William L Sheldon 
  
Matthew S Macauley 
  
Edward J Taylor 
  
Charlotte E Robinson 
  
Simon J Charnock 
  
Gideon J Davies 
  
David J Vocadlo 
  
Gary W Black 
email: gary.black@northumbria.ac.uk
  
  
  
  
Functional analysis of a group A streptococcal glycoside hydrolase Spy1600 from family 84 reveals it is a beta-N-acetylglucosaminidase and not a hyaluronidase
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Synopsis

Group A streptococcus (Streptococcus pyogenes) is the causative agent of severe invasive infections such as necrotizing fasciitis (the so-called "flesh eating disease") and toxic shock syndrome. Spy1600, a glycoside hydrolase from family 84 of the large superfamily of glycoside hydrolases, has been proposed to be a virulence factor.

Here we show that Spy1600 has no activity toward galactosaminides or hyaluronan, but does remove β-O-linked N-acetylglucosamine from mammalian glycoproteins; an observation consistent with the inclusion of eukaryotic O-GlcNAcases within Glycoside Hydrolase family 84. Proton NMR studies, structure-reactivity studies for a series of fluorinated analogues, and analysis of NAG-thiazoline as a competitive inhibitor reveals that Spy1600 uses a double-displacement mechanism involving substrate-assisted catalysis. Family 84 glycoside hydrolases are therefore comprised of both prokaryotic and eukaryotic β-N-acetylglucosaminidases using a conserved

Introduction

Family 84 glycoside hydrolases [START_REF] Coutinho | Carbohydrate-Active Enzymes server at URL[END_REF] are a group of enzymes found in higher eukaryotes and pathogenic or symbiotic bacteria. The first family 84 glycoside hydrolase cloned was identified as a tumour associated antigen termed MGEA5 [START_REF] Heckel | Novel immunogenic antigen homologous to hyaluronidase in meningioma[END_REF]. This enzyme had most likely been earlier isolated as hexosaminidase C [3] and shown to have exo-β-N-acetylglucosaminidase activity. Further studies [START_REF] Dong | Purification and characterization of an O-GlcNAc selective N-acetyl-β-D-glucosaminidase from rat spleen cytosol[END_REF] using protein purified from rat brain defined this enzyme as O-GlcNAcase, a key regulatory enzyme responsible for mediating the removal of O-linked N-acetylglucosamine (O-GlcNAc) from serine and threonine residues of post-translationally modified proteins [START_REF] Torres | Topography and polypeptide distribution of terminal N-acetylglucosamine residues on the surfaces of intact lymphocytes. Evidence for O-linked GlcNAc[END_REF]. The rat brain O-GlcNAcase was later cloned and found to be identical to MGEA5 in sequence and it has been proposed that this enzyme has both O-GlcNAcase and hyaluronidase activity [START_REF] Comtesse | Identification of a nuclear variant of MGEA5, a cytoplasmic hyaluronidase and a β-N-acetylglucosaminidase[END_REF]. Preliminary studies of the family 84 NagH enzyme from Clostridium perfringens have also suggested that this enzyme is a hyaluronidase [START_REF] Canard | Molecular genetic analysis of the nagH gene encoding a hyaluronidase of Clostridium perfringens[END_REF].

Based on these studies, several members of this family of enzymes have been annotated as hyaluronidases. Human family 84 O-GlcNAcase has been shown to use a substrate-assisted catalytic mechanism to effect removal of O-GlcNAc residues from proteins [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF], a mechanism in which the 2-acetamido group of the substrate acts as a nucleophile to form a bicyclic oxazoline intermediate (Figure 1). This is in contrast to some other hexosaminidases, such as the bacterial β-Nacetylglucosaminidases from glycoside hydrolase family 3 that, instead, use an enzymatic nucleophile [START_REF] Vocadlo | Detailed comparative analysis of the catalytic mechanisms of β-N-acetylglucosaminidases from families 3 and 20 of glycoside hydrolases[END_REF]. Recently, X-ray structural studies of two bacterial family 84 enzymes have given strong support to the substrate-assisted catalytic mechanism for family 84 enzymes [START_REF] Rao | Structural insights into the mechanism and inhibition of eukaryotic O-GlcNAc hydrolysis[END_REF][START_REF] Dennis | Structure and mechanism of a bacterial β-glucosaminidase having O-GlcNAcase activity[END_REF] yet despite genome annotations, no unambiguous studies have addressed whether family 84 glycosidases do genuinely process hyaluronan [START_REF] Comtesse | Identification of a nuclear variant of MGEA5, a cytoplasmic hyaluronidase and a β-N-acetylglucosaminidase[END_REF].

