl GT7 NSO (mammalian cell 
line, Gastinel et al., 
1999) 

Human B-1 ,3-Glucuronyltransferase GlcAT-I GT43 E. coli (Pedersen et al., 
2000) 

B-1 ,3-Giucuronyltransferase GlcAT-P GT43 E. coli (Kakuda et al., 
2004) 

a-1 ,3 -GalNAc transferase A GTA GT6 E. coli (Patenaude et 
al., 2002) 

a-1,3-Galactosyltransferase B GTB GT6 E. coli (Patenaude et 
al., 2002) 

1The table lists those animal glycosyltransferases whose crystalline structures have been 
determined. 

72 



Table 9. 

Overexpression of vertebrate sialyltransferases in yeast cells. 

Enzyme Form Host cell 
Volume specific 
activity (mU1/L) 

Localization 

ST3Gal soluble S. cerevisiae llO cell wall 

ST6Gal full-lengthS. cerevisiae 300 ER, early Golgi 

soluble S. cerevisiae 1 cytoplasma 

ST6Gal soluble P. pastoris 300 media 

10ne unit is defined as that amount of the enzyme that catalyzes the conversion of 1 
micro mole of substrate per minute. (Malissard et al., 1999) 

73 



suggesting that insect cells may be a good host for overexpression of mammalian 

sialyltransferases. So far, it has not been reported that any of mammalian cr2,8-

sialyltransferases is expressed in a large scale in any of known expression systems. 

MATERIALS AND METHODS 

Construction of baculovirus transfer vector 

Vector containing full-length human GD3-synthase eDNA, with a V5 and a 

6xHis tags fused at C-terminus, was purchased from Invitrogen, and used as template for 

eDNA amplification by polymerase chain reaction (PCR). Partial eDNA of human GD3-

synthase was amplified with a stepwise PCR, with the sense primer 5'-

GAGCTCGTACCGGCTGCCCA-3 ', and three antisense prrmers: 5'-

5'-TAGGCTTACCTTTGTCGTCGTCGTCGGAAGTGGGCTGGAG-3', 

TAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCT-3', and 5'-

AAGCTTCTCAATGGTGATGGTGATGATGACCGGTACGCGTAGAATCGAG-3', 

which gave a soluble form of membrane-domain-truncated h~an GD3-synthase (amino 

acid residues 49-356), with protease site of enterokinase and fused tags 015 and 6xHis). 

According to the manufacturer's instruction, the reaction solution contained 5 ng plasmid 

DNA as template, 5.0 1-1110x Pft amplification buffer, 1.5 1-1110 mM dNTP, 1 1-11 50 mM 

MgS04, 1 pmol sense and antisense primers, 1 unit Pft DNA polymerase (Invitrogen, 

Carlsbad, CA), and water added to the final volume of 50 1-1!. PCR amplification was 

performed 1 cycle at 94 °C for 5 min, and 30 cycles at 94 °C for 1 min, at 55 °C for lmin, 

and at 68 °C for 1.5 min. Shown as underlined sequences in the primers, adoptor Sac! and 
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Figure 20. Diagram of construction of recombinant human GD3-synthase expressed 

in insect cells. 
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Hind III were added at 5'- and 3'- ends of the amplified eDNA, respectively. After 

restriction enzyme digestion with SacVHind III (New England Biolabs, Ipswich, MA), 

the eDNA fragment was inserted into vector pMe!Bac B {Invitrogen), which formed 

transfer vector pMe!Bac-hSTII. The recombinant protein contained a cleavable melittin 

signal peptide at theN-terminus for secretion (Figure 20). The recombinant plasmid was 

transformed into E. coli Ml 09 cells (Prom ega, Madison, WI). The transformants were 

selected for ampicillin resistance in Luria Bertani (LB) plates. The clones were picked 

and amplified in LB medium with ampicillin. The plasmids were extracted, and the 

inserted eDNA was verified by DNA sequencing. 

Expression of human GD3-synthase in insect cells 

Sf9 cells (Spodoptera frugiperd) were purchased from Invitrogen and 

suspension-cultured in stirring flask at 27 °C in Grace's medium supplemented with 10% 

fatal bovine serum, 0.1% Pluronic F68, and 50!lg/ml gentamicin, according to 

manufacturer's instructions. T. ni cells (Trichoplusia ni) were purchased from Orbigen 

and suspension-cultured in stirring flask at 27 °C in insect serum-free medium (Orbigen, 

San Diego, CA), containing 0.1% Pluronic F68 and 50 !lg/ml gentamicin, according to 

manufacturer's instructions. The recombinant baculovirus was obtained by the co

transfection of Sf9 cells with transfer vector and Bac-N-Blue linear DNA (Invitrogen). A 

high titer viral stock was prepared (-1.8 x 108 pfu!ml) by two-step amplification. Sf9 and 

