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INTRODUCTION

THE SIALIC ACID: BIOLOGICAL, PHYSIOLOGICAL AND PATHOLOGICAL ASPECTS

The distal and non-reducing terminal portion of the oligosaccharide chains of glycoproteins and glycolipids (gangliosides) is often decorated by sialic acids (Sia), nine carbon sugars bearing a net negative charge at physiological pH values [1]. Up to over forty Sia species have been discovered (Fig.1A) and they are, both quantitatively and qualitatively, expressed depending on the plant, microorganism or animal species, as well as on the kind of tissue, on the function or on the developmental stage. The C-5-amino function can be either acetylated or glycosylated; the hydroxyl groups of sialic acid derivatives can be further acetylated, most commonly at C-9 position alone, although di- and tri-O-acetylated derivatives are also known. Lactoylation or phosphorylation may also occur at C-9, whereas C-8 hydroxyl can be methylated or sulfated. Among all these Sia species, the N-acetylneuraminic acid (5acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid, Neu5Ac) is the most abundant one (Fig.1B). 

An overview of the Sia metabolism and the localization of the individual steps in cell compartments are shown in Fig.3 [2].

The external position of Sia on glycoproteins and gangliosides, as well as on the outer cell membranes, implies a strong influence in cell biology. The biology, and therefore, the roles of Sia must be viewed from its dual aspect, either masking recognition sites or, in contrast, representing a biological target itself, being the latter also modulated or abolished by Sia substituents (Fig.2). Obviously these manifold possibilities make understanding of Sia difficult, as the environment of these monosaccharides and the nature of the molecule to which they are bound may also influence the biological effects.

The anti-recognition effects of Sia is exerted by its negative charge and by masking the penultimate sugars designed to be recognized by receptors. There are many examples of this effect: red blood cells bind to phagocytes via their demasked galactose residues and this represents also the main sequestration process of the aged cells [3]; malignant cells, often masked by oversialylation, are protected from humoral and cellular defense systems and sialylation of microorganisms follows the same strategy [1]; masking by sialylation of plasma  lipoproteins  influences  lipoprotein  solubility, receptor  binding  and  up-take [4]; 
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Fig. 1: Panel A: Natural sialic acids’ family; Panel B: Structure of α-Neu5Ac.
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Fig. 2: Biological significance of sialic acid substituents. 

[image: image33.jpg]“PSYROIPUL 91k SUTRWOP Popoo Surpuodsaliod
pue soxoq Aq umoys oIe sUOXH g ‘SYIN-.£ PUB -.§ S)OUSP SOXOq ONM
pue suorar Surpoo jueseidor sexoq Jor[ "SSUI] [BJUOZLIO AQ POIROIPUL 918 SUOIUL
pue soxoq Aq umoys oI suoxg 'y eued A [BDEISY o Jo somyonng 181

ujewop aARoY - ujeWOp suBIqWIBWSUEIL m ujewop ojwse|dojkn m uojBes pejejsurIiun D

[ T EEEN E [ [ aworisu
e €5 z8

§hL LE €L
a
LE] 3 2393 s3 ¥3 €3 [ERE]
l
Vol LV wskniosinl
st ob S8 oe sz 0z sk oL & 1]

1 | L 1 | Il 1 1 Il ]
I T T T T T T T T 1

(o) speos



[image: image2.jpg]| | i catabolic reactions
sialic Bci(li taqsfef I,i i SNE(BSE |
and modification 3 i

B-O-methyliransloass
SAM

OMe

cytosol

endoplas|
reticulum

il

F(ge-r'

4 +Gh - f

§ Gigh 2B ,mewmws# {
E R s can MebiAc &P [
oy o el
4 . UDP-ZicNAL

. Sialic acid biosynthesis

and activation /

Fi

enzymes and cosubstrates carbohydrate structures

CHP-NaubAc synthase cs &-Oumethylated maic ack O= Chia

CHP-Sia trenspocier o7 C-sostyisned sishe acid O=one

saiyitransferases 87 NauSAc D

RoRlyl SoRCaYTR A ConAAt NewbGo

acetyl coanzyme A transpenier AT raBcEN glyeosoniugess T

S-adenosimalrcng Sax !





Fig. 3: Metabolism of sialic acids. The enzymatic reactions involved in sialic acid biosynthesis, activation, transfer, modification and catabolism are shown with their intracellular localization.

demasking by desialylation of cystic fibrosis transmembrane regulator (CFTR) contributes to  chronic  infection  and  inflammatory response in the CF lung [5]; rapid desialylation of transferrin, an acute phase glycoprotein, occurs during sepsis [6]; terminal desialylation of the follicle-stimulating hormone (FSH) plays a crucial role in the clearance of this dimer from circulation [7]; cell membrane desialylation, possibly by bacterial or viral sialidases, leads to chronic disease, like glomerulonephritis [1]. In conclusion, the Sia often shields antigenic sites and thus weakens immuno-reactivity, rendering cells or molecules as “self”, not allowing recognition by the immune system. Therefore the loss of Sia makes cells or molecules more “not-self” and vulnerable.

On the other hand sialic acid molecules may be antigenic determinants themselves, taking part in a variety of recognition processes: actually this can be considered their most important role. In fact, the discovery of two classes of receptors, the Sia-binding lectins called “Siglecs” [8], belonging to the immunoglobulin super-family (IgSF), and the “Selectins”, reveals its participation to the initial stage of adhesion of white blood cells to endothelia, along which these cells may begin to role and to evade into the underlying damaged and inflamed tissues. Moreover, since selectins preferably recognize sialylated Lewis structures (siaLex), that frequently occur on tumor cells, Sias are involved not only in inflammation processes but also in the formation of metastases. Sialylation inhibitors and sialyl-epitopes vaccines are suitable tools for a variety of pathological processes and not only for an anti-tumor selective action [9]. 

THE SIALYLTRANSFERASE FAMILY

Glycosyltransferases (GT) are enzymes that transfer sugar residues to a lipid, a protein or a growing oligosaccharide and are grouped into families on the basis of the sugar they transfer [10]. In particular sialyltransferases (STs) are those GTs that add sialic acid residues at the non-reducing terminal position of sugar chains of glycoconjugates. 

STs are classified on the basis of the linkage they form: an α2,3- or α2,6-linkage with a β-D-galactopyranosyl (Gal) residue; an α2,6-linkage with a β-D-N-acetylgalactosaminyl (GalNAc) residue or a β-D-N-acetylglucosaminyl (GlcNAc) residue. Sialic acids are also found α2,8-linked to other sialic acids residues in gangliosides and in polysialic acid (PSA), which is a linear α2,8-homopolymer observed on several glycoproteins, for example N-CAM, the α-subunit of the voltage sensitive sodium channels from E. electricus or the O-glycosylprotein CD-36 of human milk [11-14] (Fig. 4).
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Fig. 4: Types of linkage of sialic acid (NeuAc) with glycoconjugates. A: α2,3-linkage to a β-D-galactopyranosyl (Gal) residue; B: α2,6-linkage to a β-D-galactopyranosyl (Gal) residue; C: α2,8-linkage between two sialic acids; D: α2,6-linkage to a β-D-N-acetylgalactosaminyl (GalNAc) residue; E: α2,6-linkage to a β-D-N-acetylglucosaminyl (GlcNAc).

STs mediate the transfer of a sialic acid moiety from an activated donor substrate, a nucleotide-sugar (for example CMP-NeuAc), to the acceptor molecule as shown in the following reaction:







    ST

 CMP - β - SA   +  HO - acceptor  →  CMP  +  SA - α - O – acceptor

and the reaction proceeds through a nucleophilic displacement with inversion of configuration at the anomeric center. 

Fig.5 shows the sialylation reactions in the initial steps of the O-glycans biosynthesis and Fig.6 shows the STs involved in the biosynthesis of α, a, b and c series gangliosides.

Human STs are a functional family of more than 20 sialyltransferases, 17 of which have been cloned from human sources, whereas ST6GalNAc V and VI have been cloned from other species (Table I). However, these two genes have been localized in the human genome due to BLAST algorithm and to available eterologue cDNAs, and partial cDNA sequences have been obtained by EST sequences found in databases. No cDNA clone is yet available for the sialyltransferases synthesizing GM4 ganglioside or Neu5Acα2-3Galβ1-4[Neu5Acα2-6]GlcNAc structures, respectively GM4 synthase and ST6GlcNAc. 

Each ST exhibits high specificity for the anomeric linkage of the sugar donor as well as the acceptor oligosaccharide. In spite of their fundamental roles in the recognition and biosynthesis of specific sialylated oligosaccharide chains, to date there is still limited information on STs structures, substrate specificities, recognition processes, and on the cellular mechanisms involved in the regulation of their expression and activity.

STRUCTURAL FEATURES OF SIALYLTRANSFERASES

STs are Golgi-resident glycoproteins with a typical type II architecture consisting in a short N-terminal cytoplasmic tail; a transmembrane domain (TMD) followed by a stem region and a large C-terminal catalytic domain facing the luminal side (Fig.7). 

Unlike other GT families, the comparison of peptide sequences strongly indicates that length and amino acidic composition of the catalytic domain are significantly well conserved and variations in protein sizes are generally attributable to differences in the stem region (Fig.8).
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Fig. 5: Schematic representation of the initial steps of O-glycans biosynthesis. The name of compound, if any, is indicated underneath the glycan structure. The transferred sialic acid residue is indicated in bold characters. The enzymes are indicated in italic and the question mark indicates that the enzyme is not characterized.
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Fig. 6: Ganglio- (α, a, b and c-) and Gala-series gangliosides biosynthesis. 
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Fig. 7: Topology of Golgi resident glycosyltransferases.
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Fig.8: Conserved motifs of sialyltransferases: sequence alignment of the most conserved regions present in all sialyltransferases. Strictly invariant residues in all sialyltransferases sequences are indicated in white on a black background. The other most conserved amino acid positions are shaded in gray.  

The TMD is a short (16-20 amino acids) sequence, rich in proline, that is clearly important in Golgi retention processes, even if also the cytoplasmic and/or flanking luminal sequences may play accessory or even independent roles [10]. 

The stem region can be defined as the “proteolytically” sensitive peptide portion after the TMD that can be removed without altering activity. The most striking differences in stem are observed in the ST6GalNAc subfamily where ST6GalNAc I exhibits the longest stem region (about 200 amino acids) and ST6GalNAc III appears to be devoid of it: for these enzymes it appears that the longer the stem region, the broader the acceptor specificity [11]. Stem region display high variability in amino acid composition and little secondary organization and is therefore predicted to be flexible [17]. However this portion often contains cysteine residues as well as several N- and O-glycosylation sites, which could contribute to a local conformation and may represent an additional mechanism for ST activity regulation [18]. It has also been very recently shown that ST6GalNAc I stem region is directly involved in Golgi retention and contains at least two possible cleavage sites responsible for enzyme secretion. However, as this portion has been found to be indispensable for enzyme activity in vitro, it is considered to facilitate its access to the glycan acceptor by acting as a spacer arm. Recent data suggested that the stem portion could also modulate the in vivo acceptor specificity and exert a steric control onto the catalytic domain [19].

Although  ST members catalyze the same glycosidic bond, they exhibit a very low amino acid sequence identity as well as very large differences in acceptor substrate recognition. Therefore these enzymes should display specific structural features to transfer sugars to appropriate acceptors in such an exquisite specificity.

All eukaryotic STs share a unique feature: the presence, in their catalytic domain, of several conserved peptide regions referred to as sialylmotifs L (large), S (small), VS (very small) and motif III [20] (Fig.8). 

The L-sialylmotif, consisting of 48-49 amino acids, is present in the middle of the luminal catalytic domain whereas the S-sialylmotif is closer to the C-terminal end of the enzyme. The functional significance of the sialylmotifs S and L has been assessed by site-directed mutagenesis, using ST6Gal I as model, revealing that the L-sialylmotif is mainly involved in donor substrate binding, whereas mutations in the S-sialylmotif affect both donor and acceptor binding. Considering all known ST sequences, the number of invariant residues in sialylmotifs L and S is five and two, respectively, with one cysteine residue being conserved in each region. Mutations of these two cysteines yield inactive enzymes and recent data suggest that they participate in the formation of an intramolecular disulfide linkage, which is essential for maintaining an active conformation of the enzyme. This disulfide bond would bring in close proximity sialylmotifs L and S and possibly residues at the N-terminus of the catalytic domain near the catalytic center [20]. Similar observations have been made with the polysialyltransferase ST8Sia IV [18]. 

Using the human ST3Gal I as a template, it has been shown that the strong conservation of aromatic amino acids in the motif III is important for a structural and/or functional role in the enzyme function. It has also been suggested that motif III could be involved in the interaction with cytosine moiety of CMP-NeuAc [21,22].

The invariant His and Glu residues, that constitute the sialylmotif VS, are critical for enzyme activity and catalytic efficiency, respectively, and it is conceivable that the motif VS is part of the active site, mainly located on the acceptor side or at the vicinity of both donor and acceptor sugar substrates. 

Moreover it is now clear that the C-terminal part of the catalytic domain, including motif III, motif VS and part of motif S, is primarily dedicated to the recognition of the acceptor substrate whereas the N-terminal part is mostly involved in nucleotide sugar binding [18].

The crystal structures of sixteen GTs have been recently solved: although belonging to distinct glycosyltransferase families showing no primary sequence identity, these protein structures fall into only two different structural super-families named GT-A (or SpsA fold) and GT-B (or BGT fold). Both topologies exhibit the same class of fold for the catalytic domain that is the three-layer α/β/α sandwich that resembles the “Rossmann fold”. In addition, three x-ray crystallographic structures of eukaryotic GTs showed the occurrence of a large pocket on one face capable of accommodating both the donor and acceptor substrates, surrounded by conserved motifs [17]. The ST family was among those families for which it was not possible to predict with a high level of confidence which of the two currently known folds they could adopt, even if threading analyses favored the existence of a Rossman fold [18]. 

These structural data have begun to shed light on the role played by other short conserved peptide motifs, such ad the DxD motif (hhhhDxDxh where h is a hydrophobic residue and x is any residue). This motif has been identified in many different glycosyltransferase families and was shown to be critical for enzymatic activity since it interacts mainly with the phosphate groups of nucleotide donor through the coordination of a metal cation [23].

LOCALIZATION OF SIALYLTRANSFERASES IN THE GOLGI APPARATUS

It is very likely that the mechanisms that retain proteins in the Golgi apparatus are highly conserved through evolution, as mammalian GTs expressed in yeast and plant cells are correctly localized in each case to the Golgi [24]. 