As part of an ongoing study into virulence factors from the human pathogen group A streptococcus, we are interested in Spy1600, a family 84 glycoside hydrolase from this organism. Group A streptococcus causes severe invasive infections such as necrotizing fasciitis and toxic shock syndrome [START_REF] Cunningham | Pathogenesis of group A streptococcal infections[END_REF], and it has recently been estimated that these organisms cause 0.5 million deaths each year [START_REF] Carapetis | The global burden of group A streptococcal diseases[END_REF]. The streptococcal family 84 enzyme has been shown to be upregulated during phagocytosis and has, accordingly, been implicated as a virulence factor [START_REF] Voyich | Genome-wide protective response used by group A Streptococcus to evade destruction by human polymorphonuclear leukocytes[END_REF]. To better understand this putative virulence factor as well as to facilitate the design of potential inhibitors of this enzyme that could eventually prove useful in a clinical setting, we have undertaken a series of studies of this enzyme. Here we describe the cloning, recombinant overexpression and purification, studies on the stereochemical outcome of the enzyme catalyzed reaction, substrate structure-function studies, and inhibition studies. Collectively, these studies show that Spy1600, in common with eukaryotic O-GlcNAcases, uses substrate-assisted catalysis. This enzyme is also capable of cleaving O-GlcNAc from post-translationally modified proteins, opening the possibility that it may encounter this modification during the lifecycle of the bacterium. Furthermore, despite annotation as a putative hyaluronidase, we show that Spy1600 displays no detectable hyaluronidase activity, suggesting that Glycoside Hydrolase Family 84 is comprised of β-N-acetylglucosaminidases and not, as implied by genomic annotations, hyaluronidases.

Experimental

Materials

All materials were purchased from Sigma-Aldrich (Poole, Dorset, U.K.), unless stated otherwise. All methods followed the manufacturer's instructions, where given, or were performed as described by Sambrook et al. [START_REF] Sambrook | Molecular Cloning: A Laboratory Manual[END_REF] Methods Amplification and cloning of ORF encoding Spy1600, a family 84 glycoside hydrolase from Streptococcus pyogenes M1 GAS SF370

The amino acid sequence of the family 84 glycoside hydrolase from Streptococcus pyogenes M1 GAS SF370 (Spy1600) was checked for the presence of a signal peptide, using the SignalP 3.0 server [START_REF] Bendtsen | Improved prediction of signal peptides: SignalP 3.0[END_REF], and common protein domains, using the Pfam database [START_REF] Bateman | The Pfam protein families database[END_REF]. The coding sequence, spy1600, was amplified from genomic DNA from S. pyogenes SF370 (ATCC 700294, [START_REF] Ferretti | Complete genome sequence of an M1 strain of Streptococcus pyogenes[END_REF]) using the following primers: 5'-CAT ATG ACC ATT TAT CAC GCC TTA AAG -3' and 5'-GGA TCC GAT TCG TAT CAG AAG GCC AGA AC -3'. The amplified product was cloned into pCR-Blunt (Invitrogen), then subcloned into pET-28a (Novagen) on an Nde I -Bam HI fragment, and the resulting plasmid designated pSpy1600. The conditions used for amplification were as specified for use with Platinum Pfx DNA polymerase (Invitrogen).

Production and purification of Spy1600

N-terminally hexahistidine-tagged Spy1600 was produced via induction of Escherichia coli BL21 (DE3; Novagen) cultures carrying pSpy1600 following a protocol described in Brown et al. for expression of a different protein [START_REF] Brown | Pectate lyase 10A from Pseudomonas cellulosa is a modular enzyme containing a family 2a carbohydrate-binding module[END_REF], except cultures were grown at 20 o C post-induction. The recombinant protein product was purified via affinity chromatography using nickel-charged Sepharose™ chelating fast flow resin (GE Healthcare) as described in the manufacturer's instructions. The fractions containing pure protein were concentrated, exchanged into 18.2 MΩ cm -1 H 2 O using a 30 kDa cut-off concentrator unit (Viva Science), and the protein concentration determined according to the method of Bradford, using BSA as a standard [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. The purity of Spy1600 was judged by SDS-PAGE [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF] and static nanospray ion-trap mass spectrometry (ThermoFinnigan LCQ Advantage) of a tryptic digest was used to confirmed the identity of the protein.