T.ni cells were infected by the recombinant baculovirus at a MOI (multiplicity of 

infection) of 10 pfu per cell for the selection of host cell line.· 
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Western blot analysis 

One ml of infected Sf9 or T. ni cells was removed from stirring flask and 

centrifuged at 800 x g for 1 Omin to separate cells from the culture medium. Cells in the 

pellet were washed twice with PBS, suspended in 100 Jll Laemmli denaturing buffer 

(Sigma, St. Louis, MO), and sonicated briefly. The supernatant was mixed with TCA to a 

final concentration of 10%. After 1 hr, precipitated proteins was centrifuged at 10, 000 x 

g for 20 min at 4 °C and resuspended in 50 Jll Laemmli denaturing buffer. Protein amount 

in either the cell pellet or the culture medium was determined by a modified Lowry assay 

(Lowry et al., 1951), with a Protein Assay kit from Bio-Rad. Ten Jlg of each protein 

sample was applied to 10% sodium dodecyl sulfate polyacryarnide gel for electrophoresis, 

and then electrotransferred to a nitrocellulose membrane. The membrane was developed 

by incubating first with anti-V 5 antibody (1 :5000, Invitrogen) and then with peroxidase

conjugated goat anti-mouse secondary antibody (1:3000, Santa Cruze). Immunoreaction 

products were visualized using ECL solution kit (GE Health, Piscataway, NJ). 

Purification of human GD3-Synthase from culture medium 

The culture medium of T. ni cells were harvested at 48 to 72 hours after 

infection and centrifuged at 800 x g for I 0 min at room temperature to remove cells. The 

supernatant was clarified further by centrifugation at 5,000 x g for 15 min, mixed with 

EDT A-free protease inhibitor cocktail (Pierce, Rockford, IL) to a final concentration of 1 

mM AEBSF, 800 nM Aprotinin, 50 J.!M Bestatin, 15 J.!M E64, 20 J.!M Leupeptin, and 10 

J.!M Pepstatin A, and fractionated by precipitation with solid ammonium sulfate. Briefly, 

the supernatant was adjusted to 10% saturation by the addition of solid ammonium 
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sulfate. After incubation for 4 hr at room temperature, the crude precipitate was 

centrifuged at 10,000 x g for 20 min and discarded. The resulting supernatant was further 

adjusted to 60% saturation of solid ammonium sulfate, allowed to stand for 4 h and 

centrifuged at 10,000 x g for 20min to recover the precipitated proteins. The following 

steps were all performed at 4 °C. The 60% ammonium sulfate precipitated protein pellet 

was resuspended in the loading buffer for Ni-NTA column chromatography (50 mM 

sodium phosphate buffer, pH 8.0, 20 mM imidazole, 150 mM NaCl and 0.1% Triton X-

100) and filtered through 0.22-J.Lm membrane. The protein solution was applied to aNi

NTA column (Qiagen, Valencia, CA), washed with 40 mM imidazole, and eluted with 

150 mM imidazole. 

Enzymatic assay of human GD3-synthase 

Sialyltransferase assays were performed as described previously (Dasgupta et al., 

1990; Melkerson-Waston et al., 1987). In brief, the reactions were performed at 37 °C for 

1 hour in a volume of 100 J.Ll, buffered by 25 mM sodium· cacodylate, pH 6.5. The 

reaction solution contained 10 mM MgClz, 0.15% Triton CF-54, 10 nmol donor substrate 

CMP- NeuSAc (Sigma) and acceptor substrate GM3 (Matreya, Pleasant Gap, PA), 

42,000 cpm of CMP-[14C] Neu5Ac (Perkin Elmer, Waltham, MA), and 10 to 20 J.Ll 

protein sample. At the end of incubation, the reaction was stopped on ice. After 

partitioning with diethylether, the aqueous phase containing the radioactive glycolipid 

was applied to a Sep-Pak CIS cartridge (Waters, Milford, MA) previously equilibrated 

with 0.1 M KCl, washed with 25 ml of distilled water, and eluted with 5 ml of 

chloroform/methanol, 2:1 (v/v). The eluent was dried under nitrogen, and the 
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radioactivity was measured by liquid scintillation counting. The apparent Km of human 

GD3-synthase for CMP-sialic acid was obtained by using 2.5 to 150 11M CMP-Neu5Ac 

with 250 11M GM3; for GM3, by using 2.5 to 150 11M GM3 with 250 11M CMP-Neu5Ac. 

All enzyme assays were done in triplicate. 

