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Introduction

During evolution prokaryotes have developed different envelope structures exterior to the cell wall proper. Among these surface components are regularly arranged S-layers (composed of protein or glycoprotein subunits) and capsules. A detailed chemical analysis of these surface molecules is a prerequisite to understand their biosynthesis and function. Advanced analytical methods are required for structure elucidation. The biosynthesis of the S-layer constituents raises many intriguing questions, e.g. transport accross the cytopasmic and outer membranes, glycosylation, further processing and biological activity. This review deals with the di¡erent aspects of the biochemistry of S-layers. From biosynthetic studies on S-layer glycoproteins insight into the pathways of the prokaryotic glycosylation process could be obtained.

2.1. Architecture of S-layer glycoprotein glycans

Archaea

With one exception, all archaeal S-layer glycans characterized so far, consist of short linear chains of only a few (approximately up to 10) sugar residues [START_REF] Sumper | Bacterial glycoproteins[END_REF][START_REF] Ka Ë Rcher | Primary structure of the heterosaccharide of the surface glycoprotein of Methanothermus fervidus[END_REF]. Many of the glycan chains are linked to the S-layer polypeptide by N-glycosidic linkages, such as GlcCAsn (Halobacterium halobium, Haloferax volcanii) [START_REF] Wieland | Asparaginylglucose : novel type of carbohydrate linkage[END_REF], GalNAcCAsn (H. halobium, Methanothermus fervidus) [START_REF] Sumper | Bacterial glycoproteins[END_REF][START_REF] Ka Ë Rcher | Primary structure of the heterosaccharide of the surface glycoprotein of Methanothermus fervidus[END_REF], and RhaCAsn (Methanothrix soehngenii) [START_REF] Pellerin | Evidence for the glycoprotein nature of the cell sheath of Methanosaeta-like cells in the culture of Methanothrix soehngenii strain FE[END_REF]. On the other hand, O-glycosidic linkages via threonine, such as GalCThr (H. halobium, H. volcanii) [START_REF] Lechner | Structure and biosynthesis of prokaryotic glycoproteins[END_REF][START_REF] Mengele | Drastic di¡erences in glycosylation of related S-layer glycoproteins from moderate and extreme halophiles[END_REF] are also common. Besides low-molecular-mass sulfated oligosaccharides and neutral disaccharides, a heavily sulfated heteropolysaccharide, which represents the only high-molecular-mass archaeal S-layer glycan known so far, is bound to the S-layer protein of H. halobium [START_REF] Lechner | Structure and biosynthesis of prokaryotic glycoproteins[END_REF][START_REF] Sumper | Bacterial glycoproteins[END_REF].

Bacteria

Among bacteria glycosylated S-layer proteins have been demonstrated only for organisms belonging to the family of Bacillaceae (species Bacillus, Paenibacillus, Thermoanaerobacterium, Thermoanaerobacter, Clostridium, Desulfotomaculum) [START_REF] Messner | Chemical composition and biosynthesis of S-layers[END_REF] and for Lactobacillus [START_REF] Mo Ë Schl | Characterization of the S-proteins of two lactobacilli[END_REF]. Bacterial S-layer glycoprotein glycans usually consist of long homo-or heteropolysaccharide chains composed of identical linear or branched repeating units [START_REF] Messner | Chemical composition and biosynthesis of S-layers[END_REF][START_REF] Messner | Bacterial glycoproteins[END_REF] with an overall chain length ranging up to 150 monosaccharide residues [START_REF] Messner | Chemical composition and biosynthesis of S-layers[END_REF]. Presently, only in the S-layer glycan of Lactobacillus buchneri [START_REF] Mo Ë Schl | Characterization of the S-proteins of two lactobacilli[END_REF] and Thermoanaerobacter thermohydrosulfuricus S102-70 [START_REF] Messner | Analysis of a novel linkage unit of O-linked carbohydrates from the crystalline surface layer glycoprotein of Clostridium thermohydrosulfuricum S102-70[END_REF] short oligosaccharides have been described. Both, conventional and completely new protein-carbohydrate linkage regions have been identi¢ed. O-glycosidic linkages to the apoprotein are more frequently observed than N-glycosidic ones ; in fact, the only N-glycan, RhaCAsn, has been described in Bacillus stearothermophilus NRS 2004/3a [START_REF] Messner | Asparaginyl-rhamnose : A novel type of protein-carbohydrate linkage in a bacterial surface-layer glycoprotein[END_REF]. Beside the O-glycosidic linkage via serine, e.g., GlcCSer in L. buchneri [START_REF] Mo Ë Schl | Characterization of the S-proteins of two lactobacilli[END_REF], completely new types of linkages have been found, such as TyrCGlc (Th. thermohydrosulfuricus S102-70) [START_REF] Messner | Analysis of a novel linkage unit of O-linked carbohydrates from the crystalline surface layer glycoprotein of Clostridium thermohydrosulfuricum S102-70[END_REF] and TyrCGal (Th. thermohydrosulfuricus L111-69, Paenibacillus alvei CCM 2051) [START_REF] Messner | Similarity of ''core'' structures in two di¡erent glycans of tyrosine-linked bacterial S-layer glycoproteins[END_REF][START_REF] Bock | Primary structure of the O-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus L111^69. Galactosyl tyrosine as a novel linkage unit[END_REF].

Although not characterized in detail, Tyr has been found as the only amino acid constituent in several glycopeptide preparations derived from di¡erent Th. thermohydrosulfuricus strains [START_REF] Messner | Glycoprotein nature of select bacterial S-layers. In : Advances in Bacterial Paracrystalline Surface P. Messner et al[END_REF]. Further, in Thermoanaerobacter kivui [START_REF] Collins | The phylogeny of the genus Clostridium: Proposal of ¢ve new genera and eleven new species combinations[END_REF] (formerly Acetogenium kivui), four modi¢ed tyrosine residues which most probably represent O-glycosylation sites have been identi¢ed [START_REF] Peters | Evidence for tyrosine-linked glycosaminoglycan in a bacterial surface protein[END_REF]. This might implicate that O-glycosylation via tyrosine is characteristic for the genus Thermoanaerobacter.

From those data it is obvious that the glycans of In the S-layer glycoprotein of Th. thermohydrosulfuricus L111-69 at least 4 di¡erent O-glycosylation sites via tyrosine are present [START_REF] Messner | Similarity of ''core'' structures in two di¡erent glycans of tyrosine-linked bacterial S-layer glycoproteins[END_REF], carrying identical glycan chains composed of linear heteropolymer repeats of the structure -3KLRhap1-4KDManp1- [START_REF] Bock | Primary structure of the O-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus L111^69. Galactosyl tyrosine as a novel linkage unit[END_REF].

At the non-reducing end of the carbohydrate moiety 3-O-methyl-rhamnose was found. This type of chemical modi¢cation of sugars is discussed in conjunction with the termination of the glycosylation reaction in archaeal glycan chains (H. halobium, H. volcanii) [START_REF] Lechner | Structure and biosynthesis of prokaryotic glycoproteins[END_REF]. Whether the present 3-O-methylrhamnose actually acts as a termination signal in this microorganism remains to be established.