Spy1600 assays

Assays using 4-methylumbelliferyl (MU) glycosides, i. and MU-2-deoxy-2-trifluoroacetamido-β-D-glucopyranoside (MU-GlcNAcF 3 ), were performed in triplicate and liberated 4-methylumbelliferone was measured, in realtime, using a Bio-Tek FL600 Fluorescence Microplate Reader. Fluorinated substrates were prepared as previously described [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF]. Excitation and emission wavelengths of 360 and 460 nm, respectively were used. Standard assay were performed at 37 o C in a total volume of 100 µl of 20 mM Hepes buffer, pH 7.6, containing 1.0 mg ml -1 BSA and 2.5 x 10 -4 mg Spy1600. The range of substrate concentrations used for determining k cat and K M values was 0.5 -7.0 mM for MU-GlcNAc, 0.7 -3.7 mM for MU-GlcNAcF 1 , 0.7 -3.7 mM for MU-GlcNAcF 2 , and 0.3 -1.3 mM for MU-GlcNAcF 3 . For the latter three substrates, 5.0 x 10 -4 mg, 1.0 x 10 -3 mg and 1.0 x 10 -1 mg of enzyme was added per 100 µl reaction, respectively. Goodness-of-fit statistical analyses of linear trendlines of the resulting Lineweaver-Burke plots yielded R 2 values of ≥ 0.9744. For inhibition assays the range of concentrations of MU-GlcNAc and Copyright 2006 Biochemical Society NAG-thiazoline (Figure 2B) used were 0.1, 0.3, 0.5, 0.7, 1.0, 2.0 mM, and 0.41, 1.23, 3.70, 11.00, 33.00 µM, respectively. Goodness-of-fit statistical analysis of linear trendlines of the resulting Lineweaver-Burke plots produce R 2 values of ≥ 0.9744.

The buffer used for determination of the pH-activity optimum was 20 mM Hepes (pH 6.8, 7.0, 7.2, 7.4, 7.5, 7.6, 7.8, 8.0, 8.2). The effect of divalent ions on enzyme activity was determined by adding CoCl 2 , MgCl 2 , MnCl 2 , BaCl 2 , NiCl 2 and CaCl 2 separately to reactions to yield a final metal ion concentration of 1 mM. Assays for hyaluronidase activity were performed according to the method of Miller [START_REF] Miller | Use of dinitrosalicylic acid reagent for determination of reducing sugar[END_REF].

Reactions were incubated for up to 16 h and contained 2 mg ml -1 Na hyaluronate (Fisher Scientific, UK), 1 mg ml -1 BSA, 20 mM Hepes at a range of pHs (6.5 to 8.5) and Spy1600 at a range of concentrations (7.5 x 10 -6 to 5.0 x 10 -1 mg ml -1 ). Reactions containing 5.0 x 10 -1 mg ml -1 of Spy1600 were also analysed using high-performance anion-exchange chromatography as described by Price et al. [START_REF] Price | Isolation and characterization by electrospray-ionization mass spectrometry and highperformance anion-exchange chromatography of oligosaccharides derived from hyaluronic acid by hyaluronate lyase digestion: Observation of some heretofore unobserved oligosaccharides that contain an odd number of units[END_REF]. An identical concentration of bovine testes hyaluronidase (Sigma, UK) was used according to the manufacturer's instructions as a positive control.

Proton NMR studies of hydrolysis of MU-GlcNAc

1 H NMR spectra were collected at ambient probe temperature with a JEOL Eclipse spectrometer operating at 270 MHz. All reactions were performed in D 2 O using 5 mm NMR tubes containing 1 ml total volume. Both Spy1600 and MU-GlcNAc were lyophilised and resuspended in D 2 O prior to monitoring the reactions. MU-GlcNAc (3.3 mg ml -1 ) was hydrolysed using 2.5 mg ml -1 of Spy1600.