RESULTS 

Expression of recombinant human GD3-synthase in insect cells 

Expression levels of recombinant human GD3-synthase in Sf9 and T. ni cells 

were compared (Figure 21). Protein contents of insect cell lysates and medium were 

analyzed by SDS-PAGE and Western blot analysis. There was no significant difference 

among different samples between 37 kDa and 50 kDa on SDS-PAGE gel (Figure 2la, 

lanes 2-5). Recombinant protein was detected by Western blot analysis for the V5 tag in 

both Sf9 and T. ni cell lysates (Figure 2lb, lanes 2 and 4). Recombinant protein was 

detected in the culture medium ofT. ni cells (Figure 2lb, lane 3), but not in that of Sf9 

cells (Lane 5, same figure). The immunoblot analysis suggested that the recombinant 

protein remained within S£9 cells, but was partially secreted from T. ni cells into the 

serum-free medium. Thus, T. ni cell was selected as the host cells for expression of 

recombinant human GD3-synthase. 

Purification of human GD3-synthase 

Each step of the purification process was monitored by SDS-PAGE and 

Western blot analysis (Figure 22). In Figure 22a, at the position pointed by arrow, 
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Figure 21. Expression of recombinant human GD3-synthase in insect cells. 

(A) 10% SDS-PAGE gel electrophoresis. (B) Western blot analysis with anti-V5 

antibody (Invitrogen). Celllysates and medium of baculovirus infected insect cells were 

analyzed. Ten flg ofpro~eins were applied in each well. Lane 1, protein standard; lane 2, 

Sf9 cell lysate; lane 3, Sf9 cell medium; lane 4, T. ni cell lysate; lane 5, T. ni cell medium. 

The arrow indicates the position of expressed recombinant protein on the gel. 
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a protein band of- 43 kDa appeared in lane 4 but not in lane 3, suggesting that the 

recombinant protein in the medium was enriched after precipitation by arnrnonium sulfate. 

Lane 5 in Figure 22a shows the elution of the same 43 kDa protein from Ni-NTA 

column with high purity. Western blot was performed to monitor the presence of the 

recombinant protein during protein purification (Figure 22b). The 43 kDa protein band 

in lane 5 of the SDS-PAGE gel was excised, and the protein contained therein was 

extracted and verified as human GD3-synthase by peptide mapping at proteomics 

facilities of Medica! College of Georgia and Yale University. 

The procedure of the protein purification is summarized m Table 10. 

Immobilized metal ion affmity chromatography (IMAC) was highly efficient, recovering 

- 56% of human GD3-synthase from the step of protein precipitation. From 1 L culture 

medium, we obtained 1.45 mg purified protein in a final volume of 1.5 ml. 

Kinetic parameters of human GD3-synthase 

Enzymatic assay of the purified recombinant human GD3-synthase showed a 

specific activity of 2.95 nmol/min!mg protein. The kinetic parameters were also 

determined. Apparent Km for CMP-Neu5Ac was 74 11M, and for GM3 was 78 11M. The 

specific activity and kinetic parameters of the recombinant human GD3-synthase are 

consistent with the data of naturally occurring enzymes (Higashi et al., 1984; Gu et al., 

1990). The Lineweaver-Burk plots for the recombinant human GD3-synthase are shown 

in Figures 23a and b. 
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Figure 22. Purification of recombinant human GD3-synthase. 

(A) 10% SDS-PAGE gel electrophoresis. (B) Western blot analysis with anti-VS 

antibody (Invitrogen). 1 0 ~g of proteins were applied in each well. Lane 1, protein 

standard; lane 2, cell lysate; lane 3, culture medium; lane 4, ammonium sulfate 

precipitation of medium; lane 5, elution from Ni-NTA column. The arrow indicates the 

expressed and purified recombinant protein. 
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Table 10. 

Protein purification yields. 

Specific Fold Total units of 
Total 

activity 
purified eilzyrne activity 

Yield protein 
(U/mg protein) (mg) 

Medium 0.58 1.00 3206.04 1 5520.00 

Ammonium 
Sulfate 1.84 3.17 454.20 0.14 246.25 
Precipitation 

Immobilized 
metal ion affinity 

176.90 304.58 256.50 0.08 1.45 
chromatography 
(Ni-NTA) 

The initial material was one liter of T. ni cell medium. Enzymatic assay was performed 
using 10 nmol CMP-Neu5Ac and GM3. Purification fold was determined by specific 
activity at each step of the purification process. Yield was determined with total units at 
each step of the purification. One unit of enzyme activity is defined as 1 nmol ofNeuSAc 
transferred per hour. 
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Figure 23a. Lineweaver-Burk plots for the recombinant human GD3-synthase for 

donor acceptor. 