The microheterogeneity concerning the chain length of the glycan could be well documented by the means of matrix-assisted laser desorption ionization mass spectrometry [START_REF] Bock | Primary structure of the O-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus L111^69. Galactosyl tyrosine as a novel linkage unit[END_REF]. In strain L111-69 polymerization degrees of 23 to 32 disaccharide repeats occur. The most abundant ion was detected at m/z 9,478.3 which corresponds to 27 repeats. Some microorganisms are also capable of presenting di¡erently composed carbohydrate chains on the cell surface. In Thermoanaerobacterium thermosaccharolyticum E207-71, for instance, after chromatofocusing of the prepuri¢ed proteolytic digest of the S-layer glycoprotein, three major glycopeptide fractions and one minor fraction were obtained [START_REF] Altman | Characterization of the glycan structure of a major glycopeptide from the surface layer glycoprotein of Clostridium thermosaccharolyticum E207-71[END_REF].

They correspond to at least three di¡erent glycosylation sites for the major glycan, which contains a rather complex hexasaccharide consisting of an -4KDManp1-4LDGalp1-4LDGlcp1-backbone with a LDQuip3NAc1-6LDGalf1-4KLRhap1side chain attached to oxygen 3 of the mannose residue [START_REF] Altman | Characterization of the glycan structure of a major glycopeptide from the surface layer glycoprotein of Clostridium thermosaccharolyticum E207-71[END_REF].

Tyrosine most probably represents the linkage amino acid. The minor glycopeptide fraction consists of pentasaccharide repeats built of -3LDManpNAc1-4LDGlcpNAc1-with KDRibf attached to every second ManNAc residue [START_REF] Altman | Isolation and characterization of an amino sugar-rich glycopeptide from the surface layer glycoprotein of Thermoanaerobacterium thermosaccharolyticum E207-71[END_REF]. Interestingly, the S-layer glycoprotein of Th. thermosaccharolyticum D120-70 also bears two di¡erent glycans [START_REF] Altman | Chemical characterization of the regularly arranged surface layer glycoprotein of Clostridium thermosaccharolyticum D120-70[END_REF]. The amino sugar-rich polymer has a composition rather similar to that of E207-71 but in D120-70 galactose is present instead of ribofuranose. Whether this ¢nding re£ects a common assembly principle among glycosylated S-layers of Th. thermosaccharolyticum strains remains to be established.

During the past few years the glycan structures of S-layer glycoproteins from several strains of the genera Bacillus, Thermoanaerobacterium, and Thermoanaerobacter were elucidated [START_REF] Messner | Chemical composition and biosynthesis of S-layers[END_REF][START_REF] Messner | Bacterial glycoproteins[END_REF]. Table 1 reveals the inherent variability in structure and composition of the carbohydrate chains of selected organisms [START_REF] Scha Ë ¡er | Are S-layer glycoproteins and lipopolysaccharides related ?[END_REF].

The S-layer glycoprotein of strain Bacillus thermoaerophilus DSM 10155, which belongs to a newly described Bacillus species [START_REF] Meier-Stau¡er | Description of Bacillus thermoaerophilus sp.nov., to include sugar beet isolates and Bacillus brevis ATCC 12990[END_REF], revealed two unusual properties. First, due to the observed water solubility of the S-layer glycoprotein the conventional isolation procedure [START_REF] Bock | Primary structure of the O-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus L111^69. Galactosyl tyrosine as a novel linkage unit[END_REF] had to be replaced by a combination of water extraction followed by a modi¢ed interfacial salting out. Second, D-glycero-D-manno-heptose was found as constituent of the disaccharide repeat -4KLRhap1-3LD-glycero-D-manno-heptose1- [START_REF] Kosma | Glycan structure of a heptose-containing glycoprotein of Bacillus thermoaerophilus[END_REF].

Heptoses are typical constituents of the core region of the O-antigens of LPS of Gram-negative bacteria, where they occur either in the L-glycero-D-mannoor D-glycero-D-manno-con¢guration (e.g., Vibrio cholerae, Vibrio parahaemolyticus) [START_REF] Holst | Chemical structure of the core region of lipopolysaccharides[END_REF][START_REF] Kondo | Identi¢cation of oligosaccharides consisting of D-glucuronic acid and L-glycero-D-mannoand D-glycero-D-manno-heptose isolated from Vibrio parahaemolyticus O2 lipopolysaccharide[END_REF]. Several other unusual sugars which until now have been known as typical constituents of LPS have also been found in S-layer glycans (indicated by boxes in Table 1) : 3-acetamido-3,6-dideoxy-D-glucose (quinovosamine), for example found in the LPS of Proteus penneri, Vibrio mimicus [START_REF] Sidroczyk | Immunochemical studies of O-speci¢c polysaccharide from Proteus penneri 14 lipopolysaccharide[END_REF][START_REF] Khomemko | Structural study of O-speci¢c polysaccharide chain of Pseudomonas £uorescens lipopolysaccharide[END_REF], is part of the side chain of the hexasaccharide repeat of Th. thermosaccharolyticum E207-71 [START_REF] Altman | Characterization of the glycan structure of a major glycopeptide from the surface layer glycoprotein of Clostridium thermosaccharolyticum E207-71[END_REF], and D-rhamnose and 3-acetamido-3-deoxy-K-D-fucose, frequently observed in LPS [START_REF] Lipkind | Computer-assisted analysis of the structure of regular branched polysaccharide containing 2,3-disubstituted rhamnopyranose and mannopyranose residues on the basis of 13 C NMR data[END_REF], are constituents of the complex hexasaccharide repeat of Bacillus thermoaerophilus L420-91 [START_REF] Kosma | Glycan structure of the S-layer glycoprotein of Bacillus sp[END_REF].

Comparison of the S-layer glycoprotein glycans of P. alvei CCM 2051 and Th. thermohydrosulfuricus 

Similarities between S-layer glycoproteins and lipopolysaccharides

The strain-speci¢c composition of identical repeats occurring in di¡erent degrees of polymerization [START_REF] Messner | Chemical composition and biosynthesis of S-layers[END_REF],

which is realized in S-layer glycoprotein glycans, re-£ects the non-conservative character of bacterial cell surface carbohydrates [START_REF] Sutherland | Bacterial exopolysaccharides 9 their nature and production[END_REF][START_REF] Osborn | Biosynthesis and assembly of the lipopolysaccharide of the outer membrane[END_REF]. This notion is further supported by the observed variations of the linkages between component sugars and their substitution pattern. A rather similar situation is known from the O-antigens of LPS, because the antigenic diversity of LPS is re£ected by a high compositional variability of the exposed O-antigens [START_REF] Raetz | Biochemistry of endotoxins[END_REF]. From the structural determinations of the S-layer glycan chains we conclude that the carbohydrate moieties of both S-layer glycoproteins and LPS resemble each other in length, chemical composition, and orientation on the cell surface [START_REF] Scha Ë ¡er | Are S-layer glycoproteins and lipopolysaccharides related ?[END_REF]. Additionally a tripartite structure comprising a highly variable and a conserved carbohydrate part as well as a linkage region is realized in both cell surface molecules.

Whether these observations re£ect a functional relationship of the glycans of both types of cell surface structures remains to be established.

To display the proposed structural similarities between S-layer glycoproteins and LPS the typical cell envelope pro¢les of Gram-positive and Gram-negative bacteria are illustrated (Fig. 1) [START_REF] Scha Ë ¡er | Are S-layer glycoproteins and lipopolysaccharides related ?[END_REF]. To the outer membrane of the complex Gram-negative cell enve- Glycan structures of select eubacterial S-layer glycoproteins a a Sugars which are known as typical constituents of LPS are marked by boxes.