Western blot analyses of human proteins treated with Spy1600

COS-7 cells were cultured to 75 % confluence and cell extract obtained as previously described [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF]. The cell extract was incubated at 37 o C for 36 h in the presence of 1 mM phenylmethylsulphonylfluoride, 1 mM β-mercaptoethanol, 10 mM imidazole (to reduce nonspecific binding to Ni-Agarose) and 2 mg ml -1 of the purified Spy1600 enzyme, where appropriate. Spy1600 was removed prior to Western blotting by two consecutive affinity precipitations using Ni-agarose beads (Qiagen). The samples were electrophoresed through a 10 % (w/v) polyacrylamide gel, blotted onto nitrocellulose, and probed as previously described [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF].

Results and Discussion

Spy1600 is produced in large quantities in E. coli and shares a high degree of sequence similarity with the N-terminal domain of the human O-GlcNacase Spy1600 is predicted to be a non-secretory protein by the SignalP server [START_REF] Bendtsen | Improved prediction of signal peptides: SignalP 3.0[END_REF] and contains a single PfamA domain, annotated as Hyaluronidase_2 [START_REF] Bateman | The Pfam protein families database[END_REF]. We recombinantly expressed full length ORF, spy1600, in E. coli and its product, Spy1600, was obtained in large quantities (~200 mg L -1 ) as a N-terminally hexahistidine-tagged protein. The enzyme was readily purified to homogeneity as judged by SDS-PAGE (Supplementary Figure at http://www.BiochemJ.org/….). Spy1600 is significantly smaller than the human family 84 O-GlcNAcase, however, they are very similar over a ~300 residue stretch that coincides with the location of the Hyaluronidase_2 PfamA domain, and this level of identity includes two aspartates that have been shown to be the catalytic residues in human O-GlcNAcase [START_REF] Cetinbas | Identification of Asp174 and Asp175 as the key catalytic residues of human O-GlcNAcase by functional analysis of site-directed mutants[END_REF] as well as within the structurally characterised bacterial family 84 enzymes [START_REF] Rao | Structural insights into the mechanism and inhibition of eukaryotic O-GlcNAc hydrolysis[END_REF][START_REF] Dennis | Structure and mechanism of a bacterial β-glucosaminidase having O-GlcNAcase activity[END_REF] (Figure 3). This observation suggests that the Hyaluronidase_2 PfamA domain, which these enzymes share in common, likely performs related functions in nature as was first proposed by Hanover [START_REF] Hanover | Glycan-dependent signaling: O-linked Nacetylglucosamine[END_REF] and more recently demonstrated by kinetic studies [START_REF] Cetinbas | Identification of Asp174 and Asp175 as the key catalytic residues of human O-GlcNAcase by functional analysis of site-directed mutants[END_REF][START_REF] Ficko-Blean | Cloning, recombinant production, crystallization and preliminary X-ray diffraction studies of a family 84 glycoside hydrolase from Clostridium perfringens[END_REF][START_REF] Kim | Enzymatic characterization of O-GlcNAcase isoforms using a fluorogenic GlcNAc substrate[END_REF]. Spy1600 shows no hyaluronidase activity and is only active against β-Nacetylglucosaminides Spy1600 and many other family 84 glycoside hydrolases are annotated in GenBank, GenPept and SWISPROT as putative hyaluronidases. Indeed, eukaryotic O-GlcNAcases have been proposed to have hyaluronidase activity on the basis of zymogram-like assays [START_REF] Heckel | Novel immunogenic antigen homologous to hyaluronidase in meningioma[END_REF]. We, however, were unable to detect any hyaluronidase activity when Spy1600 was incubated with hyaluronan using a reducing sugar assay [START_REF] Miller | Use of dinitrosalicylic acid reagent for determination of reducing sugar[END_REF] or using high-performance anion-exchange chromatography [START_REF] Price | Isolation and characterization by electrospray-ionization mass spectrometry and highperformance anion-exchange chromatography of oligosaccharides derived from hyaluronic acid by hyaluronate lyase digestion: Observation of some heretofore unobserved oligosaccharides that contain an odd number of units[END_REF] to look for expected oligosaccharide breakdown products (Figure 4). Given the detection limits of these assays, the upper limit of hyaluroniadase activity that could be present without being observed here is ~1.0 x 10 -6 µmol min -1 mg -1 . We also find that Spy1600 shows activity only against β-N-acetylglucosaminides, with no detectable activity against β-N-acetylgalactosaminides. This difference in epimeric specificity contrasts with the family 20 β-hexosamindases that have nearly equivalent activity towards these substrates [START_REF] Wollen | Studies on glucosaminidase. 3. Testicular N-acetyl-β-glucosaminidase and N-acetyl-βgalactosaminidase[END_REF] and is consistent with other family 84 glycoside hydrolases [START_REF] Dong | Purification and characterization of an O-GlcNAc selective N-acetyl-β-D-glucosaminidase from rat spleen cytosol[END_REF]. We also assayed Spy1600 with several other β-and α-glycosides of methylumberlliferone (see list in Experimental section) and found that none of these are substrates. Owing to the marked sequence similarity between Spy1600 and the Nterminal domain of human family 84 O-GlcNAcase we expected that Spy1600 might have the ability to remove O-GlcNAc from eukaryotic glycoproteins. Using a COS-7 cell extract and incubating Spy1600 with these glycoproteins we were able to show, using an anti-O-GlcNAc antibody in a Western blot analysis, that this enzyme effectively removed O-GlcNAc from eukaryotic O-GlcNAc modified glycoproteins (Figure 5). This O-GlcNAcase activity may be of importance since Spy1600 may, at some point in the life cycle of S. pyogenes, encounter O-GlcNAc and process this modification either for purposes of foraging or for interfering with the host cellular machinery.

