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Abstract

Sialidases or neuraminidases are enzymes that catalyze the cleavage of terminal sialic acids from 

oligosaccharides and glycoconjugates. They play important roles in bacterial and viral infection 

and have been attractive targets for drug development. Structure-based drug design has led to 

potent inhibitors against neuraminidases of influenza A viruses that have been used successfully as 

approved therapeutics. However, selective and effective inhibitors against bacterial and human 

sialidases are still being actively pursued. Guided by crystal structural analysis, several derivatives 

of 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en or DANA) were designed and 

synthesized as triazole-linked transition state analogs. Inhibition studies revealed that glycopeptide 

analog E-(TriazoleNeu5Ac2en)-AKE and compound (TriazoleNeu5Ac2en)-A were selective 

inhibitors against Vibrio cholerae sialidase, while glycopeptide analog (TriazoleNeu5Ac2en)-AdE 

selectively inhibited Vibrio cholerae and A. ureafaciens sialidases.
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1. Introduction

Sialic acids are negatively charged monosaccharides with a nine-carbon backbone and are 

often found as the terminal residues of cell-surface glycoconjugates involved in many 

important cellular events.1 Sialidases or neuraminidases (EC 3.2.1.18) are exoglycosidases 

that catalyze the cleavage of terminal sialic acids from oligosaccharides and 

glycoconjugates. They have been found in many organisms including bacteria, viruses, 

fungi, and mammals.2 All sialidases share a common catalytic domain of a canonical six-

bladed β -propeller fold despite variation on the sources, lengths, and protein sequences.2–4 

Based on protein sequence similarities, most viral neuraminidases are grouped in glycoside 

hydrolase family 34 (GH34) and GH83 in the Carbohydrate Active Enzyme (CAZy) 

database (www.CAZy.org).3–6 For bacterial and eukaryotic exosialidases and trans-

sialidases, most are in CAZy GH33 family except for SiaHI from a Gram-negative oral 

anaerobe Tannerella forsythia (GH NC), 7, 8 a GH1 family enzyme with both β -

glucuronidase and sialidase activities, as well as multifunctional bacterial sialyltransferases 

with sialidase and trans-sialidase functions in CAZy glycosyltransferase GT42 and GT80 

families.9–11 Some sialidases have one or more carbohydrate-binding modules (e.g. CBM32, 

CBM40) and other domains in addition to their catalytic domain.12–15

Sialidases are known virulence factors for some microorganisms.16–18 For example, 

sialidases secreted by epidemic strains of Vibrio cholerae play an important role in infection 

and are potential drug targets against cholera.19 Streptococcus pneumoniae is a Gram-

positive bacterium and a human opportunistic pathogen capable of causing respiratory- tract 

infections, pneumonia, otitis media, bacteremia, sepsis, and meningitis.20–22 Three sialidases 

(SpNanA, SpNanB, and SpNanC) have been identified and characterized from 

Streptococcus pneumoniae strains. 23–25 Among these, both SpNanA and SpNanB have 

been found to be essential for bacterial infection26 and are considered as valid drug targets.27

Rational design of sialidase inhibitors based on protein crystal structures has been 

implemented successfully for identifying effective influenza A virus neuraminidase 

inhibitors as anti- influenza drugs including Zanamivir (Relenza, GlaxoSmithKline),16 

Oseltamivir (Tamiflu, Gilead/Roche), and more recently Peramivir (Rapivab, BioCryst).
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28–31 Development of selective inhibitors against bacterial sialidases lags behind despite that 

a number of crystal structures are available and the mechanisms of actions are known.32, 33

A sialidase transition state analog, 2-deoxy-2,3-didehydro-N- acetylneuraminic acid 

(Neu5Ac2en (1) or DANA, 1, Figure 1),34 is a nonspecific inhibitor against numerous 

sialidases from influenza viruses, bacteria, and human. In this study, by comparing the 

crystal structures of SpNanA catalytic domain and its complex with Neu5Ac2en and 9-

azido-9-deoxy-Neu5Ac2en (Neu5Ac9N32en, 2 ), several triazole-linked Neu5Ac2en-derived 

structures were designed and synthesized as potential inhibitors against bacterial sialidases. 