Shaded boxes indicate core structures in S-layer glycoproteins between repeating units and the S-layer polypeptides.

the Gram-positive cell envelope. Rather than bound to a lipid the S-layer glycans are covalently linked via a core to the respective S-layer protein.

Glycosylation process in bacteria

The discovery of glycosylated S-layers [1^5] made these structures particularly interesting for studying the biosynthesis of prokaryotic glycoproteins. Biosynthesis was studied in strain Th. thermosaccharolyticum E207-71 because of the high carbohydrate content (approximately 12%) of its S-layer [START_REF] Altman | Characterization of the glycan structure of a major glycopeptide from the surface layer glycoprotein of Clostridium thermosaccharolyticum E207-71[END_REF].

The isolation of cytoplasmatic sugar precursors was performed according to references [21,35^37]. For identi¢cation of nucleosidediphosphate activated precursors, including nucleosidediphosphate bound mono-and oligosaccharides and sugar-1-phosphate derivatives, samples were subjected to selective hydrolytic conditions and separated by cation-exchange HPLC or RP(C18)-HPLC. Liberated sugars were detected by HPAEC/PED either as monosaccharides or as alditol derivatives in the case of reducing sugars of activated oligosaccharides [START_REF] Scha Ë ¡er | Are S-layer glycoproteins and lipopolysaccharides related ?[END_REF].

Based on the analysis of the precursors isolated from the biosynthetic pathway of the S-layer glycan, an assembly route for the hexasaccharide repeating unit of the S-layer glycan was proposed. The biosythesis of the hexasaccharide starts from the sugar-1phosphates of mannose, glucose, and galactose. These compounds are transferred into the corresponding nucleotide activated forms after reaction with nucleoside-5P-triphosphates [START_REF] Shibaev | Biosynthesis of bacterial polysaccharide chains composed of repeating units[END_REF]. This is GTP found in other archaeal (Methanothermus fervidus) [START_REF] Hartmann | Uridine and dolichyl diphosphate activated oligosaccharides are intermediates in the biosynthesis of the S-layer glycoprotein of Methanothermus fervidus[END_REF] and bacterial (P. alvei) S-layer glycoproteins [START_REF] Hartmann | Proposed pathway for biosynthesis of the S-layer glycoprotein of Bacillus alvei[END_REF].

In accordance with the data from the biosynthesis of the S-layer glycoprotein of P. alvei [START_REF] Hartmann | Proposed pathway for biosynthesis of the S-layer glycoprotein of Bacillus alvei[END_REF] in a ¢nal step the GDP residue of the completed glycan chain is replaced by a polyisoprenoid lipid, which might function as membrane anchor for the growing glycan chain before it is transferred to the nascent S-layer polypeptide. Eventually, the biosynthesis of the S-layer glycoprotein is ¢nished by the transfer of the complete glycan chain and the formation of the protein-carbohydrate linkage on the cell surface [START_REF] Sumper | Bacterial glycoproteins[END_REF].

The lipid involved in the biosynthetic pathway of the S-layer glycoprotein of P. alvei was identi¢ed as C 55 -dolichol [37]. This lipid activated precursor con- tained three additional GlcNAc residues compared to the mature trisaccharide repeating unit. Whether GlcNAc is added before or after the transfer of the oligosaccharide to the lipid remains to be established. No GlcNAc was found in the intact glycoprotein, which indicated that the additional GlcNAc residues were removed during further processing [START_REF] Hartmann | Proposed pathway for biosynthesis of the S-layer glycoprotein of Bacillus alvei[END_REF].

For the preparation of biosynthetic carrier lipids of Th. thermosaccharolyticum E207-71 cells from the mid-logarithmic phase were metabolically labeled with [ 14 C]-glucose and extracted with hot ethanol (70³C). Puri¢cation of the extract was achieved by a combination of TLC, DEAE-cellulose-, and Sephadex LH-20 chromatography. To discriminate between dolichol and undecaprenol the hydrolytic stability of the isolated products was tested [START_REF] Lechner | Transient methylation of dolichyl oligosaccharides is an obligatory step in halobacterial sulfated glycoprotein biosynthesis[END_REF].

Identi¢cation of appropriate compounds is currently performed by mass spectrometry.

Compared to the proposed biosynthesis route for the S-layer glycan from P. alvei CCM 2051 [START_REF] Hartmann | Proposed pathway for biosynthesis of the S-layer glycoprotein of Bacillus alvei[END_REF], in the case of Th. thermosaccharolyticum E207-71 two notable di¡erences were observed. First, preliminary mass spectrometric results suggest a comparably short, potentially modi¢ed polyisoprenoid carrier lipid rather than a conventional C 55 -dolichol [unpub- lished data]. Second, although the complete hexasaccharide repeat occurs in the nucleosidediphosphatebound stage, only parts of this structure seem to be transferred to the lipid carrier [START_REF] Scha Ë ¡er | Are S-layer glycoproteins and lipopolysaccharides related ?[END_REF].

Conclusions

Glycoproteins have been found in all groups of prokaryotic organisms [START_REF] Sumper | Bacterial glycoproteins[END_REF]. The structures of prokaryotic glycoprotein glycans appear to be more diverse than those of eukaryotic ones. Considerable variability exists among the repeating unit structures, even within closely related strains of a species. Archaeal S-layer glycoproteins, so far investigated, contain predominantely rather short, N-linked glycans, and trimming reactions. In future the biochemical approaches will be sustained by genetic analyses of the genes involved in the S-layer glycan biosynthesis.

Since only a few well-characterized S-layer glycoproteins are presently known, many important questions about biosynthesis, molecular biology, and function of these cell surface structures remain to be answered.

3. The paracrystalline surface-layer of

Lactobacillus helveticus

The species Lactobacillus helveticus is widely used in dairy fermentations, in particular in Swiss type cheese like Emmental [START_REF] Auclair | Use of thermophilic lactic starters in the dairy industry[END_REF] and in Italian cheeses like Grana Padano. It has also been isolated from Bulgarian sour milk [START_REF] Dellaglio | Presence of Lactobacillus helveticus and an L(+)lactic acid former in Bulgarian sour milk[END_REF] and recently, Japanese authors highlighted the ability of some strains to produce fermented milk showing speci¢c pharmacological activity (anti-hypertensive e¡ect) [START_REF] Yamamoto | Antihypertensive e¡ect of di¡erent kinds of fermented milk in spontaneously hypertensive rats[END_REF]. Furthermore, free or immobilized cells of L. helveticus were used in bioreactors for the production of lactic acid from whey permeate [START_REF] De Raucourt | Lactose continuous fermentation with cells recycled by ultra¢ltration and lactate separation by electrodialysis : modelling and simulation[END_REF]. Many fundamental and applied aspects of that species have been recently reviewed [START_REF] Torriani | An overview on Lactobacillus helveticus[END_REF]. As far as the cell wall is concerned, the peptide moiety of the peptidoglycan (Lys-D-Asp), the nature of the teichoic acids (glycerol type) and of the neutral polysaccharides were determined [START_REF] Ikawa | Cell wall composition of lactic acid bacteria[END_REF]. The presence of an outermost proteinaceous layer was not emphasized in these studies, most probably as for the preparation of the cell wall fraction proteases and/or detergents have been used. The biochemical properties of the cell surface are of great importance in the interactions between L. helveticus and its environment (e.g., interaction with milk caseins or milk fat globules, resistance to bacteriophage attacks, adhesion to epithelium cells, immobilisation on solid substrates). The aim of this review is to highlight the recent data available on surface composition and surface properties of that species.

