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ABSTRACT 

Recognition of terminal sialic acids is central to many cellular processes, and structural 

modification of sialic acid can disrupt these interactions. A prominent, naturally occuring, 

modification of sialic acid is 9-O-acetylation (9-O-Ac). Study of this modification through 

generation and analysis of  9-O-Ac sialosides is challenging due to the lability of the acetate group. 

Fundamental questions regarding the role of 9-O-Ac sialic acids remain unanswered, including 

what effect it may have on recognition and hydrolysis by the human neuraminidase enzymes 

(hNEU). To investigate the substrate activity of 9-O-acetylated sialic acids (Neu5,9Ac2) we 

synthesized an acetylated fluorogenic hNEU substrate 2′-(4-methylumbelliferyl)-9-O-acetyl-α-D-

N-acetylneuraminic acid. Additionally, we generated a panel of octyl sialyllactosides containing 

modified sialic acids including variation in linkage, 9-O-acetylation, and C-5 group (Neu5Gc). 

Relative rates of substrate cleavage by hNEU were determined using fluorescence spectroscopy 

and electrospray ionization mass spectrometry. We report that 9-O-acetylation had a significant, 

and differential, impact on sialic acid hydrolysis by hNEU with general substrate tolerance 

following the trend of Neu5Ac > Neu5Gc >> Neu5,9Ac2 for NEU2, NEU3, and NEU4. Both 

NEU2 and NEU3 had remarkably reduced activity for Neu5,9Ac2 containing substrates. Other 

isoenzymes appeared to be more tolerant, with NEU4 even showing increased activity on 

Neu5,9Ac2 substrates with an aryl aglycone. The impact of these minor structural changes to sialic 

acid on hNEU activity was unexpected, and these results provide evidence of the substantial 

influence of 9-O-Ac modifications on hNEU enzyme substrate specificity. Furthermore, these 

findings may implicate hNEU in processes governed by 9-O-acetyltransferases and -esterases.  
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INTRODUCTION 

Sialic acids are a structurally diverse family of carbohydrates; however, the influence of 

subtle structural changes on their biological function is not well understood. These 9-carbon, α-

keto acids are often the terminal (non-reducing) carbohydrate residue of human glycans.1 Their 

location at the periphery of the glycan allows sialic acids to play roles in development, immune 

response, host-pathogen interactions, and tumor metastasis.2, 3 The most common sialic acid in 

humans is the 5-N-acetylneuraminic acid (Neu5Ac), and it is considered to be the precursor for 

most sialic acids. Common modifications of Neu5Ac include a glycolyl group at N-5 (Neu5Gc), 

and O-acetate, -sulfate, -lactate, or -phosphate ester modifications of hydroxyl groups.1 The 9-O-

acetylated form of sialic acid (Neu5,9Ac2) has been implicated in blocking lectin binding,4 yet also 

enhances the affinity of influenza C hemagglutinin.5 Ligands for immune cell lectins, such as 

Siglecs, can be masked by 9-O-acetylation of sialic acid.6 The presence of Neu5,9Ac2 has been 

associated with cancer cell survival through prevention of GD3-mediated apoptosis,7 and 

protection of sialoside substrates from bacterial and viral neuraminidases.8 Despite its recognized 

importance, the specific roles of Neu5,9Ac2 residues have remained unclear. Routine study of 

Neu5,9Ac2 has been hampered by the lability of the O-acetate, particularly under basic 

conditions;9-11 limiting detection strategies to the use of antibodies, lectins, or influenza C 

hemagglutinin-esterase.12 This fact prompted the recent development of a hydrolytically stable 

analog of Neu5,9Ac2 (9-acetamido-9-deoxy-N-acetylneuraminic acid) for glycan microarrays.11  

The 9-O-acetylation of sialosides is regulated in vivo by the action of two opposing enzyme 

activities: sialate-O-acetyltransferases (SOAT) and sialate-9-O-acetylesterases (SIAE). Human 

SIAE have been identified13, 14 and are implicated in several diseases including rheumatoid arthritis 

and type I diabetes.15 In childhood acute lymphoblastic leukemia, there is increased sialic acid O-
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acetylation as a consequence of both decreased SIAE activity and increased SOAT activity.16 