Selective inhibitors against Vibrio cholerae sialidase have been identified which can serve as 

probes to investigate its roles in bacterial infection.

2. Results and discussion

2.1. Structure of SpNanA and design of sialidase inhibitors

We have shown previously that modifications of Neu5Ac2en at C9 and C5 can improve the 

selectivity of its inhibition against some sialidases.35 Installation of an azido group at C9 of 

Neu5Ac2en also provides a chemical handle for further modification to improve the 

selectivity for sialidase inhibitors.36 We obtained a novel crystal structure of the catalytic 

domain of SpNanA in complex with 9-azido-9-deoxy-Neu5Ac2en (Neu5Ac9N32en, 2 , 

Figure 1) (PDB accession code 5KKY) and compared this structure to its complex with 

Neu5Ac2en.34 The Neu5Ac9N32en binds to SpNanA in a similar way as Neu5Ac2en in 

other known structures,18, 37 but surprisingly the SpNanA is a homodimer with 

Neu5Ac9N32en in two different conformations in the active sites of two different subunits 

(Figure 2).

The 9-azide group on Neu5Ac9N32en forms hydrogen bonds to the side chain of Tyr680 and 

Gln587 in the active sites of both subunits in the asymmetric unit. Interestingly, in subunit B, 

the 9- azide group on Neu5AcN32en forms an extra hydrogen bond to the main-chain 

oxygen of Gly692 from another adjacent subunit due to crystal packing (not shown in Figure 

2). Furthermore, the peptide segment around Gly692 (Glu691-Gly692-Lys693- Glu694) is 

nicely patched onto the inhibitor. As a result, the Neu5Ac9N32en binding site is covered by 

a peptide segment Glu691-Gly692-Lys693-Glu694 (Figure 3). The proximity of “Glu691-

Gly692-Lys693-Glu694” of the neighboring subunit with Neu5Ac9N32en” indicates the 

potential favorable interaction of peptides with the protein surface of the active site. Linkage 

of peptide with Neu5Ac9N32en.

Guided by the crystal structure of SpNanA complexed with Neu5Ac9N32en as well as the 

virtual docking of SpNanA with different peptide-modified Neu5Ac9N32en, we 

hypothesized that a peptide-modified Neu5Ac9N32en would result in a selective inhibitor 

against SpNanA. A convenient design would be linking the peptide and Neu5Ac9N32en via 

a Cu(I)-catalyzed azide and alkyne cycloaddition (CuAAC) reaction.38

2.2. Synthesis of glycopeptide sialidase inhibitors

To test the hypothesis, three triazole-linked C9-modified Neu5Ac2en analogs were designed. 

These were synthesized by clicking Neu5Ac9N32en (2) to derivatives of an amino acid L-
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alanine (3), a dipeptide of an L-alanine and a D-glutamate (4), or a tetrapeptide of L-

glutamate-L-alanine-L-lysine-L-glutamate (5) with a propargyl group replacing the side 

chain of the L-alaninee residue. As shown in Scheme 1, compound 3 was synthesized by 

removal of the fluorenylmethyloxycarbonyl (Fmoc) group from commercially available 

Fmoc-protected propargyl glycine. Propargyl-modified peptides 4–5 were produced using a 

standard solid phase peptide synthesis (SPPS) process with a Fmoc- protected strategy 

(Scheme 1). Glycoconjugate inhibitors including monoamino acid-containing 

glycoconjugate (TriazoleNeu5Ac2en)-A (6), dipeptide-containing glycoconjugate 

(TriazoleNeu5Ac2en)-AdE (7), and tetrapeptide- containing glycoconjugate E-

(TriazoleNeu5Ac2en)-AKE (8) were then readily obtained by CuAAC with in situ 

generation of Cu(I) from CuSO4·5H2O and sodium ascorbate (Scheme 2).39

2.3. Inhibition studies

Inhibition studies were performed using a microtiter-plate- based colorimetric assay.41 

Neu5Acα2–3GalβpNP was used as the substrate in the presence of a β-galactosidase which 

was responsible to cleave the GalβpNP released by the sialidase of interest to form p NP 

whose reading at A405 nm at pH higher than 9.5 was corresponding to the activity of the 

sialidase.

