Zoeisha S Chinoy 
  
Emilie Montembault 
  
Kelley W Moremen 
  
Anne Royou 
  
Frédéric Friscourt 
email: f.friscourt@iecb.u-bordeaux.fr.
  
  
  
  
  
  
  
  
  
  
  
  
  
Impacting Bacterial Sialidase Activity by Incorporating Bioorthogonal Chemical Reporters onto Mammalian Cell Surface Sialosides

Bioorthogonal chemical reporters, in synergy with click chemistry, have emerged as a key technology for tagging complex glycans in living cells. This strategy relies on the fact that bioorthogonal chemical reporters are highly reactive species while being biologically noninvasive. Here, we report that chemical reporters and especially sydnones may have, on the contrary, enormous impact on biomolecule processing enzymes. More specifically, we show that editing cell-surface sialic acid-containing glycans (sialosides) with bioorthogonal chemical reporters can

INTRODUCTION

Sialic acids are anionic nine-carbon carbohydrates generally found as terminal sugars of mammalian cell-surface glycoproteins and glycolipids. [START_REF] Chen | Advances in the biology and chemistry of sialic acids[END_REF] Because of their distinct cellular location, sialo-glycoconjugates (also known as sialosides) are often key mediators of physiological and pathological events involving interactions between the cell and its exogenous environment. [START_REF] Varki | Sialic acids in human health and disease[END_REF] Given the preponderance of sialic acids on mammalian cells, microorganisms, and especially bacteria, have evolved to exploit cell-surface sialosides for nutrition, adhesion, and infection. [START_REF] Corfield | Bacterial sialidases -Roles in pathogenicity and nutrition[END_REF] More specifically, most pathogenic bacteria express sialidases, enzymes responsible for the cleavage of sialic acid residues from mammalian sialosides, in order to utilize the released sialic acid not only for incorporation into their own glycan structures, allowing them to evade the host's immune system, [START_REF] Vimr | Diversity of microbial sialic acid metabolism[END_REF] but also to unmask underlying glyco-receptors for secreted toxins. [START_REF] Lewis | Lewis WG Host sialoglycans and bacterial sialidases: a mucosal perspective[END_REF] Sialidase substrate specificity has been shown to vary greatly between bacterial strains. Previous studies have highlighted that both the underlying glycan composition and the nature of the mammalian sialic acid residue, including N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and keto-deoxy-nonulosonic acid (KDN), can affect sialidase activity in vitro. [START_REF] Chokhawala | Chen X High-throughput substrate specificity studies of sialidases by using chemoenzymatically synthesized sialoside libraries[END_REF][START_REF] Cao | Chen X Sialidase substrate specificity studies using chemoenzymatically synthesized sialosides containing C5-modified sialic acids[END_REF][START_REF] Khedri | Chen X Probe sialidase substrate specificity using chemoenzymatically synthesized sialosides containing C9-modified sialic acid[END_REF][START_REF] Parker | Kohler JJ Sialidase specificity determined by chemoselective modification of complex sialylated glycans[END_REF][START_REF] Heise | Langereis JD Metabolic oligosaccharide engineering with alkyne sialic acids confers neuraminidase resistance and inhibits influenza reproduction[END_REF] In addition, small chemical modifications at various positions of Neu5Ac may also impact the activity of some bacterial sialidases. For instance, naturally occurring 9-O-acetylated sialic acids on mucins have been shown to decrease enteric bacterial sialidases activity, regulating the rate of sialic acid release. 