Characterization of the Lactobacillus S-layer

Masuda and Kawata in 1983 [START_REF] Masuda | Distribution and chemical characterization of regular arrays in the cell walls of strains of the genus Lactobacillus[END_REF] were the ¢rst to report the presence of an S-layer at the surface of many lactobacilli including L. helveticus data ; [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]). Interestingly, a ''crazy paving appearance'' of the S-layers was frequently observed. Up to date, the presence of S-layers was con¢rmed in more than 70 di¡erent strains, mainly by SDS-PAGE analysis (as illustrated in Fig. 2). Since most of the strains investigated were isolated in di¡erent countries and were genetically not closely related, as

shown by genomic DNA macrorestriction pro¢les [START_REF] Lortal | Lactobacillus helveticus: strain typing and genome size estimation by pulsed ¢eld gel electrophoresis[END_REF], the presence of an S-layer can be regarded as a stable and general feature in L. helveticus, at least under laboratory conditions. No spontaneous disappearance of the S-layer was noticed, even during successive cultivation of the organisms in synthetic broth or in milk, or after keeping them for an extended period at lower temperatures (4³C), additionally con¢rming its stability. The S-layer proteins usually reveal apparent molecular weights in the range of 50,000 (determined by SDS-PAGE) and were e¤- ciently and selectively extracted by a treatment with 5 M lithium chloride (LiCl). Interestingly, a good survival (50 to 90%) of the LiCl-treated cells was noted, when these cells were diluted in a new broth medium. During their growth they rebuilt a new Slayer in a random fashion [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]. The S-layer protein of strain ATCC 12046 was puri¢ed and the N-terminal sequence as well as the amino acid composition were determined, showing a large amount of hydrophobic amino acids and very few sulfur-containing amino acids [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]. The molecular weight was determined more precisely by ESI mass spectrometry, leading to a value of 43,533 (þ 10). In the same way, the S-layer proteins of eight other strains were extracted, characterized, and compared with strain ATCC 12046. Their N-terminal sequences were identical for the ¢rst nine amino acids and the determined molecular masses were in a narrow range between 43,533 ( þ 10) and 43,914 (þ 10) [START_REF] Lortal | Paracrystalline surface-layers of Lactobacillus helveticus strains. 5th Symp. on Lactic Acid Bacteria[END_REF] (Fig. 3). These results support the hypothesis of a high degree of similarity between the S-layer proteins of various strains of L. helveticus.

Recently, the S-layer protein encoding gene of strain L. helveticus CNRZ 892 was cloned and sequenced [START_REF] Callegari | Heterologous expression of Lb. helveticus CNRZ 892 S-layer gene in Lc. lactis MG 1363. 5th[END_REF] revealing an ORF of 1,324 nucleotides with a deduced mature protein of 408 amino acids (EMBL accession number X92752). The relative conservation between the S-layer encoding genes of L. acidophilus and L. helveticus was also investigated [START_REF] Boot | The presence of two S-layer protein encoding genes is conserved among species related to Lactobacillus acidophilus[END_REF]. The S-layer protein of L. helveticus CNRZ 892 was extracted and submitted to mass spectrometric analysis, leading to a value of 43,763 (þ 5) [unpublished data]. The molecular mass calculated from the cDNA-derived sequence data was 43,758, which is in excellent agreement with the measured value. This correlation makes any post-translational modi¢cation of the S-layer protein of L. helveticus rather unlikely. Such modi¢cations were previously assumed to occur as with the S-layer protein of L. helveticus ATCC 12046 [START_REF] Mozes | X-ray photoelectron spectroscopy and biochemical analysis of the surface of Lactobacillus helveticus ATCC 12046[END_REF] the DIG glycan detection reaction was positive and as two other lactobacilli species were previously reported to possess glycosylated S-layer proteins [START_REF] Mo Ë Schl | Characterization of the S-proteins of two lactobacilli[END_REF]. As brie£y summarized in this paragraph, the biochemical and genetical characterization of the S-layer protein of L. helveticus was the object of intensive research during the last few years. However, it must be kept in mind that in this organism the S-layer represents only one particular component of the cell wall.

The S-layer as a particular component of the cell wall

As in Bacteria S-layers are usually not the exclusive cell wall component (additionally to peptidoglycan, teichoic acids/lipoteichoic acids, neutral polysaccharides) several questions arise: are S-layers the outermost component in L. helveticus, as it was observed for most other bacterial species? If this is the case, is it a homogeneous proteinaceous layer or are other cell wall or membrane components locally intercalated in the paracrystalline structure? This question is essential for correlating any surface properties of L. helveticus with the presence of the S-layer. How thick is this S-layer? Further, which portion of the total dry weight of the cell wall is represented by the S-layer? What are the components of the underlying layer(s) and which bonds exist between them and the S-layer monomers? All these questions lead to the fundamental question: what is the role of the S-layer in L. helveticus?

Thin sections of L. helveticus ATCC 12046 revealed by transmission electron microscopy a three layered structure (Fig. 4a) [START_REF] Lortal | Cell wall and autolytic system of Lactobacillus helveticus ATCC 12046[END_REF]. The outermost layer (named C) represents the paracrystalline lattice, as was demonstrated by freeze-etching experiments (Fig. 4b) and it was assumed to be the S-layer [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]. In comparison to the total thickness of the cell wall of approximately 40 nm the thickness of the S-layer was estimated to be approximately 9 nm. When cell walls were isolated by mechanical disruption, the S-layer was not lost (as veri¢ed by electron microscopic observations) and it was estimated to account for about 45% of the cell wall dry weight. The other components, such as the peptidoglycan, the neutral polysaccharides, and the teichoic acids, accounted for approximately 36%, 4%, and 14%, respectively. This means that the S-layer protein can be regarded as the major cell wall component in L. helveticus. Moreover, the S-layer protein represents about 14% of the total cellular proteins [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF][START_REF] Lortal | Cell wall and autolytic system of Lactobacillus helveticus ATCC 12046[END_REF].

The surface of intact cells of L. helveticus was investigated by X-ray electron spectroscopy (XPS) [START_REF] Mozes | X-ray photoelectron spectroscopy and biochemical analysis of the surface of Lactobacillus helveticus ATCC 12046[END_REF]. This physicochemical method provides the elemental composition (e.g., C,O,N,P content) and reveals the presence of functional groups (e.g., carboxyl or methyl groups) within a depth of 3^5 nm of the analysed surface. To the best of our knowledge, it was the ¢rst time that XPS was applied to an S-layer-carrying microrganism. In the case of L. helveticus the data correspond well to the outermost layer C (Fig. 4a). The surfaces of other microorganisms (e.g., bacteria, yeasts) were also investigated by XPS previously, leading to interesting observations [START_REF] Rouxhet | Application of X-ray photoelectron spectroscopy to microorganisms[END_REF].