Several enzymes were tested. These included a recombinant human cytosolic sialidase 

NEU2 (hNEU2),41 and a panel of bacterial sialidases such as commercially available 

sialidases from V. cholerae , C. perfringens , and A. ureafaciens , as well as recombinant 

sialidases SpNanA, SpNanB, and SpNanC,23, 40 Bifidobacterium longum subsp. infantis 
ATCC15697 sialidase 2 (BiNanH2),42 and Pasteurella multocida multifunctional 

sialyltransferase 1 with α2–3-sialidase activity (PmST1).9

Initially, each compound was used in a concentration of 1 mM (Table 1) and 0.1 mM (Table 

2) to obtain percentage inhibition values to identify potential inhibitor candidates for further 

analysis. As shown in Table 2, the presence of 0.1 mM of Neu5Ac2en (1) led to more than 

50% inhibition for all sialidases tested except for SpNanB, SpNanC, and PmST1. This was 

consistent with previous results,35, 43 indicating that Neu5Ac2en (1) is a general inhibitor 

against most hydrolytic sialidases. Its 9- azido-9-deoxy-modification in Neu5Ac9N32en (2) 

was well tolerated by sialidases that are susceptible for Neu5Ac2en inhibition except for 

hNEU2 and BiNanH2. In comparison, conjugating of Neu5Ac9N32en (2) with a propargyl 

amino acid, dipeptide, or tetrapeptide enhanced the selectivity of the inhibitor significantly. 

Compounds (TriazoleNeu5Ac2en)-A (6) and E- (TriazoleNeu5Ac2en)-AKE (8) retained the 

inhibitory activity against V. cholerae sialidase but not other sialidases tested. Quite 

interestingly, (TriazoleNeu5Ac2en)-AdE (7) with a D-glutamate residue in the dipeptide was 

better tolerated by some Neu5Ac9N32en (2)-sensitive sialidases including SpNanA and A. 
ureafaciens sialidase in addition to V. cholerae sialidase.

As shown in Table 3, IC50 values obtained for potential inhibitors confirmed that 

monoamino acid-conjugate (TriazoleNeu5Ac2en)-A (6) and tetrapeptide-conjugate E- 

(TriazoleNeu5Ac2en)-AKE (8) were selective inhibitors against V. cholerae sialidase with 

an IC50 value of 13.5 ± 0.5 μM and 28.9 ± 3.2 μM, respectively, which were close to that of 
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Neu5Ac9N32en (2) (20 ± 1 μM). Dipeptide-conjugate (TriazoleNeu5Ac2en)-AdE (7) was 

also a selective inhibitor against V. cholerae and A. ureafaciens sialidases.

2.4. Docking studies

Molecular docking studies were performed to better understand the inhibitory effects of 

compounds 6 and 7 on V. cholerae sialidase (Figure 4). Flexible docking of compound 8 was 

unsuccessful due to its size and flexibility. The binding of the core Neu5Ac2en structure in 

2 , 6 , and 7 was unchanged relative to co-crystallized 1 (PDB accession number 1w0o, 

Figure 4A). Edge-to-face pi-pi interactions between the triazole and F638 (Figure 4C–4D) 

were predicted for 6 and 7 , while the azide of 2 was predicted to fit underneath F638 

(Figure 4B). No hydrogen bonding contacts were predicted between the peptide and the 

enzyme, although intramolecular hydrogen bonds between the carboxyl groups of compound 

7 (Figure 4D) were predicted. These results indicate that the additional binding interaction 

between the triazole moiety and the protein positions the peptide chain in compounds 6 and 

7 away from the active site.

The alignment of the sequences of the sialidases used in this study (Figure S1) shows that 

only C. perfringens sialidase contains a residue homologous to V. cholerae F638. This 

residue is Y248, and although it is aromatic and potentially capable of pi stacking with the 

triazole moiety of the inhibitors, the two sialidases share only 26% sequence identity. It is 

therefore not surprising that the inhibitors do not interact with the two enzymes in the same 

manner.