11 Reutter and co-workers have also demonstrated that the activity of a sialidase from Clostridium perfringens was reduced in vitro toward Neu5Ac having elongated N-acyl side chains. [START_REF] Keppler | Pawlita M Biosynthetic modulation of sialic acid-dependent virus-receptor interactions of 2 primate polyoma viruses[END_REF][START_REF] Lieke | Invasion of Trypanosoma cruzi into host cells is impaired by N propionylmannosamine and other N-acylmannosamines[END_REF] More recently, to enhance glycan-labeling protocols, recent studies have exploited certain bacterial sialidases to remove competing natural cell-surface sialosides while leaving chemically modified sialosides intact. For instance, Kohler and co-workers utilized Salmonella typhimurium sialidase to improve photo-cross-linking yields of diazirine modified sialoproteins, [START_REF] Mccombs | Enhanced cross-linking of diazirine modified sialylated glycoproteins enabled through profiling of sialidase specificities[END_REF] and Boons and co-workers showed that biotinylated sialoproteins were resistant to Arthrobacter ureafaciens sialidase treatment (see Figure 1). [START_REF] Sun | Boons GJ One-step selective exoenzymatic labeling (SEEL) strategy for the biotinylation and identification of glycoproteins of living cells[END_REF] The metabolic oligosaccharide engineering (MOE) strategy has become an essential technology for labeling sialosides in living cells and organisms. [START_REF] Saxon | Cell surface engineering by a modified Staudinger reaction[END_REF][START_REF] Wratil | Metabolic glycoengineering with N-acyl side chain modified mannosamines[END_REF] In this approach, unnatural bioorthogonal azido-sialic acids are incorporated into cell-surface sialoconjugates by hijacking the cell's glycan biosynthetic machinery. Subsequently, the azide functionality is reacted, using efficient and complementary click chemistry, with a chemical probe, enabling covalent attachment of fluorophores onto sialosides for imaging. [START_REF] Sletten | From mechanism to mouse: a tale of two bioorthogonal reactions[END_REF][START_REF] Friscourt | Boons G-J A fluorogenic probe for the catalyst-free detection of azide tagged molecules[END_REF][START_REF] Friscourt | Boons G-J Polar dibenzocyclooctynes for selective labeling of extracellular glycoconjugates of living cells[END_REF] Despite the many attractive features of employing azido sugars for the MOE, azides can be reduced to amines in biological systems via the action of thiols. [START_REF] Chinoy | Friscourt F Selective engineering of linkage-specific α2,6-N-linked sialoproteins using sydnone-modified sialic acid bioorthogonal reporters[END_REF] To overcome this limitation, we recently reported that sydnones, mesoionic 1,3-dipoles, could be employed, as novel highly stable bioorthogonal chemical reporters, for the labeling of sialosides in living mammalian cells. [START_REF] Chinoy | Friscourt F Selective engineering of linkage-specific α2,6-N-linked sialoproteins using sydnone-modified sialic acid bioorthogonal reporters[END_REF] Attractive features of sydnones include high stability, fast kinetics with multiple cyclooctyne probes under metal-free conditions, and synthetic modularity. [START_REF] Chinoy | Friscourt F Selective engineering of linkage-specific α2,6-N-linked sialoproteins using sydnone-modified sialic acid bioorthogonal reporters[END_REF][START_REF] Decuypére | Taran F Sydnone-alkyne cycloaddition: applications in synthesis and bioconjugation[END_REF][START_REF] Favre | Friscourt F Sydnone reporters for highly fluorogenic copper free click ligations[END_REF][START_REF] Favre | Friscourt F Fluorogenic sydnone-modified coumarins switched-on by copper-free click chemistry[END_REF] By definition, bioorthogonal reporters must be biologically noninvasive. However, we recently showed that modifying sialic acids with a sydnone reporter could significantly perturb their recognition by biosynthetic enzymes, resulting in the selective labeling of specific classes of cell-surface sialosides. [START_REF] Chinoy | Friscourt F Selective engineering of linkage-specific α2,6-N-linked sialoproteins using sydnone-modified sialic acid bioorthogonal reporters[END_REF] Therefore, there is an urgent need to systematically investigate the metabolic fate of glycoconjugates modified with bioorthogonal reporters.