Apparent Km of recombinant human GD3-synthase for CMP-Neu5Ac. V, the velocity of 

enzyme activity, is defined as Jl!IlO] product/hr. Four J.lg proteins were used for each 

enzyme assay. 
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Figure 23b. Lineweaver-Burk plots for the recombinant human GD3-synthase for 

acceptor substrate. 

Apparent Km of recombinant human GD3-synthase for GM3. V, the velocity of enzyme 

activity, is defined as J.Lmol product/h. Two Jlg proteins were used for each enzyme assay. 
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DISCUSSION 

Several systems have been evaluated for overexpression of glycosyltransferases 

(Breton eta/., 2006). Among the reported overexpression systems, the insect baculovirus 

system has some advantages: 1) Since most post-translational modifications and the same 

folding steps occur in mammalian cells (~trnann et al., 1999), insect cells provide a 

better chance of correct folding for heterologous proteins than bacterial or yeast cells; 2) 

An insect cell system is cheaper and produces a higher yield than a mammalian cell 

system; 3) Insect cell has no detectable endogenous sialyltransferase activities (Hooker et 

a/., 1999). Thus, the expression of recombinant sialyltransferases can be easily verified. 

With these features, insect cell baculovirus system could be a good candidate for 

overexpression of sialyltransferases. 

Secretion of protein into a serum-free medium will help develop a rapid and 

efficient procedure for protein purification. The step of precipitation concentrates large 

volumes of protein sample, and removes Pluronic F68 in insect cell culture medium. 

Although Pluronic F68, a surfactant, is an important medium supplement to prevent cell 

shearing due to the force of the impeller during suspension culture (Invitrogen, 2002), it 

strips nickel ion from Ni-NTA column during sample application. For kinetic parameters, 

the tag-fused soluble human GD3-synthase produced in our study is close to the reported 

. Km value of naturally-occurring enzyme, suggesting that the tags fused to the C-terminus 

of the recombinant protein in our preparation did not interfere with binding of substrates. 

The purified recombinant GD3-synthase protein can be used to determine protein 3-D 
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structure by crystallography and to understand its catalytic mechanism. Our strategy may 

also be applied to provide large quantities of other vertebrate a2,8-sialyltransferases. 
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IV. SUMMARY 

According to the acceptor substrate specificity, our study suggests that Cstll is a 

better remote homologue for structure building of human ST8Sias, although both Cstl 

and Cstll share a similar structure topology with those of the mammalian 

sialyltransferases. Secondary and tertiary structures of human GD3-synthase have been 

predicted. Using secondary structure aligmnent of human GD3-synthase with Cstll, · 

several highly conserved amino acid residues between sialylmotifL and S were identified. 

Functional analysis of these residues in human GD3-synthase was performed with site

directed mutational analysis. The spatial relationships between novel functional sites and 

substrate were determined by predicted 3-D structures of human GD3-synthase with 

docking of substrates, which illustrated interactions between these functional sites and 

substrates (Figure 24). The structural information elucidates the contributions of these 

residues to the enzymatic activity, and supports the data of mutational analysis (Table 

11). Protein sequence aligmnent of human sialyltransferases indicates that all conserved 

residues identified in our study are ST8Sia subfamily-specific, which suggests the region 

between sialylmotifs L and S may decide the linkage type of sialyltransferases. 

We report herein an expression and purification strategy to produce a large 

amount of tag-fused, soluble human GD3-synthase. The protein was expressed in insect 

cells and secreted into culture media, which allowed for the efficient purification of 

biologically active proteins at a yield of- 1.45 mg!L. 
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Figure 24. Interactions between novel functional sites of human GD3-synthase and 

substrates. 

The tqick black dotted line indicates active site of human GD3-synthase. The H-bond 

between carboxamide group of Asnl88 and carboxyl group of CMP-Neu5Ac is shown as 

a red dotted line. Red arrows indicate repulsive interactions between hydroxyl groups of 

Serl90 and galactose moiety in GM3. The H-bond between Arg272 guanidium group and 

08 of GM3 is shown as a red dotted line. 
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Table 11. 

Roles of novel functional sites behveen sialylmotifs L and S in lzuman GD3-syntlzase. 

Novel Roles deduced from 
Functional site mutational analysis 

Asn188 Donor binding 

Ser 190 Acceptor binding 

Arg272 Acceptor binding 

90 

Roles deduced from protein 
modeling 

Donor binding 

Assists acceptor binding/ may 
decide acceptor specificity 
(suggested by crystal structure 
ofCstll) 

Acceptor binding/ catalytic 
process (suggested by crystal 
structure of Cstii) 
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