3. Conclusions

Based on analysis of crystal structures of SpNanA in the presence of Neu5Ac2en and 

Neu5Ac9N32en, respectively, several triazole-linked C9-modified Neu5Ac2en analogs were 

synthesized and their inhibitory activities were tested. Although the peptide-conjugates 

obtained were not selective inhibitors against SpNanA, monoamino acid-conjugate 

(TriazoleNeu5Ac2en)-A (6) and tetrapeptide-conjugate E-(TriazoleNeu5Ac2en)-AKE (8) 

were shown to be selective inhibitors against V. cholerae sialidase, and dipeptide-conjugate 

(TriazoleNeu5Ac2en)-AdE (7) was a selective inhibitor against V. cholerae and A. 
ureafaciens sialidases. This indicates that conjugating a peptide to a proper position of 

sialidase transition state analog via a triazole linker is a suitable strategy to obtain sialidase 

inhibitors with improved selectivity.

4. Experimental section

4.1. Materials

All chemicals were obtained from commercial suppliers and used without further 

purification. 1H NMR (400 or 800 MHz) and 13C NMR (400 or 800 MHz) spectra were 

recorded on a Bruker Avance-400 Spectrometer (400 MHz for 1H, 100 MHz for 13C) or a 

Avance-800 Spectrometer (800 MHz for 1H, 200 MHz for 13C). High resolution 

electrospray ionization (ESI) mass spectra were obtained using a Thermo Electron LTQ-

Orbitrap Hybrid MS at the Mass Spectrometry Facility in the University of California, 

Davis. Column chromatography was performed using RediSep Rf silica columns or an 
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ODS-SM column (51 g, 50 μ m, 120 Å, Yamazen) on the CombiFlash® Rf 200i system. 

HPLC purification was carried out using Shimadzu SCL-10AVP with reverse-phase C18 

column. Analytical thin-layer chromatography was performed on silica gel plates 60 GF254 

(Sorbent technologies) using anisaldehyde stain for detection. Fmoc protected propargyl 

glycine and D-glutamic acid (Chem-Impex), Rink amide resin ChemMatrix® (pcas 

BioMatrix Inc.), Fmoc- protected L-glutamic acid and L-lysine ( AAPPTec), DIEA (Acros), 

COMU (NovaBiochem). Neu5Ac2en and Neu5Ac9N32en were synthesized as reported 

previously.35 Sialidases from V. cholerae , and A. ureafaciens were purchased from 

Prozyme. Sialidases from C. perfringens (CpNanI) was purchased from Sigma Aldrich. 

SpNanA and SpNanB,23 hNEU2,41 Bifidobacterium longum subsp. infantis ATCC15697 

sialidase 2 (BiNanH2),42 and PmST19 were expressed and purified as described previously.

4.2. Protein crystallization

The crystals of SpNanA-Neu5Ac9N32en complex were grown by the sitting-drop, vapor-

diffusion method. Before crystallization, the purified protein (~5 mg/mL) was incubated 

with 5 mM of Neu5Ac9N32en for 30 min. Screening of crystallization conditions was 

performed using sitting-drop vapor diffusion in 96-well plates (Hampton Research) at 291 K 

by mixing 2 μ L of the protein solution with 2 μ L of the reagent solution from the sparse 

matrix Crystal Screens 1 and 2, and Index Screen (Hampton Research). The best crystals 

were grown from a reservoir solution containing Tris-HCl (pH 8.5, 100 mM), lithium sulfate 

(0.2 M), 25% PEG3350. Crystals were plate- shaped and took 2–3 days to reach a maximal 

length of 0.05 mm.

4.3. X-ray diffraction data collection and structure determination

Crystals were transferred from the crystallization plate to a well solution supplemented with 

25% glycerol and then frozen directly by liquid nitrogen. Data were collected at NIH at 100 

K using Rigaku Raxis IV X-ray generator and CCD detector. Data processing and scaling 

were performed with HKL2000.44 The structure was solved by molecular replacement using 

Phaser45 and SpNanA structure (PDB: 2VVZ)34 as a search model. The model was built 

with Coot46 and refined with Phenix.47 Final R and Rfree values were 15.4% and 20.7%, 

respectively. The final refined coordinates for SpNanA bound with Neu5Ac9N32en and its 

structure factor have been deposited in RCSB Protein Data Bank with accession code 5KKY.