Furthermore, increased 9-O-acetylation has been observed in melanoma, small cell lung 

carcinoma, glioblastoma, and breast carcinomas.17 The removal of the 9-O-acetyl group by 

treatment with SIAE induced apoptosis in both leukemia18 and glioblastoma cells.7 While human 

SIAEs have been known for decades,13, 14 human SOATs have been more challenging to isolate, 

due to the sensitivity of AcT activity to membrane solubilization.19 The protein CASD1 has 

recently been found to be essential for sialic acid 9-O-acetylation in humans;20 however, this 

enzyme may not be responsible for SOAT activity in gangliosides.17 

While both acetylesterases and acetyltransferases are critical to the prevalence of 

Neu5,9Ac2, the ability of these residues to modulate activity of sialic acid modifying enzymes is 

not well understood. Neuraminidase (also called sialidase) enzymes are glycosyl hydrolases which 

cleave the glycosidic linkage of sialiosides (EC 3.2.1.18). Four distinct human neuraminidase 

(hNEU) isoenzymes have been identified (NEU1, NEU2, NEU3, and NEU4). The hNEU 

isoenzymes differ in subcellular localization, tissue expression, and substrate preference.21-25 

Seyrantepe et al. demonstrated that both the sialic acid aglycone and reducing-end sugar have a 

large impact on the relative activity of hNEU.23 While NEU2 and NEU4 can cleave glycoproteins, 

glycolipids, and oligosaccharides;23, 26 NEU1 cleaved only glycoproteins and oligosaccharides, 23, 

27 and NEU3 demonstrated a strong preference for glycolipid substrates.23, 28 Sialic acid diversity 

also impacts hNEU activity. The hNEU are reported to have different activity for Neu5Gc 

substrates compared to Neu5Ac substrates.29,30 Sialic acid oligomers containing Neu5Gc residues 

have reduced substrate activity with NEU1, NEU2, and NEU4.31 The Neu5,9Ac2 residue is known 

to impede the activity of bacterial and viral neuraminidases.32 Reports differ on whether 

Neu5,9Ac2 residues are substrates for mammalian NEU.33-35   
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To the best of our knowledge, a comprehensive study probing the influence of sialic acid 

9-O-acetylation on hNEU modulation has not been carried out. While recent work indicated that 

Neu5,9Ac2, is a poor substrate for NEU2,35 previous work with sialosides containing unnatural 

modifications at C-9 have suggested that variation among isoenzymes could result in disparate 

activity for Neu5,9Ac2 substrates. Substitutions of the 9-OH of Neu5Ac with fluoride, methoxy, 

hydrogen, and azide groups almost completely inhibited NEU2 activity.36 Sandbhor et al. reported 

that 9-azido, -amino, or -aryl groups reduced substrate activity of sialosides for NEU3.37 

Futhermore, the most selective inhibitors known for NEU138 and NEU439 involve modifications 

of 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA) at the C-9 position.25 These examples 

suggest that the C-9 pocket of hNEU enzymes is critical for recognition, and could result in 

differential activity for Neu5,9Ac2 substrates among the isoenzymes.  

Generation of defined sialosides containing Neu5,9Ac2 is necessary for elucidation of 

enzyme specificity. While the generation of 9-O-acetyl sialiosides is challenging, there are 

examples using selective trimethyl orthoacetate chemistry.40-46 Enzymatic strategies using O-

acetyltransferases have been reported.47 In order to test for effects of 9-O-acetylation on hydrolysis 

by hNEU, we generated a fluorogenic substrate containing Neu5,9Ac2: 2′-(4-methylumbelliferyl)-

α-D-9-O-acetyl-5-N-acetylneuraminic acid (4MU-Neu5,9Ac2 2, Figure 1a). A similar strategy has 

been explored for testing the role of N-5 modifications of Neu5Ac on hNEU activity in cell 

lysates.48 Using fluorogenic substrates in combination with purified isoenzymes, we observed that 

substitution of Neu5,9Ac2 for Neu5Ac significantly inhibited cleavage by multiple isoenzymes of 

hNEU. Furthermore, we generated a panel of octyl sialyllactosides (4–9, Figure 1c) containing 

Neu5Gc and Neu5,9Ac2 residues with variation of glycosidic linkages to Gal (either α(2→3) or 

α(2→6)). We observed that trisaccharides containing Neu5,9Ac2 were generally poor substrates 
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for NEU2, NEU3, and NEU4 isoenzymes, with NEU2 having the greatest sensitivity to this 

modified residue. These findings support a role for enzymes that regulate 9-O-acetylation of 

Neu5Ac (i.e. SIAE, SOAT) in altering hNEU activity on cellular sialosides. 