Here, we report the impact of unnatural α-2,3and α-2,6-linked sialosides containing an azide or a sydnone reporter, on pathogenic bacterial sialidases activity both in vitro and in living cells (Figure 1). We observed that, while the presence of the bioorthogonal chemical reporters generally simply reduced bacterial sialidases hydrolytic activity, sialosides modified with a sydnone at the 5-position of the terminal sialic acid exhibited complete resistance against cleavage by all bacterial sialidases studied. This finding was further rationalized by in silico modeling of the unnatural sialic acids into the active site of the sialidases.

RESULTS AND DISCUSSION

Synthesis of Sialic Acid-Containing Trisaccharides Modified with Bioorthogonal Chemical Reporters.

To explore systematically the impact of bioorthogonal chemical reporters on bacterial sialidase activity, we prepared 10 model sialic acid-containing trisaccharides, including five α-2,3-linked sialosides either displaying no reporter for control (1) or having an azide or a sydnone at the 9-or 5-position of sialic acid (2-5). Since the sialyl linkage can have a significant effect on bacterial recognition in a species-dependent manner, 3 the corresponding α-2,6-linked sialosides (6-10) were also generated (Figure 2; see the Supporting Information (SI) for procedures). Briefly, we chemoenzymatically synthesized the α-2,3-series (1-5) by performing one-pot two-enzyme sialylation [START_REF] Yu | Chen X A multifunctional Pasteurella multocida sialyltransferase: a powerful tool for the synthesis of sialoside libraries[END_REF] on N-acetyllactosamine (LacNAc)-butyl using reporter-modified sialic acids in the presence of cytidine triphosphate (CTP) and Neisseria meningitidis CMP-sialic acid synthetase (NmCSS) to generate in situ the corresponding cytidine monophosphate (CMP)-sialic acid, and α-2,3-sialyltransferase (ST) from Pasteurella multocida to produce the desired trisaccharides with yields ranging from 75% to 96%. On the other hand, the α-2,6-series (6-10) was efficiently prepared, with yields >95%, by incubating recombinant human ST6GAL1 with isolated CMP-sialic acid derivatives and LacNAc-butyl, since the one-pot two-enzyme sialylation with bacterial α-2,6-ST from Photobacterium damsela only led to poor product formation in our hands.

In Vitro Bacterial Sialidases Activities toward Unnatural Sialosides.

The trisaccharides (1-10) were then evaluated as potential substrates of four bacterial sialidases. Two sialidases from pathogenic Gram-positive bacteria, Clostridium perfringens and Streptococcus pneumoniae, associated with gas gangrene and pneumonia, respectively, and two sialidases from pathogenic Gram-negative bacteria, Vibrio cholerae and Salmonella typhimurium, involved in cholera disease and gastroenteritis, respectively. [START_REF] Corfield | Bacterial sialidases -Roles in pathogenicity and nutrition[END_REF] The sialidases were selected on the basis of their species and colonization site diversity, as well as their known broad substrate specificity. [START_REF] Chokhawala | Chen X High-throughput substrate specificity studies of sialidases by using chemoenzymatically synthesized sialoside libraries[END_REF] To screen bacterial sialidases activity against our unnatural sialosides, we developed an in vitro enzymatic 1 H NMR coupled assay which, unlike previous methods, [START_REF] Cao | Chen X Sialidase substrate specificity studies using chemoenzymatically synthesized sialosides containing C5-modified sialic acids[END_REF][START_REF] Zamora | Sialidases as regulators of bioengineered cellular surfaces[END_REF] is fully compatible with 5-and 9-modified sialic acids, various sialyl linkage specificities, as well as the composition of the underlying glycans. Accordingly, sialosides 1-10 were individually incubated with either C. perfringens, S. pneumoniae, V. cholerae, or S. typhimurium sialidase at 37 °C in acetate buffer made from deuterated water (50 mM, pH 5.5). The enzymatic reactions were then analyzed by monitoring overtime, at 3, 6, and 24 h, the release of the corresponding free sialic acid by 1 H NMR spectroscopy (see Figure 3, as well as Figures S1-S40 in the SI). As expected, while C. perfringens (Figure 3A) and V. cholerae (Figure 3C) sialidases were able to cleave both α-2,3and α-2,6-linked natural sialosides (1 and 6), although with a slight preference for the α-2,3-linked trisaccharide, S. pneumoniae (Figure 3B) and S. typhimurium (Figure 3D) showed efficient cleavage of α-2,3-linked sialosides only. [START_REF] Chokhawala | Chen X High-throughput substrate specificity studies of sialidases by using chemoenzymatically synthesized sialoside libraries[END_REF] Interestingly, while introduction of an azide at the 9-position of sialic acid (2 and 7) resulted in normal or only a slight decrease in activity for all sialidases, 5-azido-modified sialosides (3 and 8) were found to be only moderate substrates, exhibiting between 30% and 80% sialylation remaining after 24 h incubation. Remarkably, sialosides displaying a sydnone moiety (4-5 and 9-10) showed a pronounced resistance to cleavage by all sialidases with the 5-sydnone derivatives (5 and 10) consistently exhibiting 100% sialylation remaining, independent of the bacterial sialidases used or the sialic acid linkage. Collectively, these data reveal that C. perfringens, S. pneumoniae, V. cholerae, and S. typhimurium sialidases activity is generally decreased by the presence of bioorthogonal reporters on sialic acid residues, especially when incorporated at the 5-position, and that 5-sydnone-modified sialosides are fully resistant to cleavage, suggesting that sialo-editing of cell-surface glycans with a sydnone reporter could have a protective effect against the activity of bacterial sialidases.