According to a general concept of a sequential organization of the intracellular glycosylation pathway in eukaryotic cells, glycosyltransferases that act in protein linked oligosaccharide biosynthesis, for example GnT-I, are located in the medial/trans-Golgi, whereas the late glycosyltransferases that are involved in the terminal decoration of oligosaccharide motifs, such as α2,3/6-sialyltransferases, are localizing later within the trans-Golgi/TGN [25]. In fact enzymes involved in the synthesis of complex N-glycans show distinct but overlapping distributions that are consistent with their order in the biosynthetic pathway. Of significance is that the enzymes are not segregated into clearly defined subcompartements, but form overlapping concentration gradients across the stack. It has been understood that the mechanism of targeting Golgi GTs is intimately associated with the organization of Golgi membranes and the control of the protein and lipid traffic in both forward (anterograde) and reverse (retrograde) directions [24, 26].

Recent studies concerning the specific Golgi retention and the prevention of the forward movement to the plasma membrane of Golgi glycosyltransferases indicate that this is mediated by signals contained in the three N-terminal polypeptide domains of the transferases, the cytoplasmic, transmembrane and stem regions (CTS). From studies on CTS variants there are apparently at least three different signals contained in these regions mediating, first their Golgi retention, second their targeting to specific in vivo functional areas, and third susceptibility of the enzymes toward intracellular proteolysis, which might constitute a tool for regulation of the intracellular switch-off of GTs [25]. From the analysis of the localization of the trans-Golgi/trans-Golgi network (TGN) enzyme α2,6-sialyltransferase ST6Gal I, trans-Golgi enzyme β4Gal-TI and medial-Golgi enzyme GlcNAc-TI it has been shown that the transmembrane domain provides a dominant localization signal and contributions come from the luminal domain of the cytoplasmic tail [24].

Based on these observations, two models were initially proposed and widely discussed to explain how resident enzymes may be localized to the Golgi apparatus. One model is based on lipid bilayer sorting, and the other on oligomerization of Golgi resident proteins. The former model is centered around three observations; firstly, mutational analysis of the transmembrane domains of Golgi enzymes failed to identify individual residues or sequence motifs involved in localization indicating that a more general property of the hydrophobic region is relevant; secondly, lipid bilayer composition is not constant throughout the secretory pathway; and thirdly, that Golgi localized proteins tend to have a shorter transmembrane domain than plasma membrane proteins. In mammalian cells, cholesterol content increases from ER membranes to the plasma membrane resulting in a thickening of the membrane bilayer. The thinner bilayer of Golgi, compared with the sphingolipid and cholesterol-rich post-Golgi membranes, may preferentially retain resident enzymes that generally have shorter transmembrane domain. In fact if the transmembrane domain of ST6Gal I is increased from 17 amino acids to 23, the enzyme is found on the plasma membrane whereas replacement of the 17 amino acids with 17 leucines ST6Gal I does not alter its Golgi localization. However the presence of exceptions suggests that not only transmembrane domain length is important, but also some particular hydrophobic characteristics and protein folding. Although the lipid-sorting model is very appealing, various studies have shown that the transmembrane domain does not fully account for Golgi localization of GTs.

The oligomerization (or kin recognition) model suggests that GTs are induced to form aggregates as they reach the correct Golgi compartment, forming large hetero-oligomeric structures. The interaction of enzymes in the same glycosylation pathway is an attractive idea from the standpoint of efficient protein glycosylation and substrate channeling. Although this “kin recognition” interaction has been initially suggested to occur via the transmembrane domain, it was subsequently shown that the formation of high molecular weight complexes of medial-Golgi enzymes, for example GlcNAc-TI, GlcNAc-TII and GlcNAc-TIV, was mediated by luminal sequences. On the other hand,  β1,4Gal-T and α1,2fucosyltransferase were detected as monomers and dimers under the same conditions that showed GlcNAc-TI as high molecular weight complexes, indicating that late Golgi enzymes behave differently from medial-Golgi enzymes. ST6Gal I form insoluble oligomers at a pH=6.3, corresponding to the pH value of late Golgi, suggesting that GTs of late Golgi may form complexes only on arrival at late Golgi, in contrast with the medial-Golgi enzymes which can interact at the higher pH of ER or early Golgi environment. 

Collectively, these studies indicate that GTs from different Golgi compartments form high molecular mass complexes and that the inclusion into such complexes increases efficiency and stability of Golgi localization. 

FRAP (fluorescence recovery after photobleaching) experiments indicate that in the ER the cytoplasmatic tail is not critical for complex formation since both tail-deleted or tail-mutated forms can be rescued from the ER by interaction with an appropriate partner. 

There is increasing evidence for the existence of multi-enzyme complexes within the Golgi (Fig.9) [27,28]. Results of co-immunoprecipitation and FRET (fluorescence resonance energy transfer) experiments on CHO-K1 cells suggest that the ganglioside-synthesizing machinery is organized in distinct units. One of these units may be the GalTI, ST3Gal V and ST8Sia I complex catalyzing the conversion of glucosylceramide through lactosylceramide to the simplest gangliosides GM3 and GD3. Another unit may be the GalNAcT and GalT2 complex involved in the conversion of simple gangliosides into more complex gangliosides, associated by their N-terminal domain and located trans than the trimeric complex. Recently a physical interaction between SialT2 and GalNAcT was reported in a substrain of F-11 murine neuroblastoma cells. This discrepancy might indicate either that complex formation is influenced by the physiological state of the cell under examination or by the presence of accessory proteins present in particular cell types or that GalNAcT can form more than one cluster.

The organization of ganglioside sialyltransferases in multienzyme complexes may constitute a supramolecular organization capable of finely tuning ganglioside expression in response to regulatory clues.

TRAFFICKING OF SIALYLTRANSFERASES IN THE GOLGI APPARATUS

Immunolocalization permits to analyze the distribution of a GT at any moment in time and thus represent a steady-state distribution, giving no information on whether the proteins are actively retained or constantly moving. Recent studies revealed that enzymes from both the trans- and medial-cisternae are highly mobile, indicating that Golgi targeting and retention do not depend on protein immobilization [24]. 

The anterograde (forward moving) vesicular transport and the cisternal maturation are two alternative models of cis-trans Golgi transport that have been debated in the past years (Fig.10). The former predicts that resident proteins are specifically retained whereas cargo molecules will move forward in transport vesicles which bud and fuse among static cisternae. The cisternal maturation/retrograde transport model predicts that cargo molecules move through the stack passively as the cisternae move forward, with no transport vesicle involved in this forward movement, whereas resident proteins are recycled by  retrograde  transport  to  establish  differential concentration across the stack. Vesicular transport and cisternal progression are not mutually exclusive and may in fact be occurring simultaneously.

It is not clearly known what happens to GTs, STs included: it is possible that the cis-Golgi enzymes are concentrated largely by a recycling mechanism early in the Golgi, whereas late Golgi enzymes may be restrained from forward transport. It has also been suggested that medial-Golgi enzymes forming large complexes early in the biosynthetic pathway, are excluded from anterograde transport vesicles and move through the Golgi stack by cisternal progression. Since some enzymes, such as ST6Gal I, requires the low pH of the late Golgi to form high molecular oligomers, they may be able to move rapidly through the Golgi stack by anterograde vesicular transport and arrive quickly in the TGN. Once there, the formation of large enzyme complexes would stabilize these enzymes and, together with the lack of positive signals, restrict movement in the forward direction. In contrast, on arrival at the late Golgi, medial-Golgi enzymes are recruited into retrograde transport vesicles, via specific receptors or lipid-mediated sorting, and selectively returned to the middle cisternae (Fig.11).

HUMAN SIALYLTRANSFERASE GENE ORGANIZATION
Recently an extensive search of GeneBank/EMBL human genome sequence database (HGT) with the TBLASTN algorithm has permitted the chromosomal location and gene organization understanding of all human sialyltransferases (Fig.12) [11]. In some cases human cDNA has not yet been published (hST6GalNAc V and VI) but their mouse homologues were used as probe to screen databanks.

The genomic organization and chromosomal assignment of five human ST genes have been described to date: hST6Gal I [29], hST6GalNAc IV [30], hST3Gal I, II, IV [31] and V [32].

STs genes comprise multiple exons (Fig.12) and are widely dispersed in the human genome with the notable exception of the six described ST6GalNAc genes that are found by pairs on three chromosomes (1, 9 and 17), suggesting that they derive from a unique ancestral gene. 

Moreover  STs  appear to  cluster  into  seven subfamilies  (named A to G), which better reflect the sequence similarities between the different members of this large family (Fig.13). It is interesting to notice that ST6GalNAc I and II are strictly related to the α2,3-ST subfamily, confirming what already observed in mouse [33].

REGULATION OF SIALYLTRANSFERASE EXPRESSION AND ACTIVITY

The relative activity of sialyltransferases influences the expression of sialylated compounds at the cell surface and contributes to the definition of the glycosylation pattern of normal and tumor cells. Several potential regulatory molecular mechanisms may be involved at different levels: the first is at the transcriptional level; the second may be at the processing and transport level due to intracellular compartmentalization of enzymes and precursor substrates involved in ganglioside biosynthesis in the Golgi complexes; the third may be at the enzyme level [18]. 
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Primer W3

Primer W4


Fig.9: Pathway of ganglioside synthesis and sub-Golgi localization of the different transfer steps, inferred from biochemical, pharmacological, and immunocytochemical experiments. 
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Fig.10: Models for transport of proteins through the Golgi apparatus. A: The vesicular transport model; B: The cisternal transport model.
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Fig. 11: Model for the localization of medial and late Golgi resident enzymes. Medial-Golgi enzymes are shown in purple, late Golgi enzymes in green.
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Fig.12: Exon/intron organization of human sialyltransferase genes. Open boxes represent protein coding sequence exons and the black lines the sialylmotifs. Gray boxes indicate exons, which have not been characterized in human genome. Stars indicate the enzymes for which the mouse genomic organization has been reported. Chr: chromosome location. The very recently cloned hST6GalNAc III [15] and hST8Sia VI are not reported herein [16]. 
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Figure 13: Dendogram describing the approximate groupings of the sequences by similarity using ClustalW alignments. The recently cloned hST8Sia VI is not present.

TRANSCRIPTIONAL REGULATION MECHANISM

Evidenced by a strong positive correlation between mRNA expression levels and enzyme activity levels, sialyltransferase spatio-temporal expression appears to be regulated mainly at the transcriptional level [11]. To elucidate the molecular basis of human ST gene expression, several researches are addressed to isolate and functionally characterize the genomic regions containing promoters. Up to now regulatory regions were identified for five human ST genes: hST6Gal I [34], hST3Gal IV [35], hST3Gal II [36], hST3Gal V [37] and hST3Gal VI [38].

With few exceptions, sequence analysis of the 5’-flanking region of these genes revealed heterogeneous transcription start sites and absence of the canonical TATA and CCAAT boxes, coupled with the presence of several regions rich in GC. These structural features are typical of the housekeeping genes, which are expressed in essentially all tissues. 
Multiple mRNA isoforms have been identified for the ST6Gal I gene. They, whose synthesis initiates from a number of physically distinct promoter regions, differ only in their 5’-UTR sequences, share an identical ST6Gal I coding region and are expressed in a tissue-specific manner. A short mRNA form (form 1) has been isolated from liver and characterized in HepG2 hepatoma cells [34]; a large transcript (form 3) containing two untranslated exons (exons Y+Z) has been isolated from several other cell types. The transcriptional regulation of ST6Gal I during HL-60 cells differentiation suggested that SP1 and Oct-1 sites involved in myeloid cell specific gene regulation may play a critical role [39]. A distinct transcript (form 2) containing only one exon (exon X) but not exons Y+Z has been isolated from human B cells lymphoblastoma cell line. A number of cis-acting regulatory elements residing immediately 5’ to the form 2 initiation site includes a TATAA box. In mature B-lymphocytes, cell type specific expression correlates with the presence of this divergent RNA form 2 [40].

Also the ST3Gal IV gene transcription results in five distinct mRNAs (A1, A2, B1, B2, B3): they are generated by both alternative splicing and alternative promoter usage. Specific transcriptional regulation of hST3Gal IV has been described in epithelial cells, where it has been delineated a functional DNA portion upstream of the gene (promoter B3) containing two sequences similar to AP2 sites [35]. Down regulation of hST3Gal IV gene expression has been reported during human keratinocyte cell differentiation [41]. In leukaemic cell lines and leucocytes, five different transcripts of hST3Gal IV have been identified [42] and their expression has been shown to be controlled at least by the AP1 transcription factor. In HL-60 cell line, the expression levels of these transcripts changed during differentiation, leading to the down-regulation of hST3Gal IV expression [43].

Two distinct mRNAs also result from the transcription of the hST3Gal II gene (Type 1 and 2): they are likely derived by alternative promoter usage (promoter 1 and 2, respectively) [36]. Promoter 2 contains two sequences similar to MZF1, one GATA1 and one AML1a binding sites, whereas the sequences responsible for enhancing Promoter 1 remain unclear. Different promoter 1 and 2 activities in different cell lines, such as colon carcinoma, chronic myelogenous leukaemia and prostate adenocarcinoma cell lines, provide further evidences that hST3Gal II is regulated in a tissue-restricted fashion at the level of transcription. 

Also hST3Gal VI gene expression leads to two mRNA forms, differing only in their 5’-UTR region, namely type 1 and 2 [38]: type 2 nucleotide sequence coincides with the cDNA from human melanoma cell line SK-MEL-37 and the additional type 1 transcript indicates that the hST3Gal VI gene produces at least two transcripts in HepG2 cells. The genomic structure showed that the transcriptional regulation of both mRNAs depends on P1 and P2 promoters, respectively, both containing several putative transcription binding sites and P1 also a TATA box. 

CO- and POST-TRANSLATIONAL REGULATION MECHANISM

Several evidences suggest that covalent modifications, i.e. phosphorylation and dephosphorylation or N-glycosylation, may be potential mechanisms for regulating glycosyltransferase activities [18]. In particular phosphorylation and dephosphorylation, that usually represent the major general mechanisms for the control of cellular functions in eukaryotic cells since reversible, can either affect the enzyme’s activity directly or can influence the translocation and retention of the enzyme in its proper subcellular sites. Indeed, it has been observed that activation of protein kinase C (PKC) by phorbol esther (PMA) and protein kinase A (PKA) by forskolin (For) resulted in up-regulation of GalNAcT and down-regulation of ST3Gal IV. Likewise, it has been reported that ST3Gal V, ST8Sia I, ST8Sia V and GalNAcT incorporate radioactive phosphate in vitro upon incubation with PKC or in vivo in Golgi membranes with PKA [44]. The cytosolic localization of PKA and PKC and the topology of GTs indicate that the phosphorylation effect is conveyed from the cytosol to the ER or Golgi lumen; accordingly, GTs are either phosphorylated on their cytosolic tail or they are targeted by ER/Golgi resident kinase(s). For example phosphorylation of GalNAcT occurs on the cytoplasmic sequence of the enzyme whereas ST6Gal I has been shown to be labeled on its luminal domain by a Golgi resident protein kinase (Golgi casein kinase II type enzyme). 