RESULTS AND DISCUSSION 

To investigate the effect of 9-O-acetylation of sialic acid on hydrolysis by hNEU, we 

acetylated 1 at O-9 using the method of Furuhata and Ogura to generate 4MU-Neu5,9Ac2 2.46 

Incubation of 1 or the 9-O-acetylated derivative, 2, with hNEU allowed us to monitor the relative 

rates of hydrolysis by fluorescence spectroscopy. The four hNEU isoenzymes exhibited dramatic 

differences in their ability to hydrolyze Neu5,9Ac2 (Figure 1b). The hNEU isoenzymes 

discriminated between the unmodified and 9-O-modified substrates to different extents. NEU4 

was the only isoenzyme to show a significant (2-fold) preference for the Neu5,9Ac2 substrate. Of 

the other isoenzymes, NEU3 had a 5-fold preference for the Neu5Ac substrate. Remarkably, NEU2 

activity was almost completely inhibited by acetylation of the O-9 position.35 Overall, these data 

clearly demonstrated that the 9-O-Ac modification could have a substantial, isoenzyme-specific, 

influence on hNEU activity. However, we considered that the 4MU-based substrates may be poor 

mimics of the physiological substrates of the enzymes, and proceeded to investigate differences in 

hNEU activity in the context of trisaccharide substrates. 
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Synthesis of octyl sialyllactosides. Human neuraminidase substrate preference depends not only 

on sialic acid but also on the reducing end sugars and aglycone.37 For instance, NEU1 is known to 

prefer 4MU-Neu5Ac 1 over 3’-sialyllactose (the carbohydrate moiety of 3), which in turn was 

cleaved more efficiently than gangliosides. NEU3 demonstrated the opposite preferences, with 

gangliosides being preferred over 4MU-Neu5Ac (1).23 To generate substrates for hNEU similar to 

physiological targets, we prepared analogs of the ganglioside GM3 containing modified sialic acid 

residues (Neu5Ac, Neu5Gc, and Neu5,9Ac2) using a chemoenzymatic strategy (Figure 1c).  

Previous work in our group had shown that an octyl chain is a sufficient mimic of the native 

ceramide in GM3 to maintain NEU3 activity.37 This substitution simplified both the synthesis and 

purification of glycolipid substrates. Smutova et al. observed that the glycosidic linkage between 

sialic acid and galactose had a significant impact on hNEU activity; however, LacNAc derivatives 

did not show large differences from the corresponding Lac derivatives.49 With these data in mind, 

we designed a panel of octyl-sialyllactoside analogues with variable sialic acid residues to 

investigate substrate activity of hNEU. We varied the anomeric linkage of the sialic acid to the 

galactose residue, preparing both α(2→3) (4, 6, 8) and α(2→6) (5, 7, 9; Figure 1c) linkages that 

could act as mimics of glycolipid and glycoprotein linkages, respectively. We also synthesized 

substrates containing Neu5Gc, as the N-glycolyl group has been proposed to influence NEU2 

activity36, 48 and this modified residue can be incorporated into human glycans from dietary 

sources.50-52 

The most facile route to modified sialic acid-containing substrates is through the one-pot, 

chemoenzymatic method developed by Chen and coworkers.42, 53, 54 This approach circumvents 

the challenges faced by chemical methods.55, 56 The acceptor for the chemoenzymatic sialylation 

was β-octyl lactoside, obtained in 5 steps from lactose.37 The Neu5Ac residue was converted to 
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Neu5,9Ac2 in one step.40 Efforts to convert Neu5Ac to Neu5Gc directly were less efficient in our 

hands.57 We found that synthesis of the N-glycolyl-D-mannosamine (ManNGc), which was then 

converted to Neu5Gc chemoenzymatically, provided better yields of the product.58 The starting 

materials Neu5Ac, Neu5,9Ac2, and the acceptor were subjected to a one-pot, two-enzyme reaction 