4.4. Synthesis of propargyl glycine (3)

Fmoc-protected propargyl glycine (200 mg) was dissolved in 20 mL of piperidine/DMF 

solution (1:4). Reaction was stirred for 30 minutes at room temperature. The volume was 

reduced by rotary evaporation and 25 mL of cold ether was added to precipitate the amino 

acid. The suspended mixture was centrifuged at 4000 rpm at 4 °C for 10 minutes and 

washed twice with cold ether (10 mL × 2). The amino acid was loaded onto a C18 cartridge 

for flash purification (ACN/H2O). 1H NMR (D2O, 400 MHz): δ 3.89 (t, 1H, J = 5.4 Hz), 

2.87–2.81 (m, 2H,), 2.52 (t, 1H, J =2.6Hz).13CNMR (D2O, 101 MHz):δ 172.7, 77.5, 73.4, 

52.8, 20.4. HRMS (ESI) calculated (M-H) 112.0404, found 112.0415.
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4.5. General procedures for synthesizing compounds 4 and 5

Peptides 4 and 5 were synthesized using standard SPPS on Rink Amide high yield resin 

(loading = 0.45 mmol/g). The beads were swollen in DMF for 1 hr prior to coupling. Each 

peptide bond formation was done with 3 eq. of the Fmoc protected amino acid, 3 eq. of 

COMU coupling reagent, and 6 eq. of DIEA in DMF. Reaction was mixed constantly at 

room temperature for 30–60 minutes and monitored by Kaiser test. Beads were washed with 

DMF (3×) MeOH (3×) DMF (3×) after coupling. The N- terminus Fmoc deprotection was 

done in 1:4 piperidine:DMF mixed constantly for 30 minutes at room temperature. Beads 

were washed with DMF (6×) after deprotection. The peptide was cleaved from the bead 

using the cleavage cocktail TFA:H2O:TIPS = 95:2.5:2.5 by volume. The TFA was 

evaporated and cold diethyl ether was added to precipitate peptide. The solution was 

centrifuged at 4000 rpm at 4 °C for 10 minutes and decanted (3× in cold ether). The peptide 

was dissolved in water for reverse-phase HPLC purification (ACN/H2O).

(propargyl)-AdE (4)—1H NMR (D2O 600 MHz): δ 4.41 (dd, 1H, J = 9.6, 4.8 Hz), 4.21 (t, 

1H, J = 6.0 Hz) 2.92 (m, 2H), 2.60 (app. d, 1H), 2.41–2.50 (m, 2H), 2.12–2.18 (m, 1H), 

1.94–2.01 (m, 1H) 13C NMR (D2O, 150 MHz): δ 178.1, 175.6, 168.3, 76.1, 74.3, 53.0, 51.4, 

30.9, 26.6, 20.9, HRMS (ESI) calculated (M+H) 242.1135, found 242.1151.

E-(propargyl)-AKE (5)—1H NMR (D2O 400 MHz): 4.56 (t, J = 6.5 Hz, 1H), 4.40 – 4.30 

(m, 2H), 4.14 (t, J = 6.5 Hz, 1H), 3.00 (t, J = 7.6 Hz, 2H), 2.76 (dd, J = 6.6, 2.7 Hz, 2H), 

2.65 – 2.37 (m, 5H), 2.29 – 1.60 (m, 8H), 1.55 – 1.30 (m, 2H). 13C NMR (101 MHz, D2O) δ 
177.41, 177.08, 175.65, 173.35, 171.29, 169.27, 78.81, 72.69, 53.62, 52.74, 52.34, 52.20, 

39.13, 30.28, 30.19, 29.85, 26.25, 26.21(2C), 21.93, 21.04. HRMS (ESI) calculated (M - H) 

497.2365, found 497.2336.

4.6. General procedures for synthesizing sialidase inhibitors 6–8

The synthesis of inhibitors 6–8 was done using a 1:1 molar ratio (0.03–0.1 mmol) of 

Neu5Ac9N32en and the propargyl- modified peptide brought to a 200 mM solution in H2O. 

Sodium ascorbate (10 mol%) was added followed by 2 mol% of copper(II) sulfate. The 

mixture was stirred at room temperature overnight. The reaction was concentrated and 

purified using SEC with Bio-Gel P2 before reverse-phase HPLC purification (ACN/H2O).