In addition, ST6Gal I is expressed as two isoforms, STTyr and STCys, both phosphorylated on luminal Ser and Thr residues, which exhibit differences in catalytic activity, trafficking through the secretory pathway and proteolytic processing and secretion. The STTyr isoform is mainly found in the Golgi, at low levels on the cell surface, is cleaved in a post-Golgi compartment and secreted into the extracellular space. In contrast, the STCys isoform is stably retained in the cell, exhibiting predominantly Golgi staining when moderately expressed, and ER and Golgi staining when more highly expressed. STTyr and STCys are phosphorylated on stem and catalytic domain amino acids or only on catalytic domain amino acids, respectively, in the cis-medial-Golgi. 

The regulation of GTs by phosphorylation/dephosphorylation may also involve additional mechanisms due to the presence of endogenous effectors proteins, whose activity or association kinetics may modulate the phosphorylation and dephosphorylation events, and it is tempting to speculate that phosphorylation may be further regulated by signaling pathways that regulate the kinase activities.

It has also been shown that isoforms of PKC and PKA can affect the subcellular localization of ER/Golgi resident enzymes without direct incorporation of phosphate. On one hand PKA has been shown to modulate the structural organization of the Golgi complex and the vesicular trafficking along the exocytic route. On the other hand the formation of secretory vesicles from the trans-Golgi network has been reported to be elevated by PKC-dependent activation of trimeric G-proteins. Most recently, a bidirectional ER- to Golgi transport has been shown to involve regulation of a novel kinase system sensitive to the PKA-inhibitor H89. This is particularly important since the transport of the sphingolipids glucosylceramide and sphingomyelin has also been shown to be modulated by H89. Thus, regulation of the distribution of glycosyltransferases and the transport of sphingolipids within the ER or Golgi may constitute an alternative mechanism for regulation of ganglioside biosynthesis in addition to direct enzyme phosphorylation.

The N-linked glycosylation of proteins occurs co-translationally and many times the presence of large N-linked oligosaccharides is required for the correct folding of proteins. In addition eliminating the N-linked oligosaccharides of glycoproteins may not impact its folding or activity directly, but may make it more susceptible to degradation as it traverses the secretory pathway [45].

Contrasting results, probably due to experimental procedures, have been reported on the effects of the elimination of N-linked oligosaccharides from ST8Sia I or GalNAcT: in one case activity of both de-glycosylated enzymes has been reported to be reduced to less than 10% respect to the fully glycosylated forms [46,47], in another it has been also reported that GalNAcT activity was not influenced by deglycosylation [48]. Moreover early processing of N-linked oligosaccharides has been demonstrated to be crucial for intracellular stability and distribution of ST8Sia I but not for its catalytic activity. Retention and enhanced (four fold increase) turnover of ST8Sia I in the ER upon inhibition of N-glycosylation were very probably correlated with lack of calnexin binding, resulting in incorrect protein folding and aberrant translocation of the expression product. The different behavior of these two enzymes correlates with their different number of N-glycosylation sites (fewer in GalNAcT than in ST8Sia I), and it is therefore possible that the number and/or position of N-linked oligosaccharide may have accounted for the individual binding of N-glycoproteins to chaperons [48].

The removal of terminal sialic acid and galactose residues from a purified ST6Gal I had very little effect on its activity, but the removal of terminal GlcNAc residues significantly decreased its catalytic activity. Moreover, the removal of all N-linked oligosaccharides almost completely inactivated the enzyme. Recently it has been found that glycosylation is not required for the activity of membrane associated STTyr isoform, but it is required for the activity and trafficking of the soluble forms of the enzyme. Interestingly, mutation and elimination of an oligosaccharide attachment site convert the STTyr to a form that behaves like the stably Golgi-localized STCys isoform [45]. 

THE hST3Gal V OR GM3 SYNTHASE 

The hST3Gal V or GM3 synthase (or CMP-NeuAc:lactosylceramide α2,3-sialyltransferase, or STI, EC 2.4.99.9) catalyzes the formation of GM3 ganglioside transferring NeuAc from CMP-NeuAc to the non-reducing terminal galactose of lactosylceramide (Fig.6) and represent a key regulatory enzyme for ganglioside biosynthesis because it catalyzes the first committed step of nearly all gangliosides. 

PHYSIOLOGICAL AND PATHOLOGICAL IMPORTANCE OF GM3 GANGLIOSIDE AND GM3 SYNTHASE

GM3 ganglioside presents the simplest structure among the major gangliosides and is the common precursor of almost all the ganglio-series gangliosides. Moreover, GM3 itself is known to participate in many physiological and pathological processes. It induces monocytic differentiation of human myeloid and monocytoid leukemic cell lines such as HL-60 and U937 [48]; it modulates cell growth by inhibition of tyrosine phosphorylation of the epidermal growth factor (EGF) receptor and therefore inhibiting EGF-dependant cell growth, whereas de-N-acetyl-GM3 enhances serine phosphorylation of the EGF receptor and stimulates cell proliferation [49]; it is involved in the maintenance of fibroblast morphology since it is required for the assembly of both new membrane and of the underlying cytoskeleton [50]. In T lymphocytes GM3 plays a key role in regulating cell-cell interaction, cell activation and adhesion, and apoptosis [51]. Moreover, due to its localization in membrane microdomains called “lipid raft”, GM3 participates in signal transduction by a physical and functional connection with signaling molecules, for example with protein kinase C (PKC), phospholipase C (PLC) (1, protein tyrosine phosphatase, and Ca2+-ATPasi; and with transducer proteins such as c-Src, Ras, Fak, Rho A [52]. Down regulation of GM3 is associated with cell transformation controlled by different types of oncogenes [53] and GM3 itself may promote tumor cell metastasis through a mechanism involving glycosphingolipid-glycosphingolipid interactions. In fact, adhesion of B16 mouse melanoma cells to mouse endothelial SPE-1 cells is based on the interaction between GM3 on the B16 tumor cells and LacCer and Gb4 on endothelial cells, whereby both adhesion and motility are strongly enhanced, whereas Gg3-GM3 interactions, being Gg3 a strong ligand of GM3 expressed in mouse lung endothelial cells, may also account for B16 metastasis to the lung [54]. On the other hand GM3 inhibits basic fibroblast growth factor-induced angiogenesis in a dose dependent manner, even if with a not fully elucidated mechanism [55]. Moreover it has been suggested that GM3 works as JC virus receptor [56] but also as a barrier blocking HIV-1 Env-mediated fusion by interfering with the lateral association of HIV-1 receptors [57].

A significant increase in GM3 synthase activity level is observed in mouse thymus after dexamethasone administration, leading to accumulation of GM3 critical for the apoptotic death of thymocytes and to death of the animals within 15 weeks [58]. 

It has also been reported that human placenta gangliosides, including GM3, suppress the cytotoxic activity of human NK cells and/or stimulate the Con A-induced T-suppressor activity of human lymphocytes [59] and therefore it is possible that GM3 is an important antigen in the feto-maternal immune responses. This is supported also by a study on Vα11 T cells, generated in placenta at certain stages of pregnancy, that seem to play a role in the induction of natural abortion [60], and whose TCRs showed a consensus motif in the CDR3 region similar to that of anti-GM3 TCR clones.

An autosomal recessive infantile-onset symptomatic epilepsy syndrome has been identified that seems to correlate with a non-sense mutation between the two sialylmotifs of GM3 synthase. This mutation is predicted to result in a non-functional protein product: in fact, affected children completely lack GM3 and its downstream biosynthetic derivatives and show not only increased levels of the immediate precursor of GM3, LacCer, but also an increased flux through the globoside and paragloboside pathways [61].

Mice carrying null mutations in two critical ganglioside-specific GT genes, GM3 synthase and GM2 synthase, exhibit rapid and profound neurodegeneration with severe pathology in the white matter and central nervous system (CNS) axons. This demonstrates that gangliosides, and GM3 in particular, play an important role in stabilizing the maturing CNS, possibly because of the promotion of interactions between axons and glia [62].

Finally, excessive amounts of GM3 has been detected in atherosclerotic lesions, due to GM3 synthase overexpression, synthesized by macrophages and dendritic cells directly within the arterial wall [63].

ISOLATION  AND CHARACTERIZATION OF GM3 SYNTHASE

To elucidate the enzymatic basis for ganglioside metabolism is necessary to purify and characterize STs, but difficulties in solubilization, the relative instability of the enzymes once extracted from their native lipid environment, low substrate specificities, laborious activity assays and proteolytic degradation during purification, render purification very difficult to perform.

Up to now GM3 synthase has never been purified from human tissues but only from rat liver Golgi [64] and rat brain [65]. GM3 synthase purified from rat liver resulted in a mixture of five predominant molecular mass species of 68, 60, 43, 25 and 12 kDa, all claimed to possess enzyme activity, suggesting that some of these peptides may represent proteolytic products or subunits of the native enzyme. Substrate specificity of the 60kDa species has been studied: even if LacCer is the preferred substrate, GlcCer, GalCer and asialoGM1 could also serve as substrate but with a lesser extent. GM3 synthase purified from rat brain is homogeneous, with a higher molecular mass (76 kDa) and with substrate specificity for LacCer and in less extent for GalCer. This may indicate that GM3 synthase from rat brain is the native enzyme common to both tissues, even if only the study of the amino acid compositions may elucidate it. In fact, both enzymes require the same catalytic conditions and the same pH optimum of 6.5; and the apparent Km values for CMP-NeuAc and LacCer were of similar magnitude, similar also to those described for other glycosyltransferases.

GM3 synthase cDNA has been cloned by mouse adult and fetal brain [22, 66], mouse fibrosarcoma cell line [67], human TPA-treated HL-60 cells [68] and human fetal brain [22]. Human cDNAs present an identical open reading frame of 1,089 bp with a primary sequence of 362 amino acids with a predicted molecular mass of 41.7 kDa, which is very close to the deglycosylated form (43 kDa) of the purified GM3 synthase from rat liver.

Enzymatic activity assayed on human TPA-treated HL-60 cells GM3 synthase showed that only LacCer, among all the glycolipid tested, is used as substrate for sialylation [68].

Using the cloned cDNA from human fetal brain as query sequence in the BLAST(N) program in GenBank, it was possible to determine that human ST3Gal V gene is located on chromosome 2, between p24.1 and p24, and consists of at least nine exons, which span approximately 44 kb, with exons ranging in size from 112 to 1242 bp (Fig.14). The coding sequence is divided into six exons (exons 4-9) and the 5’-UTR is contained in exons 1-3. Exon 4 contains a part of the 5’-UTR and the cytoplasmic domain, whereas the transmembrane domain is encoded in exon 5. A part of exon 5 and exons 6-9 encoded the putative active domain of the enzyme. The last exon 9 also contained the stop codon (TGA) and the 3’-UTR, including the polyadenylation signal, AATAAA (Fig.14). All exon-intron boundaries except for the acceptor site of intron 1 follows the GT-AG rule, i.e. introns begin with GT and end with AG (Table 2). 

Amino acid sequence alignment of two human protein isoforms, that from HL-60 cells and that from human brain, indicates that they are 99.7% identical with a single amino acid substitution: an His residue in position 48 of GM3 synthase from HL-60 cells instead of an Arg in GM3 synthase from brain. The acidic Arg residue is present in most sialyltransferases whereas the basic His residue has been found in GM3 synthase of mouse, rat and green monkey origins [69]. However genome sequence analysis has revealed that brain sequence is correct, indicating that the single amino acid change in the HL-60 cells isoform may result from a post-transcriptional event.

Even if only one transcript of approximately 2.4 kb has been detected in all human tissues, five mRNA variants have been identified: one from TPA-treated HL-60 cells and four from human fetal brain, among which only one has been detected in human adult brain. At the nucleotide level the coding region and the 3’-UTR of these cDNAs were 99.8 and 98.7% identical, respectively, but the analysis of 5’-UTRs revealed profoundly different sequences. The cDNA from TPA-treated HL-60 cells contains 191 bp, corresponding to exon 1, and lacks  the entire sequences  (>618  bp) of exon 2  and  3  (187 

bp), whereas of the two major brain transcripts one presents 618 bp corresponding to exon 2, but lacks exons 1 and 3, and the second contains exon 3 and lacks exons 1 and 2. 

All these different isoforms are very probably generated by a combination of alternative promoter utilization and alternative splicing, as already identified for hST6Gal I [69] and hST3Gal IV [70], that could account for the tissue specific and development dependent expression of the GM3 synthase gene. It is interesting to notice that many different transcription initiation sites have been determined not only among these different mRNA sources but also within the same tissue [71]. 

Northern blot analysis indicated that human GM3 synthase gene is expressed in a tissue specific manner: in fact in fetal tissues the expression level is highest in brain and lung, with a low level in kidney, whereas it is abundantly expressed in adult brain, placenta, skeletal muscle, testis and pancreas.

The genomic region flanking the 5’ terminus of exon I of the human GM3 synthase gene has been isolated and characterized by deletion analysis with a reporter gene in HeLa, SK-N-MC, HepG2 cells and HL-60 cell lines (Fig. 15) [71-73]. Computer analysis of the genomic fragment 




[image: image10.png]-1650

1815

1500

-uezs
-1350

25

120

-z

-1050

15

525
0

Y

s

150

s
“

s

ctagoototagstetttatssttasgagaacsaatisatastcttact acagsccosgactigssasgton

agatatocogatatotggagancasaggoaticotaatittpstt tassaataatantattgaifatigeansst
S o

Tt ass  tastgtitatoacasscest tgtagesgaagscatot foecatatatacaageatt
e

Scasgeattgtacettapt ARt LoCELCOtE Lt O RRAALECEEAGOLAEIRAEIRLRRERALE

toggotosstatagostotgootocegaattcassosatictostgooteaggpeoptgagtasetgagacaca

scaaaatsttpceatattsloganotgste

casttgogecaccscgespssostatttptatttotagt

ctgtcogtotcarsgtoccassetgotasgatscsogtaagecactatoce.
L Ther1 /s Gh e

agcoaccastttactttottaatasactigettttast tgcaotatgiottactotygatigttottgost
£

apategasgascoctotottuagtotagatopsaascoctttecty gscacatasseot tggaotgatotes
S
sagattssgaggzcaagtagtoagotgoasgigtpagetgtegetaacoonageasetagtotycettggeos

Cttaceggatttasategoccagtascafgitttestecagtattitcan
oy
L, o
o

= = S L

S W
cancgettttgeccaascotegategeces

RURTRR——

S ———

catotecssaggapetgecetyopoeaaotattacassatagagcacangtetoccastt tatgcasaca
o

astegstytotggaatottcttttics

accototgssaggssgtictasasstogsongast tcastagctoaotgaastecgitoogasscescossass

ascotstoasteastgeettasgotttgtttoot

cteagasggsgatoscaggeacactecReggtactatetass

[T ——

W o
tostgaattttotattttcacgatatt tatgotttoasassctytatgteat ttestgiesagaaceassass
Torrt

NP R p—
w2

BT T—

etocigptassetegReoegeocasgersecctosteceatetameammaparenrersce igaetqan
Jwilﬂw.m " = W fmﬁ

RRECRoREagREoA N EEAECEAE RRRCRCRRAE SCORRECtBECRRCORECERRCCECCoEAtt

T ——
intron 1

cgeagececotootogEogtofoRRRREoCeasTERCt EERERStEoRREREoRASt





Fig.15: Nucleotide sequence of the 5’-flanking region of the hST3Gal V. The sequence is numbered with the first nucleotide of the transcription start site +1 determined by CapSite™ hunting method on human fetal brain mRNA [71]. Putative transcription factor binding sites are indicated.

was conducted in order to detect putative cis-acting elements using two different transcription factor databases: this region lacks canonical TATA and CAAT boxes, but contains several putative transcription factor binding sites including, but not limited to, AP4, MZF1, SP1, ATF/CREB, NFY. It also contains an apparent G+C rich region, with GC content of 81%. 