(CSS and SiaT) to yield compounds 4, 5, 8, and 9 (Figure S2). The Neu5Gc targets 6 and 7 were 

generated with a one-pot, three-enzyme (aldolase, CSS, SiaT) chemoenzymatic method starting 

from ManNGc, pyruvate, and β-octyl lactoside (see Figure S3).42, 53, 54    

The Neu5,9Ac2 sialyllactoside targets 8 and 9 presented unique challenges for 

chemoenzymatic synthesis. Optimal sialyltransferase conditions are alkaline (pH 8.8), which 

rapidly hydrolyzes the Neu5,9Ac2 ester. Following Chen and coworkers protocol for 

chemoenzymatic synthesis of O-acetylated sialic acids, we lowered the pH of the reaction buffer 

to 7.2.59 We observed partial hydrolysis at long reaction times, while shorter times (3 h) provided 

the best yields for Neu5,9Ac2 α(2→6) product 9 (33%) after purification by C18 chromatography. 

Synthesis of the Neu5,9Ac2 α(2→3) product 8 required purification by HPLC, and gave a low 

yield of the desired product (10%).     
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Solution phase kinetics of hNEU activity with octyl sialyllactosides. With octyl sialyllactosides 

4–9 in hand as improved mimics of ganglioside targets, we sought to confirm changes to hNEU 

kinetics with these substrates. Substrates 4–9 lack any sensitive chromophore for detection of 

cleavage by fluorescence or UV spectroscopy. To monitor the reactions of 4–9 with hNEU we 

adapted a known assay for the detection of free sialic acid, in which malononitrile reacts with the 

ketone of open chain sialic acid under basic conditions to generate a fluorescent product with a 

limit of quantitation (LOQ) of 2 µM.60 This fluorescent assay does not require modification of the 

substrates with a chromophore, and can therefore be used to enable the study of native substrates.30, 

49, 61 However, the low sensitivity of the assay in combination with the slow kinetics of NEU3 and 

NEU4 limited our analysis to the determination of relative rates (krel). In testing the activity of 

NEU1 with 4, we found that the rate of cleavage was too slow for detection by this assay; therefore, 

we did not attempt to quantify the kinetics of 4–9 against NEU1 with the malonitrile assay (Figure 

S4). This observation is consistent with previous reports that gangliosides are poor substrates for 

NEU1.23
 

 Among the remaining hNEU isoenzymes, we found that NEU2 was the least tolerant of 

modifications to the Neu5Ac residue or its glycosidic linkage. Due to this specificity, we had to 

alter the timescale of the experiments to obtain a full data set for NEU2. For the Neu5Ac and 

Neu5Gc α(2→3) substrates 4 and 6, data was collected every 1 min over 4 min, while for substrates 

5, 7, 8, and 9 data was collected every 10 min over 40 min. Substrate 5, which differs from 4 only 

in the α(2→6) glycosidic linkage, had more than a 30-fold reduction in activity. The Neu5Gc 

residue with an α(2→3)linkage 6, showed a 2-fold loss of activity as compared to 4; while the 

α(2→6)-linked Neu5Gc 7, had very low activity (Figure 1). The observed preference of NEU2 

for Neu5Ac over Neu5Gc contrasts previous reports using disaccharides containing a p-
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nitrophenyl-galactoside.36 These structural differences in the substrates are likely responsible for 

disagreement as hNEU substrate preference is influenced by the aglycone. Furthermore, the 

glucose residue of 3’-sialyllactose participates in two hydrogen bonds with NEU2 outside of the 

active site.62 Both Neu5,9Ac2 substrates 8 and 9 had remarkably low rates of cleavage. Substrates 

8 and 9 were hydrolyzed at least 100-fold slower than 4, consistent with the data collected for the 

4MU-NANA substrates with NEU2 (Figure 1, Table S1). Our results are consistent with a recent 

observation that Neu5,9Ac2 sialosides resulted in nearly complete loss of NEU2 hydrolysis 

activity.35, 36  

We observed that NEU3 was more tolerant of substrate modifications than NEU2. NEU3 

had a preference for α(2→3) over α(2→6) linkages (Figure 1, Table S1) which was only 

significant with modified sialosides (Neu5Gc and Neu5,9Ac2).49 The incorporation of Neu5Gc for 

substrates 6 and 7 both showed reduction in activity to approximately half of that for Neu5Ac 

substrate 4. NEU3 activity showed a similar reduction for Neu5,9Ac2 (8, 9) substrates relative to 