(TriazoleNeu5Ac2en)-A (6).—1H NMR (D2O, 800 MHz): δ 7.91 (s, 1H), 5.68 (d, 1H, J 
= 2.2 Hz), 4.79 (m, 1H), 4.50 (dd, 1H, J = 14.3 and 7.9 Hz), 4.45 (d, 1H, J = 9.1 Hz), 4.27–

4.30 (m, 1H), 4.19 (d, 1H, J = 10.9 Hz), 4.02–4.05 (m, 1H), 3.98–4.02 (m, 1H), 3.49 (d, 1H, 

J = 3.49 Hz), 3.32–3.35 (m,1H), 3.25–3.28 (m, 1H) 2.04 (s, 3H). 13C NMR (D2O, 200 

MHz): δ 175.1, 173.5, 169.8, 148.1, 142.0, 125.7, 107.9, 75.4, 69.5, 68.5, 67.7, 54.7, 53.7, 

50.2, 26.7, 22.3. HRMS (ESI) calculated (M-H) 428.1423, found 428.1412.

(TriazoleNeu5Ac2en)-AdE (7).—1H NMR (D2O, 800 MHz): δ 7.93 (s, 1H), 5.68 (d, 1H, 

J = 1.8 Hz), 4.81 (d, 1H, J = 2.7 Hz), 4.51 (dd, 1H, J = 14.4, 7.8 Hz), 4.46 (dd, 1H, J = 8.9, 

2.3 Hz), 4.28–4.30 (m, 1H), 4.17–4.20 (m, 2H), 4.03–4.07 (m, 1H), 4.00 (t, 1H, J = 6.9 Hz), 

3.48 (d, 1H, J = 8.8Hz), 3.17–3.23 (m, 2H) 2.14–2.18 (m, 1H) 2.08–2.13(m, 1H), 1.96 (s, 

3H), 1.96–2.01 (m, 1H), 1.84–1.91 (m, 1H); 13C NMR (D2O, 200 MHz): δ 181.1, 176.3 
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(2C), 174.7, 169.5, 147.9, 141.9, 125.4, 107.6, 74.9, 69.2, 68.3, 67.5, 53.8, 53.6, 53.4, 49.8, 

33.5, 28.7, 27.6, 22.0, HRMS (ESI) calculated (M - H) 556.2009, found 556.1983.

E-(TriazoleNeu5Ac2en)-AKE (8).—1H NMR (D2O, 800 MHz): 7.88 (s, 1H), 6.03 (s, 

1H), 4.69 (s, 1H), 4.47 (m, 2H), 4.28 (m, 3H), 4.06 (m, 2H), 3.53 (d, J = 9.4 Hz, 1H), 3.21 

(m, 2H), 2.96 (t, J = 7.8 Hz, 2H), 2.49 (q, J = 9.1, 8.6 Hz, 4H), 2.19 – 1.91 (m, 7H), 1.82 – 

1.54 (m, 5H), 1.37 (s, 3H). 13C NMR (201 MHz, D2O) δ 176.88, 176.08, 175.64, 174.80, 

173.24, 171.56, 168.92, 166.89, 145.08, 142.02, 125.14, 110.62, 75.38, 69.15, 68.48, 66.92, 

53.52, 53.48, 53.30, 52.64, 52.01, 49.64, 39.02, 30.27, 29.93, 28.98, 27.03, 26.16, 25.92, 

25.81, 21.94, 21.80. HRMS (ESI) calculated (M - H) 813.3384, found 813.3343.

4.7. Inhibition assay

Percentage Inhibition assays were carried out in duplicate sets in a 384-well plate. All 

reactions were final volume of 20 μ L containing Neu5Acα2–3GalβpNP (0.3 mM) and β-

galactosidase (12 μg) with inhibitor concentration of 0.1 mM or 1.0 mM. The assay 

conditions for various sialidases were as follows: A . ureafacienssialidase (0.5 mU), NaOAc 

buffer (100 mM, pH 5.5); C. perfringenssialidase (NanI, 1.3 mU), MES buffer (100 mM, pH 