Biochemical and biophysical parameters of Spy1600 are similar to those of other

GlcNAcases

The pH-activity optimum for Spy1600 towards MU-GlcNAc is 7.4. When subjected to a 20 min exposure to various temperatures, Spy1600 showed no significant reduction in activity after pre-incubations at 37.6, 46.9, 49.1, 51.4 and 53.1 °C, but was only 33 % active after a pre-incubation at 57 °C, and was completely inactive after a pre-incubation at 68 °C. The percent inhibition of enzyme activity from inclusion of 1 mM divalent metal ions in the assays was as follows: 28 % (Ba 2+ ), 3 % (Ca 2+ ), 28 % (Co 2+ ), 3 % (Mg 2+ ), 20 % (Mn 2+ ) and 46 % (Ni 2+ ). The kinetic parameters, k cat and K M , for Spy1600 against MU-GlcNAc were 32 ± 3 s -1 and 3.6 ± 0.3 mM, respectively, with a k cat /K M value of 9.0 s -1 mM -1 . The k cat and K M values for Spy1600 against MU-GlcNAc are in the same order of magnitude as those for several other GlcNAcases [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF][START_REF] Vocadlo | Detailed comparative analysis of the catalytic mechanisms of β-N-acetylglucosaminidases from families 3 and 20 of glycoside hydrolases[END_REF][START_REF] Li | A novel β-N-acetylglucosaminidase of Clostridium paraputrificum M-21 with high activity on chitobiose[END_REF].

Spy1600 uses substrate-assisted catalysis

Sterochemical outcome

To ascertain the stereochemical outcome of the Spy1600 catalyzed hydrolysis of β-Dglucosaminides the progress of the early stages of the enzyme catalyzed reaction was followed using 1 H NMR. Because N-acetyl-D-glucosamine undergoes mutatrotation only slowly in water [START_REF] Kuhn | About the β-form of N-acetylglucosamine[END_REF] it is possible to monitor the stereochemistry of the anomeric centre of the first formed product of the reaction. The equilibrium state in water at 20 o C is a 2:1 ratio of αto β-anomers for N-acetyl-D-glucosamine [START_REF] Kuhn | About the β-form of N-acetylglucosamine[END_REF].

The anomeric region of the 1 H NMR spectrum of a reaction containing MU-GlcNAc at several time points after adding Spy1600 is shown in Figure 6. The data shows that the first product formed is, unambiguously, the β-anomer and only over time does this species slowly mutarotate to form the α-anomer. The assignment of the resonance at higher chemical shift as the α-anomer and the lower chemical shift resonance as the β-anomer is consistent with literature values [START_REF] Finar | Organic Chemistry. Fundamental Principles[END_REF]. The α-and β-anomers are also identifiable from the magnitudes of the vicinal coupling constant, which is larger for the trans-diaxial arrangement of the H-1 and H-2 protons of the β-anomer (11 Hz) than that observed for the α-anomer (4.5 Hz). Further, comparison to a standard of Nacetyl-D-glucosamine in solution in which the known equilibrium position is obtained is consistent with these assignments. Spy1600 therefore catalyzes the reaction using a retaining catalytic mechanism, consistent with the mechanism proposed for the human family 84 enzyme [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF][START_REF] Cetinbas | Identification of Asp174 and Asp175 as the key catalytic residues of human O-GlcNAcase by functional analysis of site-directed mutants[END_REF] as well as with β-hexosaminidases from family 20 of glycoside hydrolases [START_REF] Drouillard | Serratia marcescens chitobiase is a retaining glycosidase utilizing substrate acetamido group participation[END_REF].