4. Interestingly, while the C-9 pocket of NEU3 has been exploited for the design of inhibitors of 

NEU3,61 it did not accommodate the acetate group, nor a C-9 methylamide.38 We concluded that 

NEU3 had a modest preference for sialosides with an α(2→3) linkage and only minor 

discrimination between that Neu5Gc and Neu5,9Ac2 substrates (~2-fold reduction). The NEU3 

kinetic data suffered from large standard errors which we attributed to slow kinetics for this 

enzyme combined with the high LOQ of the malonitrile assay and limited quantities of the 

substrates. Therefore, we pursued alternative assays to confirm this finding (vide infra).  

We found that NEU4 was also more tolerant than NEU2 with modified substrates. The 

NEU4 isoenzyme exhibited only a moderate preference for α(2→3) over α(2→6) linkages.49 We 

observed NEU4 to have a preference for Neu5Ac over Neu5Gc residues. The crystal structure of 
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NEU2 and homology models developed for NEU3 and NEU4 suggest that these three isoenzymes 

use similar active site residues (N86, Y178, E218 of NEU2; N88, Y179, E225 of NEU3; N86, 

Y177, E222 of NEU4) to recognize the N5 group.63 Surprisingly, NEU4 exhibited a significant 

discrimination against Neu5,9Ac2 substrates (8, 9) compared to the Neu5Ac substrate 4 (Figure 

1, Table S1). This result is the opposite of the substrate preference we observed with our 4MU-

NANA substrates (1, 2). The NEU4 isoenzyme has previously been shown to have a significant 

preference for 4-MU substrates over gangliosides, and the aglycone may have an influence on the 

observed activity.23  This hypothesis is consistent with the observed differences between 4MU-

Neu5Ac and GM3 interacting with the NEU2 active site.62 This result emphasized the influence 

of the aglycone on substrate recognition by hNEU, and highlighted the limitations of 4MU 

substrates for the study of hNEU substrate specificity. Together, our results suggested a currently 

unrecognized role for 9-O-acetyl modifications in the regulation of sialic acid catabolism. 
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ESI-MS kinetics. Our kinetic studies of trisaccharide substrates for hNEU highlighted a need for 

more sensitive assays. In particular, while the 4MU-based substrates clearly indicated a NEU3 

preference for Neu5Ac, the nature of the trisaccharide assays could not clearly resolve the effect 

of Neu5,9Ac2 substrates on NEU3 hydrolysis. To address this issue, we designed an electrospray 

ionization mass spectrometry (ESI-MS) assay to monitor the hydrolysis of octyl sialyllactosides 

by hNEU. Electrospray ionization is a sufficiently mild ionization technique to preserve the O-

acetyl ester of 8 and 9 and is more sensitive than the malononitrile fluorescence assay. 

Additionally, the assay can simultaneously measure both substrate depletion and product 

formation by monitoring changes in substrate and product ion abundances, relative to an internal 

standard (leucine encephalin, and N-acetyl-9-azido-9-deoxy-neuraminic acid). The ESI-MS assay 

was implemented to monitor the kinetics of NEU3 with the α(2→3) substrates (4, 6, and 8; Table 

1). Control experiments were performed in the absence of enzyme to confirm that changes in 

abundance of the substrate and product were not due to in-source (gas phase) fragmentation of the 

substrate ions. With this assay, we confirmed the trends observed in the malononitrile assay. We 

ascertained a two-fold decrease in activity for Neu5Gc substrate 6 relative to 4.  We observed a 7-

fold reduction in activity for Neu5,9Ac2 substrate 8 relative to 4 – consistent with the 4MU assay 

for substrates 1 and 2.  

ESI-MS can differentiate between modified sialic acids based on the differences in 

molecular weights. This feature allowed us to test for competition between different sialic acid-

containing substrates for the hNEU active site, which is likely to occur in physiological settings. 