In Silico Analysis of the Bacterial Sialidases Binding of Unnatural Sialosides.

To gain insight into the decreased activity of bacterial sialidases toward 5-modified sialosides, especially with a sydnone moiety, as opposed to their 9-modified analogues, we modeled the functionalized sialic acids into the crystal structures of C. perfringens [START_REF] Newstead | Taylor GL The structure of Clostridium perfringens NanI sialidase and its catalytic intermediates[END_REF] (Figure 4), S. pneumoniae (Figure S41 in the SI), V. cholerae (Figure S42 in the SI), and S. typhimurium (Figure S43 in the SI) sialidases. Analysis of the active sites of the various sialidases highlights that key features have been retained through species evolution for efficient sialoside binding, including a triarginal cluster that interacts with the carboxylate group of sialic acid (composed of Arg 266 , Arg 555 , and Arg 615 for the C. perfringens sialidase), and a hydrophobic pocket constituted of nonconserved residues to accommodate the N-acetyl functionality (composed of Thr 345 , Phe 347 , Phe 353 , and Trp 354 for the C. perfringens sialidase), but is generally big enough to fit larger moieties (see Figures 4A and4B, as well as Figures S41-S43). Superimposition of azido-modified α-sialic acids, in their lowest energy conformations, onto the sialidases crystal structures (Figure 4C and Figures S41-S43) showed that the presence of the azide does not impede, significantly, the insertion of the modified sialic acids in the sialidases catalytic sites, reinforcing the azido-substrate promiscuity observed experimentally. Importantly, when sydnone-modified α-sialic acids were superimposed (Figures 4D, as well as Figures S41-S43), we found that the 9-sydnone was oriented toward the solvent, which suggests little impact of the reporter on the sialidases activity. On the other hand, the 5-sydnone was directed toward the tight hydrophobic pocket, generating significant steric clashes between the modified sialic acid residue and the enzyme, which likely prevents substrate binding, in support of the observed lack of activity of bacterial sialidases toward 5-sydnone modified sialosides in vitro.

Bacterial Sialidases Activities toward Unnatural Sialosides on Living Cells.