Substrate-assisted catalysis from the 2-acetamido group

To provide direct support for a role of the 2-acetamido group in catalysis a series of fluorinated substrate analogues were studied. Four substrates with different levels of fluorine on the N-acetyl group were used (Figure 2A). Since increasing the number of fluorine withdrawing groups decreases the nucleophilicity of the carbonyl oxygen it is expected that a commensurate decrease in the rate constant governing the enzyme catalyzed reaction should result only if substrate-assisted catalysis is operative.

Assays using these compounds as substrates for Spy1600 revealed Michaelian saturation kinetics for MU-GlcNAc, MU-GlcNAcF 1 , and MU-GlcNAcF 2 , however, the enzymatic activity towards the trifluorinated derivative was too low to be accurately measured using the assay conditions described here (Table 1; Figure 7A).

A plot of the log V max [E] o /K M against the Taft electronic parameter (σ*) of the N-acyl substituent shows a steep negative linear correlation on increasing fluorine substitution (Figure 7B). Such negative correlations have been previously observed for glycoside hydrolases from families 20 and 84 that are known to use substrateassisted catalysis [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF][START_REF] Vocadlo | Detailed comparative analysis of the catalytic mechanisms of β-N-acetylglucosaminidases from families 3 and 20 of glycoside hydrolases[END_REF][START_REF] Jones | Purification, properties, kinetics, and mechanism of β-N-acetylglucosamidase from Aspergillus niger[END_REF], yet remarkably absent for family 3 glycoside hydrolases that use an enzymic nucleophile [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF]. Accordingly, these data strongly implicate the 2acetamido group of the substrate as an intramolecular nucleophile.

Inhibition of Spy1600 using NAG-thiazoline

NAG-thiazoline (Figure 2B) is a potent inhibitor of human O-GlcNAcase [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF] as well as β-hexosaminidases from family 20 of glycoside hydrolases [START_REF] Macauley | O-GlcNAcase uses substrate-assisted catalysis: kinetic analysis and development of highly selective mechanism-inspired inhibitors[END_REF][START_REF] Knapp | NAGthiazoline, An N-Acetyl-β-hexosaminidase Inhibitor That Implicates Acetamido Participation[END_REF]. The potency of this inhibitor for these enzymes is attributed to the similarity of this molecule to the intermediate or a structurally related transition state. We expected that if, as we propose, Spy1600 uses a mechanism involving substrate-assisted catalysis NAGthiazoline should act as a good competitive inhibitor. Indeed, when the compound was assayed as an inhibitor of Spy1600, we observed a clear pattern of competitive inhibition (Figure 8). Non-linear regression analyses reveal a K I value for NAGthiazoline of 5.82 ± 0.01 µM. Although the inhibitor binds approximately 80-fold less tightly to the streptococcal enzyme than it does to human O-GlcNAcase (K I = 0.070 µM) it remains an effective inhibitor of Spy1600. Nevertheless, the observation that NAG-thiazoline is a good inhibitor of Spy1600 is consistent with the substratestructure studies described above as well as with the stereochemical outcome experiment and strongly suggests that all members of Glycoside Hydrolase family 84, both eukaryotic and prokaryotic, use a catalytic mechanism involving anchimeric assistance.