5.0); V. cholera sialidase (0.6 mU), NaCl (150 mM), CaCl2 (10 mM), NaOAc buffer (100 

mM, pH 5.5); SpNanA (0.75 ng), NaOAc buffer (100 mM, pH 6.0); SpNanB (3 ng), NaOAc 

buffer (100 mM, pH 6.0); SpNanC (10 ng), MES buffer (100 mM, pH 6.5); PmST1 (0.2 μ 

g), NaOAc buffer (100 mM, pH 5.5), CMP (0.4 mM); hNEU2 (0.6 μ g), MES buffer (100 

mM, pH 5.0); BiNanH2 (4 ng), NaOAc buffer (100 mM, pH 5.0). The reactions were carried 

out for 30 minutes and quenched with CAPS buffer (N-cyclohexyl-3-aminopropane sulfonic 

acid, 40 μ L, 0.5 M, pH 10.5). The amount of p-nitrophenolate formed was determined by 

measuring A405 nm of the reaction mixtures using a microplate reader.

Inhibition assays for obtaining IC50 values were carried out in duplicates in a 384-well plate 

similarly as described above except that twelve different concentrations of inhibitors in the 

range of 0 to 10 mM were used (varied from 10 mM, 5 mM, 2.5 mM, 1 mM, 0.5 mM, 0.1 

mM, 50 μM, 25 μM, 10 μM, 5 μM, 2.5 μM, 1 μM, 0.5 μM, 0.1 μM, 50 nM, 10 nM, 5 nM, 

and 0 nM). IC50 values were obtained by fitting the average values to get the concentration-

response plots using software Grafit 5.0.

4.8. Docking studies

Three dimensional coordinate files for inhibitors 6 and 7 were generated using Open Babel,
48 while inhibitor 2 was generated using PyMOL from Neu5Ac2en (1) in V. cholerae 
sialidase crystal structure (PDB 1w0o). Docking was performed using Autodock Vina49 and 

the docking results were analyzed in PyMOL.50

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of Neu5Ac2en (1) and Neu5Ac9N32en (2).
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Figure 2. 
The novel complex structure between SpNanA and Neu5Ac9N32en (2). There are two 

subunits. A (red) and B (blue) in an asymmetric unit shown in the up panel. The bound 

Neu5Ac9N32en molecules in subunits A and B are shown in light blue and pink sticks, 

respectively. The close up views of Neu5Ac9N32en binding sites in subunits A (left) and B 

(right) are shown in the lower panel. The side chains of amino acid residues involving in the 

hydrogen bond interactions with Neu5Ac9N32en are shown in green sticks. Potential 
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hydrogen bond interactions between the Neu5Ac9N32en and the protein are shown in red 

dashed lines.
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Figure 3. 
Crystal packing contact of Neu5Ac9N32en (2) in the active site of the B subunit of SpNanA 

with the adjacent subunit. The inhibitor (pink sticks) is hydrogen-bond (shown in red dashed 

lines) interacting with the peptide segment (yellow sticks) Glu691-Gly692-Lys693-Glu694 

from the adjacent symmetric-related subunit A (different from the subunit A in the same 

asymmetric unit shown in Figure 2).

Slack et al. Page 15

Bioorg Med Chem. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Docking results presenting semi-transparent electrostatic potential surface (red is negative 

and blue is positive) of V. cholerae sialidase structure (PDB accession number 1w0o) with 

A , co-crystallized Neu5Ac2en (1); as well as docked B, 2; C, 6; and D, 7.
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Scheme 1. 
Synthesis of propargyl-containing amino acid (3) or peptides 4–5. (a) piperidine, DMF; (b) 

Fmoc-D-Glu, COMU, DIEA, DMF; (c) piperidine, DMF; (d) Fmoc-L-propargyl-Gly, 

COMU, DIEA, DMF; (e) piperidine, DMF; (f) TFA: H2O: TIPS = 95:2.5:2.5; (g) Fmoc-L-

Glu, COMU, DIEA, DMF; (h) piperidine, DMF; (i) Fmoc-L-Lys, COMU, DIEA, DMF; (j) 

piperidine, DMF; (k) Fmoc-L-propargyl-Gly, COMU, DIEA, DMF; (l) piperidine, DMF; 

(m) Fmoc-L-Glu, COMU, DIEA, DMF; (n) piperidine, DMF; (o) TFA: H2O: TIPS = 95: 

2.5: 2.5.
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Scheme 2. 
Synthesis of glycoconjugates 6–8 from Neu5Ac9N32en (2). (a) CuSO4·5H2O, sodium 

ascorbate, H2O.
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