Relative rates were determined for substrates 4, 6, and 8 measured both in isolation and in a 

mixture of all three substrates (Table 1, Figure 2). The differences in relative rates for substrates 

measured individually and in a mixture were not significant by one-way ANOVA. Therefore, we 
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concluded that competition between substrates did not have a significant impact on sialic acid 

hydrolysis. These data confirmed the results of the malononitrile assay that NEU3 had 

substantially reduced activity Neu5Gc and Neu5,9Ac2 substrates.  

Molecular modeling of hNEU active sites with modified sialic acids. To provide insight into 

the surprising discrimination of hNEU for modified sialoside substrates, we performed molecular 

dynamics (MD) simulations of enzyme-substrate complexes. NEU2 is the only hNEU enzyme 

with an atomic resolution crystal structure.64 Homology models for the other hNEU enzymes have 

been proposed based on the structure of NEU2.63, 65 We used the crystal structure of NEU2 and 

our homology model of NEU365 to conduct MD simulations of NEU2 and NEU3 bound to the 

methyl sialyllactoside analogues of 4, 6, and 8. The MD simulations provided structural insight 

into the observed relative rates of hydrolysis. 

In NEU2, the preference for α(2→3)Neu5Ac over α(2→3)Neu5Gc substrates was 

supported by changes in the hydrogen bonding networks seen during MD simulations, particularly 

with the amino acid residues responsible for catalysis, the nucleophilic pair Tyr334–Glu218.65 We 

found the H-bond between the carboxylate of Glu218 and H5N of 4 was occupied 24% of the time, 

but that same H-bond increased occupancy to 82% when 8 was in the active site (Figure 3). The 

increased occupancy of this Glu218 H-bond with H5N would make a key catalytic residue less 

available to deprotonate the nucleophile (Tyr334), reducing the rate of cleavage.  

The C-9 pocket of NEU2 cannot accommodate large modifications of the glycerol side 

chain. In our MD simulations of 8 bound to NEU2, the 9-O-acetyl group forced the sialic acid ring 

into a boat conformation throughout the simulation (Figure 3, Figure S8 - S10, Table S2). This 

modification also led to further changes in the hydrogen bonding network in the NEU2 active site. 

When 4 was bound to NEU2, the O-7H of Neu5Ac formed a hydrogen bond to Glu111 96% of the 
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time. This hydrogen bond decreased occupancy to 81% for Neu5Gc in 6, and only 2% for 

Neu5,9Ac2 in 8, with a concomitant increase on a H-bond between O-4H in Gal and Glu111 (68% 

of the simulation time). Residue Glu111 has been implicated as necessary for correct positioning 

of the substrate in the NEU2 active site.64 Thus, we propose that the 9-O-Ac modification cannot 

be sterically accommodated by the NEU2 active site. 

Our MD simulations also supported that the C-9 pocket in NEU3 was larger than that of 

NEU2; allowing the sialoside rings of 4, 6, and 8 to remain in chair conformations throughout the 

simulations (Figure 3, Figure S11, Table S3). Analysis of the hydrogen bonding networks between 

4, 6, and 8 with NEU3 active site residues responsible for catalysis (Tyr370, Glu225)65 showed 

differences for modified sialosides (Figure 3). With 4, a hydrogen bond between phenolic 

hydrogen of Tyr370 and the C-1 carboxylate of Neu5Ac was occupied for only 5% of the MD 

simulation. The same H-bond had higher occupancy when 6 or 8 was in the active site of NEU3 – 

for 6, it was occupied for 64% of the simulation, and for 8, it was occupied for 41% of the 

simulation. Increased H-bonding should reduce the nucleophilicity of Tyr370, and decrease the 

relative rate of catalysis for 6 and 8 when compared with 4.  The acetate group at C-9 also caused 

a shift of the trisaccharide in the active site for 8 relative to 4 (Figure 3).  This shift was 

accompanied by changes in hydrogen bonding to Asp50, one of the catalytic residues for NEU3.65 

For 4 and 6, Asp50 formed two key H-bonds to the glycan – one to O-4H of the sialic acid residues 

(51%–54% of the simulation) and another to O-2H of Gal (40–45% of the simulation).  However, 

for 8, the H-bond to Neu5,9Ac2 decreased to only 2% occupancy and that to Gal decreased to 38%.  