The elemental composition of S-layers from two separate cultures of L. helveticus are summarized in Table 2. First, a comparison with data from the literature indicated that the ratio N/C obtained for L. helveticus (0.149) was higher than that commonly found for other lactobacilli (usually between 0.0420 .092). This could be explained by the presence of a proteinaceous S-layer. However, the most intriguing ¢nding was that the outermost layer C of L. helveticus ATCC 12046 was indeed mainly composed of proteinaceous material, but the presence of phosphorus and of glycosidic bonds was clearly detected by XPS. These functional groups may have two origins: i) the S-layer protein could be glycosylated or phosphorylated but, as previously indicated, post-translational modi¢cations can be considered unlikely; ii) other components are protruding the S-layer network, e.g., either teichoic or lipoteichoic acids (it would explain the phosphorus content as well as the glycosidic residues since glucose can substitute the glycerol moiety) and/or neutral polysaccharides. The presence of carbohydrate residues at the surface was also detected by another method previously. Thin sections of L. helveticus ATCC 12046 were submitted to Thiery staining (which is speci¢c for 1,2diol groups) and a thin dark layer was clearly seen at the surface [START_REF] Lortal | Cell wall and autolytic system of Lactobacillus helveticus ATCC 12046[END_REF]. It was not possible to attribute the location of the staining reaction precisely to the phosphorus and carbohydrate residues. However, their presence clearly indicated that the surface of intact cells of L. helveticus ATCC 12046 contained not only the S-layer but additional material.

When cells were treated with 5 M LiCl, layer C (i.e. the S-layer) disappeared completely, as did the prominent S-layer protein band in SDS-PAGE pro-¢les. The morphology of the cells was not damaged by this treatment. In order to investigate the composition of the intermediate layer B, and for comparison with intact cells, LiCl-treated cells were submitted to XPS analysis. As indicated in Table 2, the extraction of the S-layer induced a drastic change in the surface composition, resulting in particular in modi¢cations of the ratios N/C, O/C, P/C. Further, analysis of the peaks provided the composition of the functional groups of the sample. The data indicate that the underlying layer (layer B) is composed of a mixture of peptidoglycan, teichoic acids, and neutral polysaccharides (for details see [START_REF] Mozes | X-ray photoelectron spectroscopy and biochemical analysis of the surface of Lactobacillus helveticus ATCC 12046[END_REF]). Upon LiCl treatment to remove the S-layer the newly generated surface was shown to be strongly negatively charged. This was demonstrated by labelling with polycationic ferritin [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]. From this observation the conclusion can be drawn that just below the S-layer there is a layer highly enriched in peptidoglycan and teichoic acids.

Conclusions and hypotheses about the physiological role(s) of S-layers

Since its ¢rst desciption 15 years ago, the S-layer protein of L. helveticus has been isolated from the cells, structurally and chemically characterized [by electron microscopy and X-ray electron spectroscopy (XPS)], and the encoding gene was cloned and sequenced. However, as far as the potential role(s) of the S-layer are concerned, the data are rather scarce. It was observed that the S-layer protein did not protect the cells against the lytic action of lysozyme or mutanolysine [START_REF] Lortal | S-layer of Lactobacillus helveticus ATCC 12046 : isolation, characterization and re-formation after extraction with lithium chloride[END_REF]. The S-layer protein was resistant to trypsin in situ but became sensitive when it was extracted. In contrast, pronase was active against intact cells of L. helveticus, leading to a signi¢cant proteolysis of the S-layer protein [unpublished data]. These results did not support the concept of a protective role of this layer.

Regarding the functional role(s) of the S-layer of L. helveticus several hypotheses can be put forward: i) to mask the underlying strongly negative charge of the surface (allowing improved interaction with the environment); ii) to trap useful minerals or small components by charge interactions (role in nutrition?); iii) to act as cation exchanger since the cells remain viable and can even grow at pH values below 4.0 ; iv) to interact with other surfaces, (adhesion to epithelium cells or to solid support). For exemple, the S-layer of L. crispatus was shown to bind to collagen [START_REF] Toba | A collagen-binding S-layer protein in Lactobacillus crispatus[END_REF]. In contrast, however, it was observed that the chemical removal of the S-layer of L. acidophilus did not in£uence in vitro the adhesion to Caco-2 cells [START_REF] Greene | Factors involved in adherence of lactobacilli to human Caco-2 cells[END_REF]. Furthermore, despite the high degree of similarity which was demonstrated among S-layers of various strains of L. helveticus, these strains can di¡er signi¢cantly in their surface properties (as was indicated by partition assays and electrophoretic mobility measurements ; unpublished data).

The fact that the surface of L. helveticus is not composed solely of the S-layer will make it rather di¤cult to attribute a particular function to this protein.

The recent molecular biological approaches providing the sequence of the S-layer gene and its localisation on the genome [START_REF] Callegari | Heterologous expression of Lb. helveticus CNRZ 892 S-layer gene in Lc. lactis MG 1363. 5th[END_REF] will allow the isolation of S-layer-free mutant strains of L. helveticus in the near future. This might help to solve the fundamental questions about the functional role(s) of S-layers in this organism. 3).

The exopolypeptides produced by bacteria are linear polymers. Most of the information about exopeptide capsules has been obtained from analyses of the Bacillus licheniformis D Q [START_REF] Gardner | Chemistry and biosynthesis of the poly-Q-D-glutamyl capsule in Bacillus licheniformis[END_REF][START_REF] Birrer | Q-Poly(glutamic acid) formation by Bacillus licheniformis 9945a : physiological and biochemical studies[END_REF] Bacillus megaterium D Q [START_REF] Torii | Decapsulation of Bacillus megaterium[END_REF] Bacillus subtilis D Q [START_REF] Bovarnik | The formation of extracellular D(-)glutamic acid poly-peptide by Bacillus subtilis[END_REF] Flexithrix dorotheae L K [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF] Mycobacterium tuberculosis L K [START_REF] Wietzerbin-Falszpan | The amino acids of the cell wall of Mycobacterium tuberculosis var. bovis strain BCG. Presence of a poly(L-glutamic acid)[END_REF] Planococcus halophilus D Q [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF] Sporosarcina halophila D Q [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF] Xanthobacter autotrophicus L K [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF] Xanthobacter £avus poly-Q-glutamate polymer of bacilli, especially Bacillus anthracis, which has been reviewed recently [START_REF] Thorne | Bacillus anthracis. In: Bacillus subtilis and other Gram-positive Bacteria[END_REF].

Cell wall preparations of Mycobacterium tuberculosis contain a polyglutamyl polymer, which is at least partly amidated [START_REF] Wietzerbin-Falszpan | The amino acids of the cell wall of Mycobacterium tuberculosis var. bovis strain BCG. Presence of a poly(L-glutamic acid)[END_REF] The polypeptide constitutes up to 8% of the cell wall preparations. It has a molecular mass of about 35,000, corresponding to more than 200 glutamine residues. In contrast to the bacilli it consists of K-linked L-glutaminyl residues.

In four other bacterial genera polyglutamate exopeptides have been found. Strains of Xanthobacter and Flexithrix contain an K-L-glutaminyl polymer, while Sporosarcina halophila and Planococcus halophilus form a Q-D-glutamyl exopeptide [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF]. In Xanthobacter autotrophicus the polymer formation depends on the growth conditions. No polymer is formed with N 2 as sole nitrogen source. The sheathed gliding bacterium Flexithrix dorotheae contains very little murein of the meso-diaminopimelic acid (mDpm)-direct type in the cell walls, but large amounts of polyglutamine [START_REF] Kandler | Occurrence of poly-Q-D-glutamic acid and poly-K-glutamine in the genera Xanthobacter, Flexithrix, Sporosarcina and Planococcus[END_REF]. The glutamine residues are K-linked. The structure of the exopolymers found in Xanthobacter and Flexithrix resemble that of Mycobacterium tuberculosis, but they are amidated in addition.