Promoter activity analysis indicates that the genomic fragment is capable of differently promote transcription on the base of the studied cell line, revealing a cell-specific activity and the presence of many positive and negative regulatory elements. Moreover this promoter directly up-regulates gene transcription in response to induced HL-60 and leukemia K562 cells differentiation, and a critical role is played by the cAMP responsive element binding protein (CREB) binding site [73, 74].

Besides the transcriptional regulation, GM3 synthase could be also regulated at a post-transcriptional level: in fact it contains three potential N-glycosylation sites, five potential casein kinase II phosphorylation sites, two cAMP/cGMP-dependent protein kinase phosphorylation sites, as well as many other phosphorylation sites [64]. The different patterns of modifications could explain the different enzyme activity and substrate specificity shown by purified GM3 synthases and GM3 synthase cDNA products.

AIM OF THE STUDY

GM3 ganglioside is the first and the simplest ganglioside: it represents the common precursor for nearly all the naturally occurring ganglioside species, and it is ubiquitously distributed on the plasma membrane of all eukaryotic cells. Moreover, GM3 itself is known to have important functions in modulation of cellular growth, in cell differentiation and in cell adhesion/recognition processes through glycosphingolipid-enriched domains [50-64]. 

GM3 synthase (EC 2.4.99.9, ST3Gal V) catalyzes GM3 ganglioside biosynthesis via the transfer of a sialic acid moiety from CMP-sialic acid onto LacCer and, since this reaction represents the first committed step in the synthesis of nearly all ganglio-series gangliosides, it can be considered a key regulatory enzyme.

GM3 synthase is, like all the glycosyltransferases, a type II transmembrane glycoprotein with a short NH2-terminal cytoplasmic tail which is not essential for its catalytic activity, followed by an hydrophobic segment that functions as signal anchor domain for its retention in the Golgi membrane, and by a large COOH-terminal catalytic domain that resides in the lumen [19].

In humans, GM3 synthase is mainly expressed in brain, muscle, testis and placenta: by now, GM3 synthase has been purified only by rat liver and brain, whereas human cDNAs has only been isolated by adult and fetal brain and by TPA-treated HL-60 cells. All the human cDNAs cloned up to now differ in their 5’ UTRs, indicating a gene expression transcriptionally regulated, but present an identically extended coding region: the encoded protein consists of 362 amino acid residues with a predicted molecular mass of 41.7 kDa, having an enzymatic activity highly restricted to LacCer [69-71]. On the contrary, rodent purified enzymes can use other glycolipids as acceptor substrates, including GalCer, GlcCer, aGM2, and aGM1, although with a lower extent of specificity respect to LacCer [64, 65].

In order to better understand the physiological and pathological roles of endogenous GM3, t
he aim of the research of my PhD was to investigate the regulation of the tissue-specific expression of the human GM3 synthase gene. 

The first step was to identify and isolate GM3 synthase cDNA from human placenta, where GM3 synthase is highly expressed [66, 70], and where GM3 expression levels vary in a dramatic way during gestation, suggesting a fine regulation of the activity and expression of this biosynthetic enzyme [78].

Interestingly, since the sequence analysis of this cDNA, highly homologous to all the other human GM3 synthase cDNAs, indicated the presence of a new putative translational start codon generating a protein with an NH2-extension of 33 amino acid residues, the corresponding gene product was biochemically characterized with both in vitro and in vivo approaches.

Finally, to establish the mechanism that regulates the synthesis of this “unusual” GM3 synthase transcript in the human placenta, the genomic region flanking the 5’-terminus of this mRNA isoform was isolated and its possible functional activity as promoter analyzed.
MATERIALS AND METHODS

General procedures

DNA manipulation and analysis: purification, digestion, gel extraction and ligation 

Plasmid DNA was purified by miniprep preparation, following standard procedures [77], and amplified with PerfectPrep Plasmid Midi Kit (Eppendorf AG, Hamburg, Germany) according to manufacturer’s instructions.

DNA was quantified by spectrophotometry at 260nm and 280 nm and DNA quality was assessed by electrophoresis in 1% agarose gels.

All of the DNA digestions were performed at 37°C for 14 hours with suitable restriction enzymes (Roche Diagnostic Corp., Indianapolis, IN, USA) in the appropriate digestion buffer, whereas DNA fragments were extracted from agarose gel with PerfectPrep Gel CleanUp Kit (Eppendorf AG, Hamburg, Germany), according to manufacturer’s instructions.

All of the DNA ligations were performed adding 1U of T4 DNA ligase (Roche Diagnostic Corp., Indianapolis, IN, USA) and 1.5 (l of T4 DNA ligase buffer 10X (660 mM Tris-HCl pH 7.5, 50 mM MaCl2, 10 mM dithioerythritol, 10 mM ATP) to 200 ng of total DNA with an insert-to-vector ratio of 5:1, in a final volume of 15 (l. The reactions were carried out at 16°C for 16 hours.

DNA molecular weight marker used in agarose gels was DNA type VII markers (0.37 kb-8.0 kb) by Roche Diagnostic Corp., Indianapolis, IN, USA.

Bacterial cell transformation

Electroporation 

Preparation of cells. Overnight LB medium (10g/l bacto-triptone, 5g/l bacto-yeast extract, 10g/l NaCl, pH 7.0) culture of wild type E. coli JM109 strain was re-inoculated and grown up to O.D.600nm = 0.8 (log phase). Then, the bacterial broth was incubated on ice for 40min, centrifuged at 5000g at +4°C for 10min, washed in sterile water, and resuspended in 10% glycerol. 50 (l aliquots were frozen in liquid nitrogen and stored at     -80°C. The transformation efficiency was tested with a control plasmid DNA and cells were considered suitable when they showed at least 5∙105-1∙106 colonies/μg plasmid DNA.

Transformation. After addition of the ligation reaction (usually 6 μl) bacterial aliquots (50 μl) were seeded in an ice-cold sterile 0.4 cm cuvette and undergone to electroporation at the settings of 200 ohm, 25μ Fa, 2.5k Volts (Gene Pulser II Bio-Rad, Corp., Hercules, CA, USA). 1 ml of warm SOC medium (20 g/l bacto-triptone, 5 g/l bacto-yeast extract, 0.5 g/l NaCl, 2.5 mM KCl, 10 mM MgCl2, 20mM glucose, pH 7.0) was immediately added and cells were incubated for 1h at 37°C at 200 rpm. Different aliquots of transformed cells were selected on LB-agar plates (10g/l bacto-triptone, 5g/l bacto-yeast extract, 10g/l NaCl, 15% agar, pH 7.0) additioned with 100 mg/l Ampicillin, or 50 mg/l Kanamycin for pEGFP-N3 derived plasmids, by overnight incubation at 37°C.

Thermal shock

Preparation of competent cells. Overnight SOB medium (20 g/l bacto-triptone, 5 g/l bacto-yeast extract, 0.5 g/l NaCl, 2.5 mM KCl, 10 mM MgCl2, pH 7.0) culture of wild type E. coli JM109 strain was re-inoculated and grown up to O.D.600nm = 0.5 (log phase). Then, the bacterial broth was incubated on ice for 15min, centrifuged at 900g at +4°C for 12min, resuspended in cold sterile RF1 solution (100mM RbCl, 50mM MnCl2∙4H2O, 30mM potassium acetate, 10mM CaCl2∙2H2O, 15%(w/v) glycerol, pH 5.8), incubated on ice for 15min and centrifuged as above. Bacterial pellet was resuspended in cold sterile RF2 solution (10mM MOPS, 10mM RbCl, 75mM CaCl2∙2H2O, 15%(w/v) glycerol, pH 6.8) and incubated on ice for 15min. 50 (l aliquots were frozen in liquid nitrogen and stored at         -80°C. The transformation efficiency was tested with a control plasmid DNA and cells were considered suitable when they showed at least 5∙105-1∙106 colonies/μg plasmid DNA.

Transformation. After addition of the ligation reaction (usually 6 μl) bacterial aliquots (200 μl) were incubated on ice for 1h. Thermal shock was performed by placing cells at 42°C for 90sec, and then on ice for 2 min. The cells were then incubated with SOB medium for 1h at 37°C at 200 rpm. Different aliquots of transformed cells were selected on LB-agar plates additioned with 100 mg/l Ampicillin by overnight incubation at 37°C. TA cloning permits white/blue colonies screening by adding 40 μl of 40 mg/ml X-Gal solution onto the plates.

Cell cultures

Mouse mammary adenocarcinoma MG1361 cells, a kind gift from M.G. Sacco (Institute of Biomedical Technologies, National Research Council, Milan, Italy) were routinely grown in William’s E medium with 10% fetal bovine serum (FBS), 8 mM L-glutamine, 1% non-essential amino acids, 200 U/ml penicillin and 200 μg/ml streptomycin. 

Normal african green monkey kidney fibroblast CV1 cells were routinely grown in Dulbecco's MEM (DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. 

Human choriocarcinoma cell line JEG3 (ATCC HBT 36) were routinely grown in Earle’s MEM with 1 mM sodium pyruvate, 10% fetal bovine serum (FBS), 2 mM L-glutamine, 200 U/ml penicillin and 200 μg/ml streptomycin. 

Human promyelocytic leukemia HL-60 cell line, a kind gift from M. Marinovich (University of Milan, Italy) was routinely grown in RPMI 1640 with 10% fetal bovine serum (FBS), 8 mM L-glutamine, 100 U/ml penicillin and 200 μg/ml streptomycin. 

All cell lines were maintained at 37°C in a humidified, 5% carbon dioxide atmosphere

Cloning and sequence analysis of the human placenta GM3 synthase cDNA
Isolation of the GM3 synthase cDNA from human placenta and DNA sequencing

The GM3 synthase cDNA from human placenta was isolated using the SMART™ RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA). Following the manufacturer’s instructions, both 5’-RACE-Ready first-strand cDNA and 3’-RACE-Ready first-strand cDNA samples were prepared, in two distinct reaction tubes, by reverse-transcription of 1 µg of human placenta total RNA from Clontech (Palo Alto, CA, USA); MMLV RNase H- point mutant reverse transcriptase Superscript II (Gibco BRL, Eggenstein, Germany) and the specific cDNA synthesis primers provided in the kit (5’-CDS/SMART II oligo and 3’-CDS primers, respectively) were used for the reactions. The 5’-RACE fragment of the placenta GM3 synthase cDNA was amplified by a primary PCR reaction containing, as template, the 5’-RACE-Ready first-strand cDNA and, as primers, the universal oligonucleotide UPM supplied by the kit and the gene-specific oligonucleotide ST-R. The sequence of the primer ST-R, reverse complementary to nucleotides 1418-1444 in cDNA sequence of the human GM3 synthase from TPA-treated HL-60 cells (GenBank, AB018356 [68]), was the following: 5’-ATG GAG AAA TAC ATC AAG AAG GCT GTC-3’. Likewise, the 3’-RACE fragment of the placenta GM3 synthase cDNA was amplified by a primary PCR reaction containing, as template, the 3’-RACE-Ready first-strand cDNA and, as primers, the universal oligonucleotide UPM and the gene-specific oligonucleotide ST-19 (5’-CTG GGT ACG ACTC TTC TTT TGG AAG CA-3’, corresponding to nucleotides 839-865 in Fig.19. Both the primary PCR reactions were carried out in the DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA) using the following program: 5 cycles at 94°C for 5 sec, 72°C for 3 min; 5 cycles at 94°C for 5 sec, 70°C for 10 sec, 72°C for 3 min; 25 cycles at 94°C for 5 sec, 68°C for 10 sec, 72°C for 3 min. The primary PCR products were further amplified by “nested” PCR reactions: in the “nested” PCR on the 5’-RACE fragment, we used the universal primer NUP, supplied by the kit, and the “nested” gene-specific primer ST-24 (5’-CAG CTC TCA GAG TTA GAG TTG CAT T-3’, reverse complementary to nucleotides 1388-1412 in cDNA sequence of the human GM3 synthase from TPA-treated HL-60 cells), whereas in the “nested” PCR on the 3’-RACE fragment, we used the primer NUP and the “nested” gene-specific primer ST-20 (5’-CAG ACT CAG AGC CTC AGT CAA GGT TC-3’, corresponding to nucleotides 951-977 in Fig.19). Both “nested” PCR reactions were carried out in the DNA thermal cycler PE Gene Amp Systems 480 (Perkin Elmer, Corp., Wellesley, MA, USA) using the following program: 20 cycles at 94°C for 30 sec, 68°C for 30 sec, 72°C for 3 min. 5’- and 3’-RACE “nested” fragments were characterized by cloning into the linear pCR2.1 vector (TA Cloning® Kit, InVitrogen, Corp., Carlsbad, CA, USA), according to the manufacturer’s instructions, and DNA sequencing of both strands (M-Medical, Firenze, Italy); the sequence was determined in seven isolated clones for 5’-RACE fragment and in three clones for 3’-RACE fragment. The full-length cDNA was finally obtained by cloning together the “nested” 5’- and 3’-RACE fragments at the BglII restriction site located in the overlapping region, and the nucleotide sequence was determined (M-Medical, Firenze, Italy).