Encouraged by the aforementioned in vitro results, we set out to investigate the impact of the bioorthogonal chemical reporter displayed on mammalian cell-surface sialoglycans, on the activity of bacterial sialidases. While the MOE technology has enabled the labeling of sialosides in living cells with reporter-modified sialic acids, studies have shown that the level of incorporation of modified sialoglycans strongly varies, depending on the nature of the reporter. [START_REF] Chang | Wu P Metabolic labeling of sialic acids in living animals with alkynyl sugars[END_REF][START_REF] Nischan | Advances in cell surface glycoengineering reveal biological function[END_REF] For a more systematic comparison, to ensure that the mammalian cell-surface is labeled as homogeneously as possible with sialoconjugates displaying varying unnatural sialic acids, we envisaged bypassing the metabolic pathway altogether, by performing sialyltransferase reactions directly on the cell surface. This exoenzymatic labeling strategy, pioneered by Boons and co-workers, utilizes recombinant sialyltransferases and the corresponding nucleotide sugar to install chemical reporters onto cell-surface glycan acceptors. [START_REF] Mbua | Selective exo-enzymatic labeling of N-glycans on the surface of living cells by recombinant ST6Gal I[END_REF] Accordingly, we synthesized and isolated a series of CMP-sialic acid donors containing no reporter (11), an azide (12-13) and a sydnone (14-15), at the 9-or 5-position, respectively, by reacting the modified sialic acids with CTP in the presence of NmCSS (see the SI for details). Next, we evaluated the substrate tolerance of ST6GAL1 and ST3GAL4, sialyltransferases involved in the biosynthesis of N-glycans, toward the reporter-modified CMP-sialic acid donors (11-15) by measuring the kinetics parameters of their enzymatic transfer to the model acceptor LacNAc-butyl (see Table 1, as well as Figures S44 andS45 in the SI). Consistent with previous reports, 21,30 ST6GAL1 appears to be promiscuous toward CMP-sialic acid donors, albeit exhibiting higher activity for the 5-modified sydnone sugar 15 with a k cat /K M value of 181 ± 49 mM -1 min -1 (for reference, ST6GAL1 exhibits a k cat /K M value of 92 ± 25 mM -1 min -1 for the natural CMP-Neu5Ac ( 11)). In contrast, ST3GAL4 showed variable activity, with azido-sugars 12 and 13 being transferred twice as fast as the natural substrate 11 (k cat /K M = 4.7 ± 1.5 mM -1 min -1 ), 5-sydnone CMP-sialic acid (15) being utilized with a 4-fold increase in k cat /K M values (19.5 ± 6.8 mM -1 min -1 ) and 9-sydnone 14 proving to be a very poor substrate. Interestingly, these data highlight that, while the presence of the sydnone moiety at the 5-position of sialic acid seems to impact bacterial sialidase activity, it is readily processed by recombinant human ST6GAL1 and ST3GAL4. A similar finding was recently described for smaller modifications, as in the case of 7-fluorosialyl glycosides. [START_REF] Geissner | Withers SG 7-Fluorosialyl glycosides are hydrolysis resistant but readily assembled by sialyltransferases providing easy access to more metabolically stable glycoproteins[END_REF] Having validated the substrate tolerance of ST6GAL1 and ST3GAL4, we set out to modify the cell-surface sialosides with an azide or a sydnone using the exoenzymatic labeling strategy. Accordingly, U2OS human osteosarcoma cells were first treated with V. cholerae sialidase to increase the number of available glycan acceptors. [START_REF] Sun | Boons GJ One-step selective exoenzymatic labeling (SEEL) strategy for the biotinylation and identification of glycoproteins of living cells[END_REF] Desialylated cells were then incubated, individually, with natural CMP-sialic acid (11) for control, 9-azido-( 12), 5-azido-( 13), 9-sydnone-( 14), or 5-sydnone-CMP-sialic acid derivative (15) in the presence of ST6GAL1 or ST3GAL4 for labeling α-2,6or α-2,3-N-linked sialoproteins, respectively. Sialo-edited cells were then treated with BCN-biotin conjugate and stained with Streptavidin-AlexaFluor568 for analysis by confocal fluorescence microscopy (Figure 5A). In good agreement with our in vitro ST substrate tolerance study, robust cell surface staining was observed with all CMP-sialic acid derivatives incubated with human ST6GAL1 or ST3GAL4, except for the 9-sydnone sugar (14)/ST3GAL4 labeling cocktail, confirming that the exoenzymatic labeling strategy can be employed for editing cell-surface sialosides with various types of reporters. Next, to validate regular processing of the cell-surface sialo-edited proteins (which may involve multiple mammalian sialidases), we examined the turnover of the labeled glycoproteins by flow cytometry (Figure 5B). U2OS cells were pulse labeled with 9-azido-( 12), 5-azido-( 13), 9-sydnone-( 14), or 5-sydnone-CMP-sialic acid derivative (15) in the presence of ST6GAL1, as described previously, and then chased (incubated in a medium free of modified sugars and ST6GAL1) over time (at 0, 6, and 24 h), by reacting the labeled sialoproteins with BCN-biotin conjugate and staining with Streptavidin-AlexaFluor568. In good correlation with ST6GAL1 kinetic constants (Table 1), the efficiency of the labeling step (t = 0 h) is clearly dependent on the nature of the reporter, with sydnone derivatives being more efficiently incorporated than their corresponding azides, leading to higher maximum fluorescence. In contrast, all fluorescence signals decreased over time at similar rates, indicating that neither the reporters nor their positions on the sialic acid residue impede turnover of the labeled cell-surface sialoproteins. Regular processing of the labeled sialosides is crucial for cell-surface engineering techniques to probe biological function with minimal impacts.

Finally, we examined the bacterial sialidases activity against the engineered glycocalyx in living cells. Accordingly, U2OS cells were first glyco-edited in a sialyl linkage specific fashion with 9-azido-( 12), 5-azido-( 13), 5-sydnone- (15), or natural CMP-sialic acid

CONCLUSION

In summary, we showed that mammalian cell-surface sialosides displaying bioorthogonal chemical reporters on the sialic acid residue affect the activity of pathogenic bacterial sialidases in a reporter-dependent manner. In particular, both in vitro screening assays and experiments on living cells demonstrated that incorporation of a sydnone reporter at the 5-position of the terminal sialic acid residue of mammalian sialosides had a protective effect against their hydrolysis by sialidases from both Gram-positive C. perfringens and S. pneumoniae, as well as Gram-negative V. cholerae and S. typhimurium bacteria, a critical step in bacterial host-invasion and pathogenesis. Importantly, this study shows that bioorthogonal reporters are not innocent bystanders and can have a dramatic impact on enzyme activity.