Summary

Spy1600 has been shown to be a family 84 glycoside hydrolase with activity towards N-acetylglucosaminides and no activity towards hyaluronan. Catalysis occurs via a substrate-assisted catalytic mechanism in which the N-acetamido group of the substrate acts as the nucleophile in a double-displacement reaction. By virtue of the fact that Spy1600 is upregulated during phagocytosis, it has been implicated as a virulence factor [START_REF] Voyich | Genome-wide protective response used by group A Streptococcus to evade destruction by human polymorphonuclear leukocytes[END_REF]. Since this enzyme is unlikely to be secreted, as indicated by the SignalP server [START_REF] Bendtsen | Improved prediction of signal peptides: SignalP 3.0[END_REF], we propose that it is involved in the removal of GlcNAc from a variety of glycoconjugates that are imported into the bacterial cell during pathogenesis. Whilst it is formally possible that the enzyme is involved in processing O-GlcNAc from endogenous group A streptococcal proteins within the bacterium, this appears unlikely given that no O-GlcNAc transferase-like sequence is present in the genome sequence of this strain of group A streptococcus. It is thus far more likely that Spy1600 is involved in simple carbohydrate metabolism; a proposal which is supported by the observation that ORFs adjacent to spy1600, and therefore likely to be co-expressed with spy1600, encode (a) a putative transcription regulator with similarity to the transcriptional repressor of the arabinose operon, ORF spy1602; (b) other glycosidases including a putative β-glucosidase, ORF spy1599, and a putative α-mannosidase, ORF spy1604; and (c) putative sugar-binding transport proteins, ORFs spy1593 and spy1595. This genomic organisation strongly supports a role for Spy1600 in glycan foraging, although given its up-regulation during phagocytosis we cannot rule out a direct role in the de-glycosylation of human O-GlcNAc proteins for the purpose of compromising the host cell machinery. 

  e. 2-(MU) α-D-Nacetylneuraminic acid; MU-α-D-galactoside; MU-α-D-mannopyranoside; MU-β-Dgalactoside; MU-β-D-glucuronide; MU-β-D-mannopyranoside; MU-N-acetyl-β-Dglucosaminide (MU-2-acetamido-2-deoxy-β-D-glucopyranoside or MU-GlcNAc); MU-N-acetyl-β-D-galactosaminide; and the three N-fluoroacetyl derivatives of MU-GlcNAc (Figure 2A), MU-2-deoxy-2-fluoroacetamido-β-D-glucopyranoside (MU-GlcNAcF 1 ), MU-2-deoxy-2-difluoroacetamido-β-D-glucopyranoside (MU-GlcNAcF 2 )

Figure 1 .

 1 Figure 1. Schematic representation of the retentive double displacement catalytic mechanism used by family 20 and family 84 GlcNAcases.

Figure 2 .

 2 Figure 2. The fluorinated substrates and inhibitor used in this study. A, structure of the N-fluoroacetyl derivatives of MU-GlcNAc (n = 3 -0, m = 3 -0); B, structure of the NAG-thiazoline inhibitor.

Figure 3 .

 3 Figure 3. Sequence alignments of characterized family 84 enzymes. Boxshaded ClustalW 1.82 alignment of the Hyaluronidase_2 PfamA domain of the structurally characterised family 84 bacterial enzymes, BT4395 from Bacteroides thetaiotaomicron VPI-5482 and CPE1234 from Clostridium perfringens 13, and the human family 84 enzyme with the Streptococcus pyogenes strain SF370 family 84 enzyme, Spy1600. Black background, identical residues; grey background, similar residues; white background, different residues; asterixes, catalytic residues of BT4395, CPE1234 and the human O-GlcNAcase. Identities: B. thetaiotaomicron v C. perfringens, 45 %; B. thetaiotaomicron v S. pyogenes, 32 %; B. thetaiotaomicron v H. sapiens, 33 %; C. perfringens v S. pyogenes, 30 %; C. perfringens v H. sapiens, 31 %; S. pyogenes v H. sapiens, 30 %.

Figure 4 .

 4 Figure 4. High-performance anion-exchange chromatograms of Na hyaluronate digestions with Spy1600 and bovine testes hyaluronidase. A, 0 min incubation with bovine testes hylauronidase; B, 16 h incubation with bovine testes hylauronidase; C, 0 min incubation with Spy1600; D, 16 h incubation with Spy1600. The hyaluronan tetrasaccharide and hexasaccharide peaks can be seen on the chromatogram of the 16 h Na hyaluronate incubation with bovine testes hyaluronidase. However no such peaks can be seen on the chromatogram of the 16 h Na hyaluronate incubation with Spy1600.
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 512 Figure 5. Western blot of proteins from COS-7 cells incubated in presence and absence of Spy1600. Top panel, probed with anti-O-GlcNAc monoclonal IgM antibody; bottom panel, probed with anti-β-actin IgG; lane 1, COS-7 cell extract +
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Spy1600; lane 2, COS-7 cell extract only; lane 3, Spy1600 only; lane 4, COS-7 cell extract + boiled Spy1600. The sizes of the marker proteins are indicated (in kDa).