Primer extension analysis

Primer extension analysis was carried out with the Primer Extension System – AMV Reverse Transcriptase (Promega, Corp., Madison, WI, USA), according to the protocol suggested by the manufacturer. The gene-specific antisense primer W1 (5’-TCC TGG GTG GCG GCG AGA CAG GAT AAT-3’), corresponding to nucleotides 26-52 in Fig.19, was 5’-end labeled with [γ32P]-ATP (3000 Ci/mmol, Amersham Biosciences, Inc., Piscataway, NJ, USA). The 5’-end labeled primer W1 (~106 cpm, 4x109 cpm/nmoles) was added to 14 μg of total human placenta RNA (Stratagene, Corp., La Jolla, CA, USA), incubated for 60 min at 68°C and then extended with AMV-reverse transcriptase for 1 hour and 10 min at 42°C. The extension products were analyzed on 12% polyacrylamide/7M urea  gels  and visualized by autoradiography  on  X - OMAT  AR film (Kodak, Rochester, NY, USA). As suggested by the manufacturer, a primer extension reaction was parallely performed on kanamycin positive control mRNA supplied by the kit; the primer extension product of this control RNA has to be 87 bases in length.

Gene structure analysis

The genomic structure of the human GM3 synthase gene was determined by sequence alignment of GM3 synthase cDNAs from TPA-treated HL-60 cells [70], human fetal and adult brain [22, 32], and human placenta (from this study), with the human genomic sequence Homo sapiens BAC clone RP11-688J22 (GenBank, AC105053), and the human genome (http://www.ncbi.nlm.nih.gov/genome/guide/human), using the BLAST(N) program.

Biochemical characterization of the protein encoded by the human placenta GM3 synthase cDNA

Cloning of the human placenta GM3 synthase cDNA into the expression vector pRc/CMV and MG1361 cells transfection

Two different fragments of the human placenta GM3 synthase cDNA in Fig.19 were cloned in the expression vector pRc/CMV (InVitrogen, Corp., Carlsbad, CA, USA). The “long ORF” fragment (named T insert), corresponding to the “nested” 5’-RACE fragment isolated as above described, extends from nucleotide 1 to nucleotide 1287 of Fig.19 and includes both translational initiation sites (ATG54 and ATG153). The “short ORF” fragment (named P insert), consisting in the cDNA region extending from nucleotide 97 to nucleotide 1287 of Fig.19, includes only the ATG153 codon. This “short ORF” fragment was obtained by PCR reaction with two gene-specific primers, ST-F (5’-TGA GAA GTG ATT GCT CGA GGC CTT CCC-3’, corresponding to nucleotides 97-123 in Fig.19) and ST-24, and using the “nested” 5’-RACE fragment as template. The PCR reaction was performed in the termal cycler PE 480 (Perkin Elmer, Corp., Wellesley, MA, USA) with the following program: 27 cycles at 94°C for 30 sec, 68°C for 30 sec, 72°C for 3 min. Both “long ORF” and “short ORF” human placenta cDNA fragments were separately subcloned into the linear pCR2.1 vector and sequenced  by M-Medical (Firenze, Italy). To subclone the “long ORF” and “short ORF” human placenta cDNA fragments in pRc/CMV, both the inserts were excised from the respective pCR2.1 clones by HindIII digestion, blunted with Klenow, partially re-digested with BstXI, and finally ligated into the vector pRc/CMV. The pRc/CMV plasmid has been previously linearized by XbaI digestion, blunted with Klenow and partially re-digested with BstXI. Ligated DNA was used to transform JM109 E. coli strain by electroporation. The correct sense orientation of the “short ORF” and “long ORF” inserts in the final plasmid constructs pP-RC/CMV and pT-RC/CMV, respectively, was characterized by restriction enzyme profile analyses. The plasmid constructs pP-RC/CMV and pT-RC/CMV are diagrammatically represented in Fig.16.

MG1361 cells were stably transfected with the pT-RC/CMV construct (described above) or, alternatively, with the empty plasmid pRc/CMV. Briefly, MG1361 cells were plated 24 hours prior to transfection onto 60-mm dishes at a density of 1.8·106 cells/dish. Then, they were transfected with 10 μg of plasmid DNA using the calcium phosphate method [77], and after 48 hours they were selected by the addition of 750 μg/ml geneticin (G418, Sigma-Aldrich, Corp., St. Louis, MO, USA) to the culture medium; the selection was carried on for 14 days. Survived cells were maintained in the routine culture medium supplemented with 500 μg/ml G418. Harvested cells were homogenized in 0.32 M sucrose, ultracentrifuged and pellets were used to analyze enzymatic activity and ganglioside distribution.

Enzyme assay on MG1361 transfected cells

The enzymatic activity was determined by an in vitro radioactive assay performed as previously described [78], using the microsomal-enriched protein fraction as enzyme source. Briefly, native and transfected pT-Rc/CMV MG1361 cells were lysed in 0,32 M sucrose. After a low speed centrifugation to remove nuclei, the supernatant was centrifuged at 100.000xg for 1  hour at 4°C; the  protein concentration of the membrane suspensions was determined according to the Lowry’s method [79]. To measure enzyme activity, the reaction mixture contained  the  following components  in a final volume of 50 μl: 0,1 M sodium cacodylate (pH  6,4),  10  mM  MgCl2,  0,2%  Triton  CF54,  1 mM  CMP-[14C]-sialic  acid  (0,2  μCi, Amersham Biosciences, Inc., Piscataway, NJ, USA), 1 mM acceptor glycolipid substrate (alternatively, LacCer, GalCer, asialoGM1, asialoGM2, GD3 and GM1, from Alexis Biochemicals, Corp., Lausen, Switzerland), and membrane preparation (100 μg of proteins). After incubation of the reactions at 37°C for 2 hours, the amount of incorporated [14C]-NeuAc were determined, after paper descending chromatography, by liquid scintillation counting. To identify the in vitro radiolabeled glycolipids, the reaction products were extracted by chloroform:methanol 1:1 (vol:vol) (500 μl), resolved on high performance-thin layer chromatography (HP-TLC) plates (Merck GmbH, Darmstadt, Germany) (chloroform:methanol:0,2% aqueous CaCl2 = 60:40:9, vol:vol:vol was the solvent system), and analyzed by digital autoradiography (Beta Immager 2000, BioSpace, Paris, France), by comparing with pure reference radiolabeled standard ([3H]-GM3) and not-radiolabeled ganglioside standards (Alexis Biochemicals, Corp., Lausen, Switzerland).

Ganglioside profile analysis of MG1361 transfected cells

Total gangliosides were extracted and purified from pT-RC/CMV transfected MG1361 cells, according to previously described methods [78]. Briefly, wet cell pellets (1·108 cells) were extracted in chloroform:methanol, partitioned with water, and total ganglioside fractions were purified by dialysis. Total gangliosides were fractionated on HP-TLC plate (Merck GmbH, Darmstadt, Germany), using chloroform:methanol:0,2% aqueous CaCl2 (60:40:9, vol:vol:vol) as solvent system, and visualized by the Erlich’s reagent (0.6 gr p-dimethylaminobenzaldehyde, 80 ml ethyl alcohol, 20 ml 37% HCl). The ganglioside species were identified on the basis of their HP-TLC mobility in comparison to pure reference standards (Alexis Biochemicals, Corp., Lausen, Switzerland), and quantified by digital scanning of the plates with CAMAG Reprostar3 (CAMAG, Muttenz, Switzerland) and CAMAG VideoScan program for data elaboration.


Fig.16: Plasmids, and predicted polypeptides, for enzymatic activity analyses and in vitro transcription/translation experiments: pP-RC/CMV and pT-RC/CMV. Horizontal lines represent non-coding sequences contributed by the pRC/CMV plasmid DNA (thin lines) and by the GM3 synthase placenta cDNA (heavy lines). The T7 RNA polymerase promoter is shown by the dark square. The translation initiation codons, numbered as in Fig.19, and predicted size of each protein, in amino acid (aa) number, are reported. Schemes are not in scale.

In vitro coupled transcription/translation experiments

In vitro transcription/translation experiments of the “short ORF” and “long ORF” fragments of human placenta GM3 synthase cDNA cloned in the constructs pT-RC/CMV and pP-RC/CMV were carried out with TnT® Quick Coupled Transcription/Translation Systems (Promega, Corp., Madison, WI, USA). According to the manufacturer’s instructions, 1 μg of not-linearized plasmid DNA and 2 μl of Redivue™ L-[35S]-methionine (1.000 Ci/mmole, Amersham Biosciences, Inc., Piscataway, NJ, USA) was added to a master mix containing both RNA synthesis and translation components supplied by the kit. After incubation at 37°C for 60 min, the synthesized [35S]-methionine labeled proteins were fractionated by 12% SDS-PAGE and visualized by fluorography on X-OMAT AR film (Kodak, Rochester, NY, USA).

Synthesis of 5’ capped RNA 

The synthesis of 5’ capped RNA of the “short ORF” and “long ORF” fragments of human placenta GM3 synthase cDNA cloned in the constructs pT-RC/CMV and pP-RC/CMV was performed with T7-Ribomax™Large Scale RNA Production Systems (Promega, Corp., Madison, WI, USA) in presence of Ribo m7G Cap Analog (Promega, Corp., Madison, WI, USA). According to the manufacturer’s instructions, 7.5 μg of SalI linearized plasmid DNA, 7.5 μl Ribo m7G Cap Analog, 30 μl rNTPs mix (25 mM ATP, CTP,  UTP  and  2  mM  GTP),  20  μl T7 transcription buffer 5X were added to  10  μl T7- 

enzyme mix in a final volume of 100 μl. Reactions were incubated at 37°C for 3 h 30 min and  then treated with 7.5 μl RQ1 RNAse free DNase (1U/μl) at 37°C for 15 min.

5’ capped RNA is extracted and precipitated twice to eliminate unreacted rNTPs. RNA quantity was measured by spectrophotometry at 260nm and 280 nm and RNA quality was assessed by electrophoresis in denaturing 1% agarose gel.

In vitro translation of 5’ capped RNA in absence or presence of microsome membranes and analysis of  translated products 

Experiments on the 5’ capped RNAs corresponding to the “short ORF” and “long ORF” fragments of the human placenta GM3 synthase cDNAs were carried out with Rabbit Reticulocyte Lysate System (Promega Corp., Madison, WI, USA) in absence or presence of Canine Pancreatic Microsomal Membranes (Promega Corp., Madison, WI, USA). According to the manufacturer’s instructions, in the first case 5 μg of previously denatured at 65°C for 3 min 5’ capped RNA are added to 35 μl of nuclease-treated Rabbit Reticulocyte Lysate, 1 μl of amino acid mixture minus methionine (1 mM), 2 μl of Redivue™L-[35S]methionine (1.000 Ci/mmol, Amersham Biosciences, Inc., Piscataway, NJ, USA) and nuclease-free water to a final volume of 50 μl. Reactions were immediately incubated at 30°C for 90 min and the synthesized [35S]-methionine labeled proteins were fractionated by 10% SDS-PAGE and visualized by fluorography on X-OMAT AR film (Kodak, Rochester, NY, USA). In the other case, 5 μg of previously denatured at 65°C for 3 min 5’ capped RNA are added to 17.5 μl of nuclease-treated Rabbit Reticulocyte Lysate, 0.5 μl of amino acid mixture minus methionine (1 mM), 2 μl of Redivue™L-[35S]methionine (1.000 Ci/mmol, Amersham Biosciences, Inc., Piscataway, NJ, USA), 1.5 μl of Canine Microsomal Membranes and nuclease-free water to a final volume of 25 μl; reactions were immediately incubated at 30°C for 90 min and a 15 μl aliquot of the translation reactions in presence of microsome membranes was fractionated by 10% SDS-PAGE and visualized by fluorography on X-OMAT AR film (Kodak, Rochester, NY, USA). 

Endoglycosidase assay was performed essentially as previously described [80]: a 25 μl aliquot of the translation reaction in presence of microsome membranes was solubilized at 65°C for 30min in 50mM sodium citrate pH 6, 1% SDS, cooled on ice and incubated with 300 μl of sodium citrate buffer 50mM pH 6 containing Endoglycosidase H 16mU at 37°C for 30 min. Samples are precipitated by adding equal volume of acetone, fractionated by 10% SDS-PAGE and visualized by fluorography on X-OMAT AR film (Kodak, Rochester, NY, USA). 

Protease protection assay was performed essentially as previously described [80]: 40 μl aliquot of the translation reaction in presence of microsome membranes was treated with either 20 μl of protease buffer (50 mM TrisHCl pH 7.4, 100 mM NaCl, 0.25 M sucrose) or 20 μl of protease buffer containing Triton X-100 1%. 4 μl of Proteinase K (100 μg/ml in protease buffer) were added, and each sample was incubated on ice for 1 h. Samples are precipitated by adding equal volume of acetone, fractionated by 10% SDS-PAGE and visualized by fluorography on X-OMAT AR film (Kodak, Rochester, NY, USA). 
Cloning of the human placenta GM3 synthase cDNA into pcDNA3.1MycHisA(-) vector and CV1 cell transfection

Both the “long ORF” and “short ORF” human placenta cDNA fragments were isolated from the previous pT-RC/CMV and pP-RC/CMV clones, respectively, by double digestion with HindIII and BglII, blunted with Klenow, and ligated into the blunted, calf intestinal phosphatase-treated BamHI site of the vector pcDNA3.1™MycHisA(-) (InVitrogen Corp., Carlsbad, CA, USA, ). Ligated DNA was used to transform JM109 E. coli strain by thermal shock. The constructs pTMycHis and pPMycHis were subsequently sequenced by M-Medical ( Firenze, Italy) at the insert junctions to confirm their structures. The plasmid constructs and are diagrammatically represented in Fig. 17.
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Fig.17: pPMycHis and pTMycHis plasmids, and predicted polypeptides, for in vivo expression analyses. Horizontal lines represent non-coding sequences contributed by pcDNA3.1MycHisA(-) plasmid DNA (thin lines) and by the GM3 synthase placenta cDNA (heavy lines). The CMV promoter is shown by the dark square. The translation initiation codons, numbered as in Fig.19, and predicted size of each protein, in amino acid (aa) number, are reported. Schemes are not in scale.

CV1 cells were transiently transfected with the pTMycHis, pPMycHis, or, alternatively, with the empty plasmid pMycHisA(-). Cells were plated 24 hour prior to transfection onto 60-mm dishes at a density of 2.5·105 cells/dish and 10 μg of plasmid DNA were transfected using the calcium phosphate method [77]. 48 hours after transfection cells were either analyzed by immunofluorescence or collected by trypsinization and lysed for investigating the expression of the GM3 synthase-MycHis fusion proteins. Cell pellets were lyzed in 25 mM sodium cacodylate, 75 mM NaCl, 10 mM MnCl2, 10% glycerol, 1% Triton CF54, 3 μg/ml aprotinin, 2 μM pepstatin, 1 mM PMSF at +4°C for 1h, centrifuged and supernatants were used for Western blot.