METHODS

Sialidase-1 H NMR Assay for the Detection of Sialic Acid Cleavage from Sialyl-LacNAc butyl.

The activity of sialidases from Clostridium perfringens (C. perfringens, 16.7 mU μmol -1 of sialyl-LacNAc-butyl), Streptococcus pneumoniae (S. pneumoniae, 5.23 U μmol -1 of sialyl LacNAc-butyl), Vibrio cholerae (V. cholerae, 23.8 mU μmol -1 of sialyl-LacNAc-butyl), and Salmonella typhimurium (S. typhimurium, 16.6 mU μmol -1 of sialyl-LacNAc-butyl), toward the synthesized sialylated LacNAc-butyl compounds (1-10) were performed in sodium acetate buffer (50 mM, pH 5.5, containing 5 mM CaCl 2 ) at a concentration of 5 mM of the sialyl-LacNAcs. Enzyme assay mixtures were incubated at 37 °C, and the cleavage was monitored by 1 H NMR at 3, 6, and 24 h. Figure S1-S40 are representative examples of the cleavage monitored by 1 H NMR. The experiments were repeated twice for each compound, averaged and plotted (Figure 3).

Pulse-Chase Experiment of Unnatural Sialic Acids Edited Living U2OS Cells Analyzed by Flow Cytometry.

250 000 cells per well (U2OS) were seeded in 6-well plates, and incubated for 24 h. The cells were then treated with a 1 mL solution of V. cholerae sialidase (82.5 mU) in DMEM without Phenol Red, for 2 h at 37 °C. After the treatment, cells were washed three times with PBS, and incubated with a 750 μL freshly prepared solution containing the ST6GAL1 (50 μg), the respective CMP-sialic acid (0.7 mg, CMP-Neu9Az 12, CMP-Neu5Az 13, CMP Neu9SydCl 14, or CMP-Neu5SydCl 15), BSA (0.7 mg) and CIAP (11 U) in DMEM without Phenol Red, for 2 h at 37 °C. The cells were washed three times with PBS, followed by incubation in fresh DMEM for 0, 6, and 24 h at 37 °C. Then, after each time point, the cells were incubated with 750 μL of BCN-biotin conjugate (50 μM) in DMEM (without Phenol Red, glucose 4.5 g L -1 , FBS 10%) for 1 h at RT. The cells then were washed four times with PBS and incubated with 750 μL of Streptavidin-Alexa 568 (5 μg mL -1 ) in DMEM (without Phenol Red, glucose 4.5 g L -1 , FBS 10%) for 1 h at RT. After four washes with PBS, cells were detached using trypsin/EDTA and collected with fresh medium. After centrifugation at 300g for 5 min, cells were resuspended in 300 μL of resuspension buffer (BSA 0.1%, EDTA 1 mM in PBS). Then, cells were analyzed using a BDFACS Canto BD LSRFortessa (BD Biosciences) flow cytometer. The analysis of the data was performed using FCSalyzer (Figure 5B).

Substrate Specificity Studies of Bacterial Sialidases on Glyco-Edited Living U2OS Cells with Unnatural Sialic Acids.

150 000 cells per well (U2OS) were seeded in 12-well plates, each containing glass coverslips (18 mm diameter) and incubated for 24 h. The cells were then treated with a 500 μL solution of V. cholerae sialidase (50 mU) in DMEM without Phenol Red, for 2 h at 37 °C. After the treatment, cells were washed three times with PBS, and incubated with a 300 μL freshly prepared solution containing the sialyltransferase (50 μg), the respective CMP-sialic acid (0.4 mg, CMP-Neu9Az 12, CMP-Neu5Az 13, or CMP-Neu5SydCl 15), BSA (0.3 mg) and CIAP (5 U) in DMEM without Phenol Red, for 2 h at 37 °C. The cells were washed three times with PBS, followed by incubation with a 500 μL solution of the sialidase (50 mU, C. perfringens, V. cholerae, S. typhimurium, or S. pneumoniae) for 2 h at 37 °C.