In general it seems that in Bacteria the K-linked polymers composed of glutamyl or glutaminyl residues possess the L-con¢guration, while in the case of the Q-linked exopeptides the glutamic acid residues have the D-con¢guration. The poly-Q-Dglutamyl polymers occur in the phylogenetically related genera Bacillus, Sporosarcina, and Planococcus.

Biosynthesis

Capsulation is initiated in the stationary phase. Polymerisation continues in the presence of tetracycline and chloramphenicol and does not take place at the ribosomes [58,65^71]. The average molecular weight of the Bacillus licheniformis polymer was 173,000. Polyglutamate productivity was greatest around 125 h, while growth occurred mainly during the ¢rst 24 h [START_REF] Birrer | Q-Poly(glutamic acid) formation by Bacillus licheniformis 9945a : physiological and biochemical studies[END_REF]. Polyglutamic acid synthetase activity was demonstrated in disrupted cells of Bacillus licheniformis [START_REF] Gardner | Chemistry and biosynthesis of the poly(Q-D-glutamyl) capsule in Bacillus licheniformis. Activation, racemization, and polymerization of glutamic acid by a membraneous polyglutamyl synthetase complex[END_REF][START_REF] Troy | Chemistry and biosynthesis of the poly (Q-D-glutamyl) capsule in Bacillus licheniformis. I. Properties of the membrane-mediated biosynthesis reaction[END_REF][START_REF] Troy | Chemistry and biosynthesis of the the poly(Q-D-glutamyl) capsule in Bacillus licheniformis. II. Characterization and structural properties of the enzymatically synthesized polymer[END_REF]. Not D-glutamic acid, but L-glutamic acid was the precursor of the D-glutamic acid residues in the exopeptide. A membrane bound polyglutamic acid synthetase complex catalyzed glutamate activation, racemization, and polymerization. The product of polyglutamyl synthetase was poly-Q-D-glutamic acid. The in vitro synthesized polymer had a molecular weight range from 172,000 to 363,000, while the native polymer had a greater polydispersity ranging from 84,000 to 1,150,000. The following biosynthetic pathway was suggested (67): Genes involved in polyglutamyl synthesis are located on the chromosome in the case of Bacillus licheniformis, while in Bacillus anthracis capsule synthesis is encoded by the 95-kb plasmid pXO2 [58,71^73]. Three genes have been identi¢ed and the capB, capC and capA gens encode for proteins with molecular weights of 44,000, 16,000, and 46,000, respectively [START_REF] Makino | Molecular characterization and protein analysis of the cap region, which is essential for encapsulation in Bacillus anthracis[END_REF]. Each gene had its own promotor and all were transcribed in the same direction.

Biological activity

Bacillus anthracis causes anthrax in humans and animals and the capsule is one of the virulence factors [START_REF] Thorne | Bacillus anthracis. In: Bacillus subtilis and other Gram-positive Bacteria[END_REF][START_REF] Thorne | Biochemical properties of virulent and avirulent strains of Bacillus anthracis[END_REF]. Mutants without a capsule become avirulent. The nonvirulent R type can be used as a vaccine. Peptides obtained by partial acid hydrolysis were assayed for reactivity with rabbit antisera produced against the polypeptide. The maximum size for antibody recognition was six residues of D-gluta- mic acid. [START_REF] Sterne | The use of anthrax vaccines prepared from avirulent (uncapsulated) variants of Bacillus anthracis. Onderstepoort[END_REF][START_REF] Goodman | Immunological studies on the polyglutamyl capsule of Bacillus anthracis. I. Characterization of the polypeptide and of the speci¢ty of its reaction with rabbit antisera[END_REF] 

Chemical composition

The chemical composition of the isolated cell wall polymer of Natronococcus occultus is shown in Table 4. The hydrolysate of the isolated cell wall polymer contained only one amino acid, namely glutamic acid, the two amino sugars glucosamine and galactosamine, the two uronic acids galacturonic acid and glucuronic acid, and the hexose glucose. Glutamate possessed the L-con¢guration, while all other constituents occurred in the D-con¢guration.

Structure of the peptide

After partial acid hydrolysis a Q-glutamyl dipeptide was obtained, while an K-glutamyl dipeptide could not be isolated. After removal of the carbohydrates with hydro£uoric acid a soluble polymer was obtained, which consisted only of glutamic acid residues. The length of the polyglutamic acid chain was determined to be about 60 monomers, which occurred at least partially amidated.

Structure of oligosaccharides

In the cell wall polymer the glucosamine, glucuronic acid and glucose residues possessed the K-conformation and the galactosamine and galacturonic acid residues occurred in the L-conformation. The amino sugars were 1,3-linked, while the galacturonic acid, glucuronic acid and glucose residues possessed a 1,4-linkage.

Two types of oligosaccharides were removed from the polyglutamine backbone by hydrazinolysis. One oligosaccharide consisted of an N-acetyl-glucosamine pentasaccharide at the reducing end and a galacturonic acid hexasaccharide at the non-reducing end (Fig. 5). There was no indication for an alternating sequence of the glucosamine and galacturonic acid residues as it is the case with hyaluronic acid or chondroitin. The second oligosaccharide had an N-acetyl-galactosamine disaccharide at the reducing end and a maltose unit at the non-reducing end. reduces the signal-to-noise ratio. The presence of alkali salts in the samples must therefore be reduced to a minimum.

MALDI mass spectrometry

In MALDI mass spectra generally, the most intense signal is the singly charged molecular ion. Additionally, doubly and triply charged molecular ions as well as sometimes singly and multiply charged cluster ions appear. Fig. 6 shows a typical MALDI spectrum from a puri¢ed S-layer protein/glycoprotein mixture. MALDIMS was used to verify the molecular weight (determined by polyacrylamide gel electrophoresis) and purity of the sample, which was soluble only in 5M guanidine hydrochloride. By applying a special sample preparation technique including an extensive washing procedure to remove the salt [START_REF] Allmaier | Accurate molecular weight determination of the major surface layer protein isolated from Clostridium thermosaccharolyticum by time-of-£ight mass spectrometry[END_REF] for the ¢rst time the single charged [M 1 ] of an intact S-layer protein was determined with high accuracy (þ 0.2%). The amount of protein material in this molecular weight range necessary to acquire the MALDI mass spectrum successfully is in the low nanogram range.

ESI mass spectrometry

ESI mass spectra are created from a dilute solution of the protein (typically a water-organic solventorganic acid mixture) by creating a spray of ¢ne, highly charged droplets in the presence of a strong electric ¢eld. The droplet evaporation results in ions with very high charge states, on average one positive charge per 1,000, and the mass spectra of proteins contain a series of peaks di¡ering by one charge in a relative low m/z range. Because of the multiple charging e¡ect, a mass analyser with a limited mass range as e.g., a quadrupole mass spectrometer can be applied to measure large proteins. A typical application of the ESI technique is the veri¢cation of proteins with good solubility characteristics (no detergents or high bu¡er salt contents are allowed) as the isolated S-layer proteins of dairy propionibacteria [START_REF] Lortal | Paracrystalline surface layers of dairy propionibacteria[END_REF]. The results were consistent with the data obtained by gel electrophoresis and demonstrate that ESIMS can be applied straightforward with high mass accuracy but not in case of insoluble or weakly solubilized S-layer (glyco)proteins.