Construction of the human placenta GM3 synthase cDNA mutants and CV1 cell transfection

Mutant in ATG54 (pA54GmutMycHis). PCR reaction was performed using 25 ng of pTMycHis as template, 125 ng of sense primer 5’-GCC ACC CAG GAC GTG GCT TCT GTT CCA ATG CCA AGT-3’ (corresponding to nucleotides 42-77 in Fig.19), 125 ng of antisense primer 5’-C ATC TGG CAT TGG AAC AGA AGC CAC GTC CTG GGT GGC-3’, 5 μl dNTPs mix 2mM, 3 U Pfu Polimerase, 5 μl of Pfu Buffer 10X in a final volume of 50 μl. PCR reaction was carried out in the DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA) using the following program: 1 cycle at 95°C for 30 sec, 25 cycles at 95°C for 30 sec, 62°C for 1 min, 68°C for 14 min.

Mutant in ATG153 (pA153GmutMycHis). PCR reaction was performed using 25 ng of pTMycHis as template, 125 ng of sense primer 5’-C CGA GCT CAA AGC AAG GTG AGA AGG CCC AGC TTG-3’ (corresponding to nucleotides 137-170 in Fig.19), 125 ng of antisense primer 5’-CAA GCT GGG CCT TCT CAC CTT GCT TTG AGC TCG G-3’, 5 μl dNTPs mix 2mM, 3 U Pfu Polimerase, 5 μl Pfu Buffer 10X in a final volume of 50 μl. PCR reaction was carried out in the DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA) using the following program: 1 cycle at 95°C for 30 sec, 25 cycles at 95°C for 30 sec, 72°C for 14 min.

10 μl of each PCR reaction were analyzed by electrophoresis on 1.5% agarose gel and the remaining PCR reaction was incubated with DpnI at 37°C for 1h to digest parental DNA.

The correct introduction of the mutation were verified by sequencing by M-Medical (Firenze, Italy).

CV1 cells were transiently transfected with the pA54GmutMycHis, pA153GmutMycHis constructs or, alternatively, with the empty plasmid pMycHisA(-), by the calcium phosphate method, as previously described (see “Cloning of the human placenta GM3 synthase cDNA into pcDNA3.1MycHisA(-) vector and CV1 cell transfection” ).

Immunofluorescence analysis of CV1 transfected cells 

Transiently transfected CV1 cells were fixed with 3% paraformaldehyde, 2% sucrose in PBS on ice for 15min. Permeabilization was performed with 0.5% Triton X-100 in Hepes Buffer (20 mM HEPES, 300 mM sucrose, 50 mM NaCl, 3 mM MgCl2) on ice for 4 min. GM3 synthase-MycHis fusion proteins were detected with anti-Myc antibody (Roche Diagnostic Corp., Indianapolis, IN, USA) and a fluorescein (FITC)-conjugated goat anti-mouse IgG (Jackson Immuno Research). Cover glasses were mounted with 1 mg/ml RG, 10% PBS pH 7.8, 70% glycerol, 20% water, and analyzed in fluorescence microscopy (Nikon Echipse TE-200).

Western blot analysis of proteins from CV1 transfected cells

CV1 cells, transiently transfected with the constructs pT-MycHis and pP-MycHis, or alternatively, with the empty vector pMycHis, as well as native CV1 cells, were collected by trypsinization and lysed in 25 mM sodium cacodylate, 75 mM NaCl, 10 mM MnCl2, 10% glycerol, 1% Triton CF54, 3 μg/ml aprotinin, 2 μM pepstatin A, 1 mM phenylmethanesulfonylfluoride. After 1 hour at 4°C on a rotary shaker, the lysates were centrifugated at 2000xg for 5 min at 4°C, and the protein concentration of the supernatant was determined by Lowry’s method [81]. Equal amounts of proteins (200 μg) for each sample were separated by 7,5% SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad, Corp., Hercules, CA, USA) with the Bio-Rad Transfer Blot Apparatus at 150 mA for 18 h at 4°C in 25 mM Tris, 70 mM glycine, 20% methanol, 0,05% SDS. GM3 synthase-MycHis fusion proteins were detected by western blotting using HRP-conjugated anti-Myc antibody (Roche Diagnostic Corp., Indianapolis, IN, USA) following the protocol suggested by the manufacturer. Immunoreactive proteins were visualized by the ECL Western blotting detection reagents (Amersham Biosciences, Inc., Piscataway, NJ, USA) followed by autoradiography on X-OMAT AR film (Kodak, Rochester, NY, USA).

Isolation and functional characterization of the genomic region flanking the 5’ end of the human placenta GM3 synthase transcript

Cloning of the human genomic region flanking the 5’ end of the placenta GM3 synthase transcript into the pSEAP vector and JEG3 cell transfection
A fragment, named W1-W3, of 2886 bp (Fig.30) of the genomic region flanking the 5’ end of GM3 synthase gene was isolated by PCR using 5 μg of Human Genome Walking DraI library (Clontech, Palo Alto, CA, USA) as template, 2.5 U Pfu Turbo HotStart Polymerase (Stratagene Corp., La Jolla, CA, USA),1 μl dNTPs mix 10 mM, 1 μl antisense primer W1 10 μM (see above, corresponding to nucleotides 26-52 in Fig.19 and in Fig.30), 1 μl sense primer W3 10 μM (5’-TCC TGG CAG CCT GAG TGA GAA GAG T-3’, corresponding to nucleotides –2835 to –2810 in Fig.30), 5 μl Pfu Turbo Buffer 10X in a final volume of 50 μl. PCR reactions were carried out in the DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA) using the following program: 1 cycle at 95°C for 30 sec, 30 cycles at 95°C for 30 sec, 72°C for 3 min 30sec ; 1 cycle at 72°C for 10 min. The identity of the primary PCR product was analyzed by “nested” PCR reaction using 1 μl of diluted 1:50 primary PCR as template, 2.5 units Pfu Turbo HotStart Polymerase (Stratagene Corp., La Jolla, CA, USA), 1 μl dNTPs mix 10 mM, 1 μl antisense primer W2 10 μM (5’-TTG CCC ATG CTA TTA CTC CCC AGA CTG A-3’, corresponding to nucleotides –1 to 23 in Fig.30), 1 μl primer sense W4 10 μM (5’-AGG CCA GCC TTG TGA TGG CCT GCC A-3’ corresponding to nucleotides –2727 to –2703 in Fig.30), 5 μl Pfu Turbo Buffer 10X in a final volume of 50 μl. PCR reactions were carried out in the DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA) using the above program. The PCR product was cloned into the linear pCR2.1 vector (pCR2.1W1-W3), according to the manufacturer’s instructions, and both strands of DNA were sequenced (M-Medical, Firenze, Italy).

In order to identify putative transcriptional binding sites, sequence analysis was performed with MatInspector v2.2 program (core similarity 1.0, matrix similarity 0.95) using Transfact 4.0 matrices [71].

To clone the W1-W3 fragment into pSEAPbasic vector, pCR2.1W1-W3 clone was partially digested with EcoRI and ligated into the EcoRI linearized, calf intestinal phosphatase-treated (Clontech, Palo Alto, CA, USA). The pSEAPW1-W3 construct is diagrammatically represented in Fig. 18. Ligated DNA was used to transform JM109 E. coli strain by thermal shock.

JEG3 cells were transiently co-transfected with pSEAPW1-W3 construct or, alternatively, with the empty plasmid pSEAP or with the control pSEAPsv40 together with pCS2+cβGal plasmid (kind gift of Malosio M.L., HSR, Milan). Cells were plated 24 hour prior to transfection onto 60-mm dishes at a density of 3.5x105 cells/dish; 20 μg of plasmid DNA and 2 μg of pCS2cβGal plasmid were transfected using the calcium phosphate method [79]. 48 hours after transfection cell supernatants were collected for SEAP analysis while scraped cells were lysed for β-Galactosidase assay.

Ganglioside profile analysis of JEG3 cells 

Total gangliosides from 1·108 JEG3 cells were extracted, purified and identified as previously described for MG1361 cells (see “Ganglioside profile analysis of MG1361 transfected cells”).

β-galactosidase and alkaline phosphatase assays on JEG3 transfected cells

Transiently transfected JEG cells were harvested and lysed in 0.25 M TrisHCl pH 7.8, followed by three freeze/thawing cycles and β-Galactosidase assay was performed on supernatants as described [79]. 
The determination of SEAP activity was performed with BD Great Escape SEAP Fluorescence Detection kit (BD Biosciences, Clontech, Palo Alto, CA, USA) following manufacturer’s instructions and detected with Cary Eclipse Spectrophotometer (Varian Inc. Corporate, Palo Alto, Ca, USA).

RT-PCR analysis on JEG3 cells

RNA from JEG3 cells (6∙107 cells) was extracted with Perfect RNA, Eukaryotic, Midi kit (Eppendorf AG, Hamburg, Germany) according to the manufacturer’s instructions.

RNA quantity was measured by spectrophotometry at 260nm and 280 nm and RNA quality was assessed by electrophoresis in denaturing 1% agarose gel.

RT-PCRs were performed using 1.25 μg of total RNA and adding 1 μl of oligo-dT 10 μM and water to a final volume of 4 μl: reactions were incubated at 65°C for 10 min and then placed on ice. 15 μl  of  RT-mix  (4 μl of MgCl2 25 mM, 2 μl PCR Buffer 10X, 2 μl of each dNTP 10 mM, 1 μl of RNase inhibitor and 1 μl of m-MLV RT 50 U/μl) (Perkin Elmer, Corp., Wellesley, MA, USA) were added and incubated at room temperature for 10 min, at 42°C for 90 min and at 95°C for 5 min.

PCR reactions were performed using three different primer sets: ST-F forward primer (corresponding to nucleotides 96-113 of placenta cDNA and to 221-248 of HL-60 cells cDNA) and ST24 reverse primer (corresponding to nucleotides 1263-1287 of placenta cDNA and to nucleotides 1388-1412 of HL-60 cells cDNA in Fig.32); ST23 forward primer (5’-GCC AAG TGA GTA CAC CTA TGT GAA ACT-3’, corresponding to nucleotides 71-97 of placenta cDNA and to nucleotides 196-222 of HL-60 cells cDNA in Fig.32) and ST24 reverse primer; ST22 forward primer (5’-GGG GAG TAA TAG CAT GGG CAA CCA T-3’, corresponding to nucleotides 3-28 of placenta cDNA in Fig.32) and ST24 reverse primer; and with ST27 forward primer (5’- CTC  ATT  AGT ATG CGG ACG AAG GCG-3’,  corresponding to nucleotides 101-
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Fig.18: Diagrammatic representation of the construct used for the analysis of the isolated genomic region. Schemes are not in scale.
124 of HL-60 cells cDNA in Fig.32) and ST24 reverse primer using the following program in DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA): 1 cycle at 94°C for 1 min; 35 cycles at 94°C for 10 sec, 62°C for 15 sec, 72°C for 3 min; 1 cycle at 72°C for 7 min. 10 μl of RT-PCR were added to 3 μl MgCl2 25 mM, 4.5 μl PCR Buffer 10X, 0.5 μl of each dNTP 10 mM, 0.25 μl Taq Polymerase 5 U/μl (Perkin Elmer, Corp., Wellesley, MA, USA), 1 μl of forward primer 10 μM, 1 μl of reverse primer 10 μM and water to a final volume of 50 μl. Aliquots of all PCR were re-amplified in the same conditions and with the corresponding primer sets. PCR products were analyzed by electrophoresis in 1.0% agarose gel.

RT-PCR analysis on HL-60 cells differentiated or not by TPA treatment 

HL-60 cells at 1.8∙106 cells/ml density were treated with 4 nM phorbol esther 12-O-tetradecanoylphorbol 13-acetate (TPA) for 48h at 37°C in a humidified, 5% carbon dioxide atmosphere. Differentiation was assessed by cellular adhesion and morphological changes.

RNA from TPA-differentiated or undifferentiated HL-60 cells (5∙107 and 10∙107 cells, respectively) was extracted with Perfect RNA, Eukaryotic, Midi kit (Eppendorf AG, Hamburg, Germany) according to the manufacturer’s instructions. RNA quantity was measured by spectrophotometry at 260nm and 280 nm and RNA quality was assessed by electrophoresis in denaturing 1% agarose gel.

RT-PCRs were performed as described in the previous paragraph for JEG3 cells but using 100 ng of total RNA as template. 

PCR reactions were performed using three different primer sets: ST23 forward primer and ST24 reverse primer; ST22 forward primer and ST21 reverse primer (5’-TTC ATA GCA GCC ATG CAT TGA CTG TCG-3’, (corresponding to nucleotides 1009-1135 of placenta cDNA in Fig.32 and to nucleotides 1234-1260 of HL-60 cells cDNA in Fig.32); and with ST27 forward primer and ST21 reverse primer using the following program in DNA thermal cycler PE Gene Amp Systems 2400 (Perkin Elmer, Corp., Wellesley, MA, USA): 1 cycle at 94°C for 1 min; 35 cycles at 94°C for 10 sec, 68°C for 15 sec, 72°C for 3 min; 1 cycle at 72°C for 7 min. 5 μl of RT-PCR were added to 3 μl MgCl2 25 mM, 4.5 μl PCR Buffer 10X, 0.5 μl of each dNTP 10 mM, 0.25 μl Taq Polymerase 5 U/μl (Perkin Elmer, Corp., Wellesley, MA, USA), 1 μl of forward primer 10 μM, 1 μl of reverse primer 10 μM and water to a final volume of 50 μl. Aliquots of all PCR were re-amplified in the same conditions and with the same primer sets. PCR products were analyzed by electrophoresis in 1.5% agarose gel.

RESULTS AND DISCUSSION

ISOLATION AND SEQUENCE ANALYSIS OF THE HUMAN PLACENTA GM3 SYNTHASE cDNA

Successful isolation of the GM3 synthase cDNA from human placenta: DNA sequence analysis reveals high sequence homology with GM3 synthase cDNAs cloned from other human tissues, and a completely different 5’ terminal region: it introduces a new putative translation initiation site.

The GM3 synthase cDNA from human placenta was isolated using the SMART RACE technology, which leads to isolate two separated but overlapping 5’- and 3’-RACE fragments, followed by their cloning using an available restriction site located in the overlapping region. By 5’-RACE experiments on human placenta total RNA, using as antisense gene-specific primers two oligonucleotides (ST-R and ST-24, Fig.19, both derived from the published human GM3 synthase cDNA sequence from TPA-treated HL-60 cells [68]), we cloned at first the DNA fragment corresponding to the cDNA 5’-end. Seven independent clones were sequenced, and all the seven extended from nucleotide 1 to nucleotide 1287 in Fig.19. Then, by 3’-RACE analyses with two sense gene-specific primers derived from the 1287 bp 5’-RACE sequence previously isolated (ST-19 and ST-20, Fig.19), we cloned the 1312 bp cDNA fragment extending from nucleotide 951 to nucleotide 2262 in Fig.19; the sequence was confirmed in three independent clones. The final ligation of the two cloned cDNA fragments at the unique BglII site (nucleotide position 1208, Fig.19) yielded the full-length cDNA clone of 2262 bp whose nucleotide and predicted amino acid sequence is shown in Fig.19.