Finally, to determine if the sialidase cleaved the cell-surface sialic acids, the cells were washed four times with PBS and incubated with 500 μL of BCN-biotin conjugate (50 μM) in DMEM (without Phenol Red, glucose 4.5 g L -1 , FBS 10%) for 1 h at RT. Then, the cells were washed four times with PBS and incubated with 70 μL of Streptavidin-Alexa 568 (5 μg mL -1 ) in DMEM (without Phenol Red, glucose 4.5 g L -1 , FBS 10%) for 1 h at RT. After four washes with PBS, cells were fixed using paraformaldehyde 4% in PBS for 30 min at RT. Finally, the slides were mounted using SlowFade reagent containing DAPI (Thermo Fisher) and imaged on an inverted confocal microscope (Model SP8, Leica) with 
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 1 Figure 1.Potential factors impacting bacterial sialidases activity.
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 2 Figure 2.Natural and reporter-modified model sialosides (1-10).
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 3 Figure 3. Substrate specificity studies of sialidases from (A) C. perfringens, (B) S. pneumoniae, (C) V. cholerae, and (D) S. typhimurium. The percentage of sialylation remaining was determined at 0, 3, 6, and 24 h of incubation with the respective sialidase by 1 H NMR. Error bars are indicative of the standard deviation of two individual experiments.

Figure 4 .

 4 Figure 4. Reporter-modified sialic acids modeled into the active site of C. perfringens sialidase (gray, PDB ID: 2BF6). (A, B) Calculated α-Neu5Ac (cyan) superimposed with crystallized α Neu5Ac (beige) in the sialidase active site, highlighting their interactions with the triarginal cluster (pink) and residues of the hydrophobic pocket (green). (C) Superimposed calculated 5-(dark green) and 9-modified azido-α-Neu5Ac (light green) in the sialidase active site. (D) Superimposed calculated 5-(pink) and 9-modified sydnone-α-Neu5Ac (off-pink) in the sialidase active site. For details on energy minimization calculation of the sugars and their in silico superimposition, see the SI.

Figure 5 .

 5 Figure 5. Exoenzymatic glycan labeling of living U2OS cells with modified CMP-sialic acids by human ST6GAL1 or ST3GAL4. (A) Fluorescence microscope images of U2OS cells incubated with CMP-Neu5Ac (11), CMP-Neu9Az (12), CMP-Neu5Az (13), CMP Neu9SydCl (14), and CMP-Neu5SydCl (15) in the presence of human recombinant ST6GAL1 or ST3GAL4, treated with BCN-biotin conjugate and stained with Streptavidin AlexaFluor568 (Gray) and DAPI (Red), Scale bar = 25 μm. (B) Flow cytometry analysis of pulse-chase experiments over 24 h, involving U2OS cell-surface sialosides labeled by CMP-Neu9Az (12), CMP-Neu5Az (13), CMP-Neu9SydCl (14), and CMP-Neu5SydCl(15) in the presence of human recombinant ST6GAL1, or no sugar and detected by reaction of BCN-biotin conjugate, followed by Streptavidin-AlexaFluor568.

Figure 6 .

 6 Figure 6. Substrate specificity studies of bacterial sialidases on glyco-edited living U2OS cells with unnatural sialic acids. Fluorescence microscope images of U2OS cells incubated with CMP-Neu9Az (12), CMP-Neu5Az (13), and CMP-Neu5SydCl (15) in the presence of human recombinant ST6GAL1 or ST3GAL4, treated with C. perfringens, V. cholerae, S. typhimurium, or no sialidase, reacted with BCN-biotin conjugate and stained with Streptavidin-AlexaFluor568 (gray) and DAPI (red). Scale bar = 25 μm.

Table 1 . 8 a

 18 Kinetic Constants of the Sialylation of LacNAc-Butyl by Human ST6GAL1 or ST3GAL4 in the Presence of CMP-Neu5Ac (11), CMP-Neu9Az (12), CMP-Neu5Az (13), CMP-Neu9SydCl (14), or CMP-Neu5SydCl (15) Data obtained using fixed enzyme and LacNAc-butyl concentrations while varying the concentrations of the CMP-sialic acid donors. b Data measured previously under the same conditions. 21
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