Mass spectra of glycoconjugates

PD and ESI mass spectrometry

The ¢rst step in acquiring information on a particular glycoconjugate is the determination of the relative molecular mass by mass spectrometry. The positive-ion mass spectra as, for example, in case of the tyrosine-linked carbohydrate moiety isolated from the S-layer glycoprotein of Thermoanaerobacter (formerly Clostridium) thermohydrosulfuricus [START_REF] Christian | Complete structure of the tyrosine-linked saccharide moiety from the surface layer glycoprotein of Clostridium thermohydrosulfuricum S-102-70[END_REF] or the heterosaccharide of the S-layer glycoprotein of Methanothermus fervidus [START_REF] Ka Ë Rcher | Primary structure of the heterosaccharide of the surface glycoprotein of Methanothermus fervidus[END_REF] are dominated by sodiated molecular ions due to the a¤nity of these compound class to alkali ions. Negative-ion mass spectra containing deprotonated molecular ions can be obtained for amino acid carrying carbohydrates, too. ESI mass spectra of such compounds exhibit similar information. By using PDMS or ESIMS it is possible to determine the relative molecular mass with an accuracy of 0.1^0.01% depending mainly on instrumental parameters.

MALDI mass spectrometry

To study large (relative molecular mass s 4,000) glycoconjugates with any tagging step the method of choice for molecular weight and/or heterogeneity determination is MALDIMS due to unsurpassed sensitivity and mass range. The exact relative molecular mass of an O-glycosidically linked glycan chain isolated from the S-layer glycoprotein of Thermanaerobacter thermohydrosulfuricus [START_REF] Bock | Primary structure of the O-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus L111^69. Galactosyl tyrosine as a novel linkage unit[END_REF] could for the ¢rst time be determined by re£ector MALDIMS with a mass accuracy 90.09%. It was also possible to demonstrate the extremly broad (spanning a mass range of 4,000) heterogeneity of this carbohydrate moiety and to determine the exact number of disaccharide repetitive units present in this structure, which was only possible by MS at the amount of material applied.

Fragmentation of glycoconjugates inside the mass spectrometer

In addition to information on relative molecular mass, the formation of structurally informative fragment ions is one of the important features of MS. Among the three desorption/ionisation methods discussed here, fragment ions useful for the characterization of S-layer relevant glycoconjugates are ob-tained spontaneously by PDMS or by in-source collision induced dissociation (CID) in case of ESIMS and post source decay (PSD) combined with MAL-DIMS. For large glycoconjuates (relative molecular mass s 2,500) these fragment ions are not very informative and not of practical use, whereas for small molecules they may yield important structural information especially in combination with other analytical methods [e.g., nuclear magnetic resonance spectroscopy (NMR)]. In case of the tyrosine-linked carbohydrate moiety (hexasaccharide) isolated from the S-layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus S102-70 PDMS with su¤cent material (ten times more necessary than for relative molecular mass determination) generated high energy CID-like fragment ions. The detailed interpretation of those PDMS data combined with NMR and monosaccharide/amino acid data provided the complete structure of this important glycopeptide containing a new O-glycosidic linkage [START_REF] Christian | Complete structure of the tyrosine-linked saccharide moiety from the surface layer glycoprotein of Clostridium thermohydrosulfuricum S-102-70[END_REF]. The same glycopeptide was analysed by ESIMS applying insource CID (a prerequisite is a highly puri¢ed compound) resulting in a mass spectrum as shown in Fig. 7. A number of intense fragment ions (Y n , n = 1^5, low enenergy CID fragmentation) corresponding to the subsequent loss of monosaccharide moieties from the protonated molecular ion could be observed, but only the combination of the ESIMS, NMR and linkage analysis data can give the detailed structure. For the study of the biosynthesis of glycan structures present in S-layer glycoproteins it is necessary to isolate and characterize in detail sugar nucleotides which are present only in low amounts. First attempts have been made to apply PSD combined with MALDIMS for the structural elucidation of glycosyl esters of nucleoside pyrophosphates. A large number of fragment ions especially relevant to the glycosyl moiety have been detected by PSD MAL-DIMS at the low picomole level [START_REF] Dorner | Matrixunterstu ë tzte Laserdesorption/ Ionisationsmassenspektrometrie von Zuckernukleotiden[END_REF] and will help to shed some light on the biosynthesis of O-linked oligosaccharides of S-layer glycoproteins.

Conclusions and perspectives

PDMS, MALDIMS and ESIMS have, in the last years, brought mass spectrometry into the ¢eld of glycoconjugate/protein chemistry and have e¡ectively demonstrated the potential of MS in S-layer research. The sensitivity of all the mentioned mass spectrometric methods is adequate at least for protein studies and, especially with the recently developed desorption/ionisation techniques, so high that MS, for the ¢rst time, is ahead of the traditional isolation/puri¢cation and analytical procedures. 6. Uncited reference [START_REF] Domon | A systematic nomenclature for carbohydrate fragmentations in FAB-MS/MS spectra of glycoconjugates[END_REF] 
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  . Messner et al. / FEMS Microbiology Reviews 20 (1997) 25^46 2. Bacterial glycosylated S-layer proteins : glycoproteins have been established as constituents of archaeal [1^3] as well as of bacterial cell envelopes [3^5]. They form crystalline arrays composed of homogeneous glycoprotein species exhibiting a considerable variety of glycan structures, none of which is known to occur in eukaryotes. In comparison to eukaryotic glycoproteins the number of prokaryotic glycoproteins known so far is rather small (approximately 20 di¡erent S-layer glycans structures). Despite this limitation in number, the glycan structures of all S-layer glycoproteins investigated, together with the available information on the composition of analyzed carbohydrate-protein linkage regions, led to some generalizations concerning the architecture of S-layer glycoprotein glycans.

  bacterial S-layer glycoproteins di¡er considerably from eukaryotic ones. Even individual strains of a species can exhibit a remarkable degree of heterogeneity regarding the structural organization and chemical composition of the crystalline array. Structure elucidation of S-layer glycans was achieved by a combination of chemical methods, including periodate oxidation, Smith-type hydrolysis, methylation analysis, and 1D and 2D 1 H and 13 C NMR spectroscopy. Analyses were performed on glycopeptides which were obtained after exhaustive proteolytic digestion of S-layer subunits with pronase E and puri¢ed by gel-permeation chromatogra-P. Messner et al. / FEMS Microbiology Reviews 20 (1997) 25^46 phy, CIEC, chromatofocusing and reversed phase-HPLC [3].

L111- 69

 69 showed that the O-antigen like regions are linked to the respective S-layer polypeptides via an almost identical tetrasaccharide core composed of -3KLRhap1-3KLRhap1-3KLRhap1-3LDGalp1-(indicated by shaded boxes in

Fig. 1 .