Sequence alignment of this cDNA to human GM3 synthase cDNA from TPA-treated HL-60 cells (GenBank, AB018356 [68]) revealed that the human placenta cDNA sequence extending from nucleotide 67 to poly(A) tail in Fig.19 is completely identical to the sequence extending from nucleotide 192 to poly(A) tail in the TPA-treated HL-60 cDNA, except for a G/A transition at nucleotide 295 in Fig.19, resulting in one amino acid substitution (Arg to His). Identical observations came from the sequence alignment with the GM3 synthase cDNA from human fetal brain isolated by Kapitonov et al. (GenBank, AF119415 [22]). To rule out the possibility that this G/A transition was an artifact generated during the PCR reactions and/or cDNA sequencing, five independent 5’-RACE 

 Fig.19: Nucleotide sequence and deduced amino acid sequence of the GM3 synthase (hST3Gal V) cDNA from human placenta. Nucleotides are numbered down the left-hand column (numbering begins with the first untranslated nucleotide); amino acids are numbered down the right-hand column. Gene-specific primers are indicated by horizontal arrows. BglII restriction site and polyadenylation signal are underlined. Transmembrane domain is italicized, in bold and underlined; sialylmotif L is double-underlined; sialylmotif S is boxed; sialylmotif VS is marked with broken line (according to ref. 11). The His residue generated by G/A transition is marked by one asterisk, whereas the His residue replacing Asp/Glu residue is circled. Putative N-glycosylation sites are marked by one dot. Stop codons are marked by three asterisks. Putative translational start sites are indicated by vertical arrows.


reactions on human placenta total RNA were performed: sequencing analysis of the region surrounding  the  altered  nucleotide  confirmed  the  presence  of  the  A  residue  in all the

amplified products. In addition, a G/A change at this position has been already described [32] in a variant of GM3 synthase mRNA from human fetal brain (GenBank, AF105026), and the presence of an A residue is also observed in the human GM3 synthase genomic DNA sequence by both Kim’s group [32] and by us (data not shown). According to previous observations [32], it can not be excluded that this single nucleotide change can be consequent to a post-transcriptional RNA editing event, as described for the rat ST6Gal I [69].

On the contrary, also the human placenta cDNA in Fig.19 presents at position 210 of the predicted protein sequence, in the sialylmotif L, the His residue which results highly conserved in all the other human [22, 32, 70] and mouse [22, 66] GM3 synthase cDNAs until now cloned. As this amino acid replaces the Asp/Glu residue common to all the other mammalian sialyltransferases, a critical role to the GM3 synthase activity has been suggested for this amino acid [68].

Whereas the sequence alignment of the 5’-terminal sequence of the human placenta cDNA (the first 66 nucleotides in Fig.19) to all the human GM3 synthase cDNAs cloned to date [22, 32, 68] failed any match, the comparison of this region with the Homo sapiens chromosome 2 genomic contig sequences in GenBank (NT_022184.13), with the BLAST(N) program, revealed the existence of a complete match within the GM3 synthase gene locus. As an identical match was also found with the human genome, by a human genome BLAST homology search of the public database (http://www.ncbi.nlm.nih.gov /genome/guide/human), we inferred that the full-length cDNA isolated from human placenta in Fig.19 represents a novel isoform of human GM3 synthase mRNA, strongly heterogeneous from all the other variants only in the 5’-terminal region.

This cDNA is approximately of 2.3 kb, accordantly with the size of the GM3 synthase transcript detected in this tissue and in various other human tissues [22, 32], but it represents an unusual mRNA variant for human GM3 synthase. Up to date, five different transcripts have been identified for this enzyme [22, 32]: they differ in the 5’ untranslated region (UTR) sequences, but all of them contain an identical coding region specifying a protein of 362 amino acids with a predicted molecular mass of 41.7 kDa [22, 32, 68]. On the contrary, the inspection of the 5’-terminal region of the cDNA isolated from human placenta indicates the presence of an ATG codon at position 54, which has an in-frame TAG termination codon at position 12, and localizes upstream and in-frame with the ATG codon (ATG153 in Fig.19) until now considered as unique translational initiation site of the human GM3 synthase gene. When the sequence surrounding the ATG at position 54 is compared to the eukaryotic consensus translation sequence [81], the most critical positions, a purine at –3 and a G at +4, result conserved, suggesting that the ATG54 may also function as a translation initiation codon. 

Consequently, this cDNA predicts the existence of a longer GM3 synthase isoform that would consist of 395 amino acid residues, instead of the usual 362 amino acids, with a predicted molecular mass of 45.5 kDa. The two forms of GM3 synthase (“short” and “long”) would conserve unaltered the large, potentially glycosylated, COOH-terminal domain of 329 amino acids containing the catalytic site, and the single transmembrane domain of 18 amino acids, but the “long” form would contain an NH2-terminal extension of 33 amino acids which do not change the hydrophilic character of the cytoplasmic domain as revealed by the hydrophobic plot (Fig.20). 
Primer extension analysis of the 5’ boundary of the isolated human placenta cDNA confirms the different transcription initiation site. 

Although all the clones obtained from 5’-RACE analysis exhibited identical 5’ extended region, to verify the complete extension at 5’-end of the human placenta GM3 synthase cDNA, a primer extension analysis was performed using total human placenta RNA and the gene-specific antisense primer W1 (Fig.19). After extension with AMV-reverse transcriptase, the products were analyzed by polyacrylamide gel electrophoresis and the results are shown in Fig.21. A major extension product of about 52 nucleotides is appreciable in lane 3, indicating that the transcription initiation site of GM3 synthase gene in human placenta maps to nucleotide designed as 1 in Fig.19.

Revised genomic organization of the human GM3 synthase gene

In the light of these results, a revised genomic map of the human GM3 synthase gene has to be draft (Fig.22). By comparison of all the human GM3 synthase mRNA isoforms identified to date [22, 32, 68], including that one here described, to the Homo sapiens chromosome 2 genomic contig sequences in GenBank (NT_022184.13), the human GM3 synthase gene would consist of at least 10 exons, ranging in size up to 1242 bp, which span

about 50 kb. All exon-intron boundaries, except the 3’-splice acceptor of intron I (not yet defined), follow the GU-AG rule.

The genomic structure has been also confirmed on human genome by a human genome BLAST homology search of the public database (www.ncbi.nlm.nih.gov/genome/guide/human). The overall size of the gene (~ 50 kb) is smaller than that reported by Zeng et al. [72] and larger than that indicated by Kim et al. [32]: these discrepancies are likely due to the progressive updating of the human genomic sequence.
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Fig.20: Hydrophobicity plot of the predicted GM3 synthase “long” form from human placenta cDNA. This plot was obtained from the amino acid sequence predicted from the “long” ORF of human placenta cDNA of Fig.19 by the method of Kyte and Dolittle [82] and using a window size of five. The location of the transmembrane domain (TDM) and of sialylmotifs L and S, according to ref. 11, is indicated by horizontal solid bars. 
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Fig. 21: Mapping of the transcription initiation site by primer extension analysis. Lane 1: 32P labeled dephosphorylated Φx174 HinfI DNA markers; lane 2: extension products on control luciferase mRNA, expected length 87 nt; lane 3: extension products of primer W1 on human placenta total RNA, expected length 52 nt. The extension products are indicated by arrows on the right.

BIOCHEMICAL CHARACTERIZATION OF THE HUMAN PLACENTA GM3 SYNTHASE cDNA PRODUCT

In vitro enzyme assays on mammalian cells over-expressing the human placenta cDNA confirms that it encodes for a protein having GM3 synthase activity and a broader substrate specificity.

For confirming that the protein encoded by the isolated human placenta cDNA has a GM3 synthase activity, the pT-Rc/CMV construct (schematically represented in Fig.16) was transfected into mammalian MG1361 cells, characterized by a low GM3 synthase activity and undetectable levels of GM3 [83]. After selection with geneticin, stable cells were used to analyze both in vitro and in vivo enzymatic activity.

The in vitro enzymatic activity was determined using microsomal-enriched protein fractions from native MG1361 cells and from MG1361 cells transfected with pT-Rc/CMV (or empty pRc/CMV) plasmid DNA, as enzymatic source, [14C]-CMP-NeuAc, as donor substrate, and different glycolipids, as substrate acceptor. As reported in Table III, pT-Rc/CMV transfected cells show a threefold increase in the GM3 synthase activity levels, respect to native and empty pRc/CMV-transfected cells, when LacCer is used as acceptor. However, when the enzyme activity was examined using other glycolipid acceptors, pT-Rc/CMV transfected cells exhibited a significant incorporation of [14C]-NeuAc towards GalCer, asialoGM1 and asialoGM2, although to a lower extent. No activity was detected when GM1a and GD3 were used as acceptors. The specificity of the in vitro reactions was confirmed by analyzing, in HP-TLC, the radioactive glycolipids produced in each reaction. Results are shown in Fig. 23. According  to  data  in  Table  III, whereas native MG1361 cells,  showing  enzymatic  activity  only  towards  LacCer,  exhibited  the  GM3  as  unique

product (Fig.23, Panel A, lane 2), pT-Rc/CMV transfected cells showed that GM2, GM4, GM1a, and GM3 were specifically synthesized  when  asialoGM2,  GalCer,  asialoGM1  and LacCer, respectively, were used as glicolipid acceptors (Fig.23, Panel B). No radioactive product was detectable when GM1a and GD3 were used. 

The in vivo enzymatic activity was determined by analyzing the ganglioside distribution in the same cells analyzed in vitro. Total ganglioside fractions, obtained by extraction of cell pellets in chloroform:methanol, followed by partitioning with water and dialysis, were separated by HP-TLC and visualized by colorimetric method. The percentage distribution of each ganglioside species, measured by digital scanning of the plate, and referred to the total ganglioside content, is reported in Table IV.

Table III: GM3 synthase activity and substrate specificity in native and transfected MG1361 cells. Data are the average of four independent determinations and relative activity is expressed as percentage value respect to enzyme activity towards LacCer. n.d.: not detectable activity.

	
	GM3 synthase activity nmol/h x mg
	Relative activity

	Glycolipid acceptor
	LacCer
	LacCer
	GalCer
	aGM1
	aGM2
	GD3
	GM1

	Native MG1361 cells (not transfected cells)
	0,37 ± 0,10
	100
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	Empty pRC/CMV transfected MG1361 cells 
	0,33 ± 0,14
	100
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	pT-RC/CMV transfected MG1361 cells 
	1,13 ± 0,06
	100
	17,1
	35,8
	18,7
	n.d.
	n.d.


Table IV: Ganglioside distribution in native and transfected MG1361 cells. Values express the percentage of each ganglioside species referred to the total ganglioside content. n.d.: not detectable.

	
	GM4
	GM3
	GM2
	GM1
	GD1a
	GD2
	GD1b
	GT1b
	GQ1b

	Native MG1361 cells (not transfected cells)
	12,02
	n.d.
	8,99
	23,22
	43,58
	3,19
	0,68
	5,83
	2,49

	Empty pRC/CMV transfected MG1361 cells 
	11,80
	n.d.
	8,67
	22,98
	43,43
	3,45
	0,54
	6,36
	2,47

	pT-RC/CMV transfected MG1361 cells
	3,23
	2,47
	12,74
	26,76
	40,69
	5,41
	2,37
	4,60
	1,73
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Fig. 23: HP-TLC of in vitro enzymatic reaction products. Panel A: autoradiography of in vitro reaction products of native MG1361 cells. Glycolipid acceptors were the following: lane 1: none; lane 2: LacCer; lane 3: asialoGM2; lane 4: GalCer; lane 5: asialoGM1; lane 6: GD3; lane 7: GM1; lane 8: pure reference standard [3H]-GM3. Panel B: autoradiography of in vitro reaction products of stably pT-Rc/CMV transfected MG1361 cells. Glycolipid acceptors were the following: lane 1: none; lane 2: GD3; lane 3: asialoGM2; lane 4: GalCer; lane 5: asialoGM1; lane 6: LacCer; lane 7: GM1; lane 8: pure reference standard [3H]-GM3. The chromatographic position of not-radiolabeled pure ganglioside standards is indicated on the right hand of each panel.

Native and empty pRc/CMV-transfected MG1361 cells show an unchanged heterogeneous ganglioside profile, and they do not express detectable levels of GM3, as expected [83]. On the contrary, pT-Rc/CMV transfected cells exhibit an appreciable amount of GM3 (~2.5% of total ganglioside content), an increment of GM3-derived species (i.e. GM1, GM2, GD2 and GD1b), and a slight decrease of GD1a, GT1b and GQ1b  levels respect to native cells. It is to note that the GM3 expression in pT-Rc/CMV transfected cells is associated to a drastic and proportional decrease of GM4 levels (fourfold), indicating that the over-expression of the GM3 synthase placenta cDNA subtracts the Cer precursor to the biosynthetic pathway leading to gangliosides of the gala-series (Fig. 6).

Our data from in vitro enzymatic activity and substrate specificity (Table III) suggest that the GM3 synthase generated by the human placenta cDNA has a broader substrate specificity than the GM3 synthase from TPA-treated HL-60 cells [68]. However, these difference could also be ascribed to different experimental conditions used: in our reactions the final concentration of the glycolipid acceptor was 1 mM, much more increased than those used by other authors (0,3 mM [68] or 0,2 mM [32]).

Moreover, the lower content of GM4 and of the complex gangliosides GD1a, GT1b and GQ1b, associated with the increase of the gangliosides GM3, GM2, GM1, GD2 and GD1b, observed in transfected cells, predict a direct correlation between GM3 synthase activity levels and the efficiency of the last steps of the ganglioside pathway (Fig.6), resulting in an impaired production of highly sialylated gangliosides. 

In vitro expression analysis indicates that the AUG54 is recognized as translation initiation site.

To establish which of the two in-frame AUG codons can function as translation initiation site and to verify that corresponding polypeptides of the predicted molecular size are synthesized, two plasmid constructs, pP-Rc/CMV and pT-Rc/CMV, containing the two different human placenta cDNA fragments, were utilized as templates for in vitro coupled transcription/translation experiments using rabbit reticulocyte lysates in the presence of [35S]-methionine. The proteins were resolved by SDS-PAGE and detected by fluorography.