 1 Fig. 1. Schematic drawing of the cell envelope composition of Gram-positive (a) and Gram-negative (b) bacteria underlining structural similarities between S-layer glycoproteins and LPS. C, core region; CM, cytoplasmic membrane; CW, cell wall; G, glycan chain; O, O-antigen ; OM, outer membrane; PG, peptidoglycan (from [3]; with permission from R.G. Landes Comp.).

  and core structures seem to be absent. In bacteria long-chain glycoprotein glycans are attached to the S-layer polypeptide predominantely by O-glycosidic linkages. Some of them possess comparatively rare linkages via tyrosine such as D-galactosyl-O-tyrosine, and in short chains without repeats, D-glucosyl-Otyrosine. The proposed relationship between bacterial Slayer glycoproteins of Gram-positive bacteria and LPS of Gram-negative bacteria is based upon the following observations : (1) Sugar monosaccharides that were once thought to be unique to LPS have been identi¢ed as constituents of S-layer glycoprotein glycans. (2) S-layer glycans of the investigated bacteria show a tripartite structure and are composed of O-antigen like, variable carbohydrate chains strain-speci¢cally built of identical repeats, that are covalently linked via a short core saccharide to the S-layer polypeptide. More experiments are required to obtain conclusive results about the biosynthetic routes of S-layer glycoproteins fom bacteria. However, the current data indicate the occurrence of nucleotide-activated mono-and oligosaccharides, di¡erent carrier lipids, P. Messner et al. / FEMS Microbiology Reviews 20 (1997) 25^46

  [START_REF] Lortal | Crystalline surface-layers of the genus Lactobacillus[END_REF] using SDS-PAGE and negative staining electron microscopy. More recently, freeze-etching experiments on intact cells and optical di¡raction analyses of selfassembly products were performed which allowed the structural characterization of the S-layer proteins. The following parameters for the oblique lattices were determined : a = 4.1 to 5.4 nm, b = 9 to 11 nm and Q = 76 to 85³ (M. Sa è ra, unpublished

Fig. 2 .

 2 Fig. 2. SDS-PAGE of the total cell protein content of four di¡erent strains of L. helveticus showing the predominant S-layer protein band ; on the left, molecular weight standard proteins (kDa).

Fig. 3 .

 3 Fig. 3. ESI mass spectra of the puri¢ed S-layer protein of strain L. helveticus ISLC5 and reconstructed mass spectrum indicating an averaged mass value of 43,850.

Fig. 4 .

 4 Fig. 4. Transmission electron microscopy (a) of whole cells of L. helveticus showing the three layered structure (A,B,C) of the cell wall, and the layer C corresponding to the S-layer [48,54]. Freeze-etched preparation (b) of the surface of L. helveticus showing the regular oblique lattice. Bars, 100 nm.
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 441 Polyglutamate surface polypeptides in Bacteria and Archaea Helmut Ko ë nig 3 , Ruth Niemetz Beyond the major cell wall components of Bacte-ria and Archaea prokaryotes produce capsular exopolymers varying widely in their chemical composialso exopolypeptides composed of only one type of amino acid, namely glutamate [58^64], were formed. In Bacteria the glutamate residues possess the Lor D-con¢guration. D-glutamic acid residues are usually Q-linked, while L-glutamine residues are K-linked. In the case of Bacillus anthracis they play an important role in the pathogenesis. Recently, in alkalophilic halococci also a poly-Q-glutamine cell wall polymer was discovered, which is described here and compared with the well known exopeptides of Bacteria. Occurrence of polyglutamate exopeptides in Bacteria 4.1.1. Distribution The cell walls of various bacteria can possess unusual high contents of glutamic acid in their cell wall preparations, which were found to originate from a capsular polyglutamic acid polymer [58^64]. The capsule of Bacillus anthracis surrounds the cells as a uniform layer [65]. Polyglutamyl capsules have been found in several bacteria mainly assigned to the Gram-positive phylogenetic branch (Table
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 2 Occurrence of polyglutamte exopeptides in Archaea 4.2.1. Distribution Extremely halophilic coccoid Archaea have been placed into the genera Natronococcus and Halococcus. The archaeon Natronococcus occultus survives optimally in extremly alkaline biotopes with a pHvalue between 9.5 and 10.0 and a salt concentration around 3.5 mol l ÿ1 [78], while Halococcus prefers more neutral pH values. The cell wall polymer of Halococcus morrhuae is a complex heteropolysaccharide [79], whereas a polyglutamate glycoconjugate forms the cell wall polymer of Natronococcus occultus [Niemetz, R., Ka ë rcher, U., Kandler, O., Tindall, B., Ko ë nig, H. Eur. J. Biochem., submitted]. It di¡ers from all known archaeal cell wall structures [80] such as pseudomurein, methanochondroitin, heterosaccharides or S-layer (glyco-)proteins in its chemical composition and the linkage mode of its oligosaccharides.
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 5426551 Fig. 5. Proposed structure of the repeating units (A-C) of the cell wall polymer of Natronococcus occultus. The exact distribution of the repeating units was not determined.

Fig. 6 .

 6 Fig. 6. Positive-ion MALDI mass spectrum of S-layer protein/glycoprotein mixture isolated from Clostridium thermosaccharolyticum strain E207-71. The spectrum (sum of 10 laser pulses) was obtained on a linear time-of-£ight instrument at 30 kV accelerating voltage with an nitrogen laser at 337 nm. K-Cyano-4-hydroxy cinnamic acid was used as matrix and preparation was done as described [88]. [M 1 ] n (n = 1^3) denotes the main S-layer protein ions and [M 2 ] n (n = 1^2) corresponds to highly glycosylated forms. The relative molecular mass for M 1 was measured as 75,620 (determined from the m/z values of [M 1 ] , [M 1 ] 2 and [M 1 ] 3 ions).

Fig. 7 .

 7 Fig. 7. Positive-ion ESI mass spectrum of the tyrosine-linked carbohydrate moiety [L-D-Galf-(1C3)-K-D-Galp-(1C2)-K-L-Rhap-(1C3)-K-D-Manp-(1C3)-K-L-Rhap-(1C3)-L-D-Glcp-(1C4)-L-Tyr] isolated from the S-layer glycoprotein of Thermoanaerobacter (formerly Clostridium) thermohydrosulfuricus strain S102-70 [90]. The spectrum was obtained on a quadrupole instrument with a dedicated ESI source with an increased cone voltage (90 V). The sample was dissolved in water/acetonitrile (containing 1% formic acid and introduced via loop injection. [MH] denotes the protonated molecular ion and [MX] (X= Na or K) cationised molecular species. The nomenclature of the fragment ions (Y n ) corresponds to that of Domon and Costello [92] (Man, mannose; Gal, galactose; Rha, rhamnose).
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Table 1

 1 

	lope LPS is bound. O-antigens of lipopolysaccha-
	rides, which are attached at the distal end of the
	core oligosaccharide [31^33], can form linear tri-or
	pentasaccharide repeating units, others consist of
	branched tetra-or hexasaccharides [34]. Most of
	the constituting sugars are hexoses, but unusual spe-
	cies such as 3,6-dideoxyhexoses and 2,4,6-trideoxy-
	hexoses, amino sugars, hexuronic acids, and neura-
	minic acid have been found, too. Additionally,
	O-acetyl groups are present as immunodominant
	parts of the serologic epitopes [32]. Gram-positive
	bacteria (Fig. 1, left panel) possess a much simpler
	cell wall pro¢le. In contrast to LPS no lipophilic
	anchor for the carbohydrate chains is present in

Table 2

 2 

	Elemental composition of the surface of intact and LiCl treated cells of L. helveticus (atom fraction, %, excluding hydrogen; average from two separate cultures) determined by X-ray electron spectroscopy (adapted form reference [53])
	Element	Intact cells	LiCl-treated cells
	C O N P K S	60.11 30.42 8.95 0.52 D D	57.79 35.23 5.93 1.04 BLD BLD
	Abbreviations: D, detected, but too low to be considered quanti-tatively; BDL, below detection limit.

Table 3 Microorganisms

 3 

	with polyglutamate exopeptides		
	Domain/Species	Con¢guration	Linkage	Reference
	Bacteria			
	Bacillus anthracis	D	Q	[58,61]
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