As shown in Fig.24, whereas the transcription/translation of the pT-Rc/CMV construct prevalently produces a protein with an apparent molecular mass of 42.1 kDa (lane 3), the larger polypeptide generated by the pP-Rc/CMV construct has an apparent molecular mass of 38.3 kDa (lane 4). It is important to note that the apparent molecular masses, defined by migration in SDS-PAGE, of both proteins (“short” and “long” forms) results lower than the molecular masses predicted from the cDNA sequence, but that the difference of ~ 3.8 kDa between the two 

proteins, due to the 33 additional amino acids at the NH2 terminus, is conserved. Interestingly, a protein with apparent molecular mass of 38.3 kDa is also detectable in the in vitro translation performed with the pT-Rc/CMV construct (lane 3), suggesting that the “long ORF” can produce both the polypeptides by leaky scanning mechanism. However, since several other bands with major electrophoretic mobility are specifically detected in both samples (compare lanes 3 and 4 to lane 1), we can not rule out the possibility that the 38.3 kDa protein revealed in lane 3 is an artifact generated by the in vitro experimental system, as described in other cases [80]. To verify this hypothesis, we performed an in vitro transcription reaction so to obtain 5’ capped RNA, mimicking a more physiological situation, that will be used as substrate in a following translation reaction .

As shown in Fig.25, 5’ capped RNA derived from the transcription of the pP-Rc/CMV construct containing the “short” form behaves in a similar way to the uncapped form, resulting in the synthesis of a 38.3 kDa protein. On the contrary, the translation of the 5’ capped RNA derived from the transcription of the pT-RcCMV construct containing the “long” form produces the protein with apparent molecular mass of 42.1 kDa, corresponding to AUG54, and not the protein of 38.3 kDa, indicating that, at least in vitro, the AUG54 is the preferred codon for the translational start.

As in coupled transcription/translation experiments (Fig.24), several other bands with major electrophoretic mobility are specifically detected in both samples (compare lanes 3 and 4 to lane 2 of Fig.25): this could be due either to an incomplete capping, whose efficiency cannot be controlled, and consequently to an aspecific recognition of other AUG, or to a proteolytic degradation of the proteins. 

In  vitro  expression  of  the  human  placenta  GM3  synthase cDNA in the presence of microsome membranes indicates that the protein is glycosylated and, very probably, cleaved.

Microsomal vesicles were used to study in vitro co-translational and initial post-translational processing of the “long” form of the protein. Processing events such as signal peptide cleavage, membrane insertion, translocation, and core glycosylation were examined by experiments of translation on 5’ capped RNA with rabbit reticulocyte lysates in presence of canine pancreatic microsomal membranes. 
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Fig. 24. In vitro coupled transcription/translation of the “short” and “long” forms of the human GM3 synthase cDNA. Lane 1: in vitro translational products in absence of plasmid DNA; lane 2: [14C]-protein molecular weight markers; lane 3: in vitro translational products from pT-Rc/CMV; lane 4: in vitro translational products from pP-Rc/CMV. The position of the predicted “short” and ”long” GM3 synthase forms are indicated by arrows.
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Fig. 25: In vitro translation of capped “short” and “long” forms of the human GM3 synthase cDNAs. Lane 1: in vitro translational products in absence of linearized plasmid DNA; lane 2: in vitro translation products of positive control; lane 3: [14C]-protein molecular weight markers; lane 4: in vitro translational products from pP-Rc/CMV; lane 5: in vitro translational products from pT-Rc/CMV. The position of the predicted “short” and ”long” of the GM3 synthase forms are indicated by arrows.

As shown in Fig. 26, products translated with rabbit reticulocyte lysate confirmed that a protein with an apparent molecular mass of 42.1 kDa is produced, whereas no product with apparent molecular mass of 38.0 kDa is detectable (lane 1). In presence of canine microsomal membranes the 42.1 kDa product is not detectable, whereas a protein with minor electrophoretic mobility and apparent molecular mass of 47.0 kDa, and a protein with an apparent molecular mass of 38.0 kDa are clearly visible (lane 2). These results indicate that the “long” form of the protein is glycosylated and, very likely, cleaved. The effective glycosylation of the protein was confirmed by Endoglycosidase H treatment (lane 3): in fact in Endoglycosidase H treated sample the 47.0 kDa product was no more detectable.

Moreover, membrane translocation was assessed with Proteinase K treatment in presence  or  absence of  Triton  X-100 (lane  4  and  lane  5,  respectively):  microsomal membranes protected the 47.0 kDa and the 38.0 kDa products from degradation, indicating that these products are specifically originated in microsomes. Interestingly, the several other bands with major electrophoretic mobility, that were always specifically detected in all translation samples, are not present in the Proteinase K treated sample, indicating that they do not enter microsomal membranes.

In vivo expression analysis by immunofluorescence and Western blot of the human placenta GM3 synthase cDNA expressed in mammalian cells reveals that the AUG54 is recognized in vivo but it can produce also a “short” form of the protein.

Due to the impossibility to dispose of anti-GM3 synthase-antibodies, in order to in vivo detect the GM3 synthase we cloned the “short ORF” and the “long ORF” fragments of the human placenta GM3 synthase cDNA in the pCDNA3.1MycHisA(-) vector so to produce the  “long”  and  the  “short” form  of  the  protein fused  at their COOH-terminals with the 

myc-His epitope (3.0 kDa). The two plasmid constructs and the expected GM3 synthase-myc fusion proteins are diagrammatically represented in Fig. 17. 

To evaluate the in vivo expression, CV1 cells were transiently transfected with the two constructs pT-mycHis and pP-mycHis, or with the empty plasmid pcDNA3.1MycHisA(-), and analyzed at first by immunofluorescence technique. As shown in Fig.27, both cDNA fragments (“long ORF” and “short ORF”) result actively expressed.
Secondly, in order to analyze the expressed proteins, total cellular extracts from CV1 transfected cells were analyzed by western blot with anti-myc antibody. As shown in Fig.17, the plasmid pT-mycHis, containing the “long ORF” of the placenta cDNA, predicts a polypeptide with molecular mass of 48.1 kDa, whereas the plasmid pP-mycHis, containing the “short ORF” of the placenta cDNA, predicts a polypeptide with molecular mass of 44.3 kDa.
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Fig. 26. In vitro translation of the 5’ capped “long” form of the human GM3 synthase RNA in absence or presence of microsome membranes and post-translated products analysis. Lane 1: in vitro translational products in absence of microsome membranes; lane 2: translation products in presence of microsome membranes; lane 3: microsome membranes translated products treated with Endoglycosidase H; lane 4: microsome membranes translated products treated with Proteinase K; lane 5: microsome membranes translated products treated with Proteinase K and Triton X-100; Mk: [14C]-protein molecular weight markers. The position of the predicted ”long” GM3 synthase form in absence or presence of the microsome membranes, and of the treatment derived products are indicated by arrows.

As shown in Fig.28, whereas cells expressing the “short ORF” of the placenta cDNA (lane 2) show a unique protein with apparent molecular mass of 44.3 kDa, the in vivo expression of the “long ORF” of the placenta cDNA leads to the synthesis of two proteins (lane 3): one with apparent molecular mass of 48.1 kDa, and the other of 44.3 kDa, comigrating with the one detected in the “short ORF” expressing cells. This result supports the conclusion that the AUG54 present in the human placenta cDNA is recognized as translation initiation site also in vivo, but the presence of the other polypeptide suggests that it could be derived by the cleavage of the “long” form. 
To evaluate this hypothesis we created two mutants of the human placenta GM3 synthase cDNA using an oligonucleotide-directed in situ mutagenesis: in one mutant the A of the ATG54 codon was substituted with a G, as well as the A of ATG153 codon in the other one. Up to now mutated cDNAs have been transiently transfected in CV1 cells and their in vivo expression analyzed by immunofluorescence. As shown in Fig.29, both mutants actively in vivo express tagged proteins, but only future Western blot analysis will provide information on the kind of protein isoform that it is produced.

ISOLATION AND FUNCTIONAL CHARACTERIZATION OF THE GENOMIC REGION FLANKING THE 5’ END OF THE HUMAN PLACENTA GM3 SYNTHASE TRANSCRIPT

Successful isolation of a human genomic fragment flanking the 5’ end of placenta GM3 synthase gene: sequence analysis indicates the presence of several putative binding sites for transcription factors.

In order to investigate the regulation of the GM3 synthase expression in human placenta, a genomic region of about 3000 bp flanking the 5’ end of the human placenta GM3 synthase transcript was isolated by PCR technique. Its sequence is reported in Fig.30. Sequence analysis revealed that this region lacks canonical TATA and CAAT boxes, as already observed for other STs [38-40, 73-76], and contains several putative binding sites for transcription factors, including AP1, MZF1, NFAT, γ-IRE.
To test the promoter activity of this fragment (named W1-W3), it has been cloned in the pSEAP vector and the construct was transiently transfected into an available choriocarcinoma established cell line (JEG3), where analyses of ganglioside profile showed that GM3, both acetylated and glycosylated, was the most abundant species (Fig. 31).
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Fig. 27: Immunofluorescence analysis of CV1 cells transfected with the human GM3 synthase cDNAs fused with myc-His tag. Panel A: non transfected cells; panel B: cells transfected with the empty vector pcDNA3.1mycHisA(-); panel C: cells transfected with pPmycHis; panel D: cells transfected with pTmycHis.
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Fig. 28: In vivo expression of the “short” and “long” forms of the human placenta GM3 synthase cDNA fused with the myc-His tag, diagrammatically represented in Fig. 20. Lane 1: proteins from empty pcDNA3.1mycHisA(-) vector transfectants; lane 2: proteins from pPmyc-His transfectants; lane 3: proteins from pTmyc-His transfectants.
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Fig. 29. Immunofluorescent analysis of CV1 cells transfected with the mutated human placenta GM3 synthase cDNA constructs. Panel A: cells transfected with the pT-MycHis construct; panel B: cells transfected with the pA54Gmut construct; panel C: CV1 cells transfected with the pA153Gmut construct. 

Surnatants of pSEAPW1-W3 constructs transfected cells were analyzed by fluorescence measurements. Although transfection efficiencies were high, as shown by co-transfected β-galactosidase assay and pSEAPsv40 control vector, no reporter gene activity (data not shown) was detectable in cells transfected with the recombinant construct, suggesting that the isolated genomic region does not function as a promoter in these cells. To verify the presence of the human placenta GM3 synthase transcript in these cells, we performed RT-PCRs using total RNA from JEG3 cells as template and specific primer sets that permitted to discriminate mRNA isoforms on the basis of their different 5’-UTRs.

As shown in Fig.33, no placenta GM3 synthase transcript was detectable (lane 3), whereas a transcript corresponding to the TPA-treated HL-60 cells GM3 synthase transcript was clearly visible (lane 5). Consequently, our previous negative results on possible promoter activity of the isolated genomic region could be explained by the fact that JEG3 cell line does not contain the transcriptional machinery necessary for expressing the placenta GM3 synthase.

To identify a cellular model where evaluate the possible promoter activity of the isolated genomic sequence, we have investigated the presence of the placenta GM3 synthase “long ORF” transcript in normal and TPA-differentiated HL-60 cells [70]. To do it, RT-PCRs were performed on total RNA as template using two specific primer sets that permitted to discriminate the two transcripts on the basis of their different 5’-UTRs.

 As shown in Fig.34, control undifferentiated cells expressed only the transcript corresponding to the placenta “long ORF” (lane 2), whereas TPA-differentiated HL-60 cells failed in this amplification, suggesting the normal HL-60 cells as useful system to test the functionality of our isolated genomic region. 

Furthermore these data provide the first evidence indicating a correlation between the expression of two different GM3 synthase isoforms and HL-60 cells differentiation process.



Fig. 30: Nucleotide sequence of the isolated human genomic region flanking the 5’ end of the placenta GM3 synthase gene. Primers used for isolation and for “nested” PCR are indicated. Potential regulatory elements are underlined and indicated below each sequence. Transcriptional start site is marked with arrows and is designed as +1.
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Fig. 31: HP-TLC on JEG3 cells extracted gangliosides. Lane 1: pure reference standard mixture (corresponding to 0.2μg sialic acid for each ganglioside); lane 2: JEG3 cells ganglioside profile; lane 3:  pure reference standard mixture (corresponding to 0.4μg sialic acid for each ganglioside).
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Fig. 32: TPA-treated HL-60 cells (blue) and human placenta (black) GM3 synthase cDNA sequences. Nucleotides are numbered down the left-hand column (numbering begins with the first untranslated nucleotide). Primers used in following RT-PCRs are indicated.
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Fig. 33: RT-PCR using JEG3 cells total RNA as template. Lane 1: DNA molecular weight marker VII; lane 2: ST-F/ST-24; lane 3: ST-22/ST-24; lane 4: ST-23/ST-24; lane 5:  ST-27/ST-24.
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Fig. 34: RT-PCRs on undifferentiated and TPA-differentiated HL-60 cells total RNA as template. Lane 1: ST-23/ST-24 on undifferentiated HL-60 cells; lane 2: ST-22/ST-21 on HL-60 cells; lane 3: ST-27/ST-21 on HL-60 cells; Mk: DNA molecular weight marker VII; lane 4: ST-23/ST-24 on TPA-differentiated HL-60 cells; lane 5: ST-22/ST-21 on TPA-differentiated HL-60 cells; lane 6 ST-27/ST-21 on TPA-differentiated HL-60 cells.

CONCLUSIONS AND FUTURE PERSPECTIVES

The work performed in my PhD has permitted to isolate and characterize a novel and “unusual” variant of human GM3 synthase mRNA. It produces a protein with a high GM3 synthase activity and a broader substrate specificity respect to the GM3 synthase cDNA from TPA-differentiated HL-60 cell [68], but very similar to that observed for the GM3 synthase purified from rat tissues [65-67]. Most importantly, it generates, both in vitro and in vivo, a longer isoform of the human GM3 synthase. Indeed, the human placenta mRNA codes a protein with an NH2-terminal extension of 33 amino acid residues.

In vitro transcription and translation analyses have also demonstrated that the human placenta GM3 synthase mRNA product is glycosylated and in vivo expression studies suggest that the longer isoform may be cleaved.

Up to now, it is not known which is the functional significance of the existence of two isoforms of GM3 synthase. It could be that they have a different subcellular localization so to explain the contrasting results about GM3 synthase localization in early and late Golgi compartments. The two mutants created during my research work will be useful tools also to further investigate this aspect.

Finally, the isolation of the genomic fragment flanking the 5’ end of the human placenta GM3 synthase transcript, containing several putative binding sites for transcription factors, including AP1, MZF1, NFAT, γ-IRE, certainly represents the first step to start the study of the mechanism regulating gene expression of the GM3 synthase in the human placenta, but, most interestingly, it may be important to investigate the control of the GM3 synthase gene expression during HL-60 cell differentiation. In fact, data of RT-PCR obtained during my researches demonstrated that the placenta mRNA isoform is present in non-differentiated HL-60 cells, but not in TPA-differentiated cells, providing the first evidence of a possible correlation between the expression of two different isoforms of GM3 synthase and cell differentiation.
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