CONCLUSION 

Our substrate specificity studies of hNEU indicate that naturally occurring 9-O-acetyl 

(Neu5,9Ac2) and 5-N-glycolyl (Neu5Gc) sialic acid modifications have a significant impact on 
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hydrolysis by hNEU. Substrate specificity studies with 4MU substrates 1 and 2 indicated that the 

hNEU isoenzymes exhibited discrimination between Neu5Ac and Neu5,9Ac2 substrates. While 

NEU4 preferred 4MU-Neu5,9Ac2, NEU1, NEU2, and NEU3 were substantially less active against 

9-O-Ac modified substrates. Notably, NEU2 was essentially inactive (100 times lower activity) on 

Neu5,9Ac2 substrate 2. These data confirm that 9-O-acetylation of sialic acid had a substantial and 

isoenzyme-specific impact on hNEU activity. By optimizing a known assay for the detection of 

free sialic acid, we were able to study hNEU kinetics on trisaccharide substrates with a 

hydrophobic aglycone which acted as improved mimics of natural hNEU substrates. All three 

isoenzymes tested (NEU2, NEU3, and NEU4) had a 2-fold preference for Neu5Ac over Neu5Gc 

octyl sialyllactosides. Sialic acid hydrolysis by all hNEU isoenzymes discriminated against the 9-

O-acetylation of sialic acid in the trisaccharide substrates. Consistent with the 4MU substrates, 

NEU2 was inactive (100-times lower activity) on Neu5,9Ac2 substrates. Data for NEU3 was 

ambiguous by the malononitrile assay; however, an ESI-MS assay confirmed that NEU3 had a 7-

fold preference for Neu5Ac over Neu5,9Ac2 substrates. In contrast to the 4MU substrates, NEU4 

demonstrated a 2-fold preference for Neu5Ac over Neu5,9Ac2 octyl sialyllactoside substrates, 

indicating that the aglycone had an influence over observed activity. In general, we observed that 

substrate tolerance for NEU2, NEU3, and NEU4 followed a trend with Neu5Ac > Neu5Gc >> 

Neu5,9Ac2. Furthermore, the presence of modified sialoside residues (Neu5Gc, Neu5,9Ac2) 

accentuated hNEU preferences for the α(2→3) glycosidic linkage. We propose that a full 

understanding of the role of the 9-O-Ac modification of sialic acid will require additional study of 

hNEU activity on a variety of sialoglycoconjugates to account for the effects of reducing end 

sugars and aglycone on human neuraminidase specificity. Specifically, future study should include 

investigation of hNEU activity towards Neu5,9Ac2 polysaccharides and glycoprotein substrates. 
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Ultimately, the development of chemical tools to study the effects of 9-O-acetylation on hNEU 

activity towards complex glycoconjugates in cells will be essential for elucidating the role of this 

sialic acid modification in biological systems. Several examples suggest an important 

physiological role for 9-O-Ac metabolizing enzymes SOAT and SIAE, which have impacts in 

autoimmune diseases and cancers.15, 17  Our findings strongly suggest that the 9-O-Ac modification 

of sialic acids could be important in the regulation of hNEU activity and may provide a 

biochemical link between SIAE, SOAT, and hNEU enzymatic activity. 
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METHODS 

General Methods. All reagents were purchased from commercial sources and used without further 

purification unless otherwise noted. Reaction solvents were purified by successive passage through 

columns of alumina and copper under an argon atmosphere using Innovative Technology, Inc. 

PURE SOLV (SPS-400-7). Reactions were monitored by analytical TLC on silica gel 60-F254 

(0.25 nm, Silicycle). Visualization was achieved using UV fluorescence and/or by charring with 

5% sulfuric acid in ethanol. Organic solvents were evaporated under reduced pressure at 40 °C. 

Reaction products were purified by column chromatography on silica gel (230-400 mesh, 

Silicycle) unless otherwise noted. When the eluent system required greater than 10% methanol, 

Iatrobeads 6RS-8060 (Shell-USA Inc.) were used. HPLC was performed with a Waters Delta 600 

pump, and a Waters 600 controller with Empower 2 software. Eluted peaks were detected with a 

Waters 2420 evaporative light scattering (ELS) detector or a Waters 2996 photodiode array (PDA) 

detector (Waters Ltd.). NMR experiments were conducted on Varian 400, 500, 600, and 700 MHz 

instruments. Chemical shifts are reported relative to deuterated solvent peaks or 3-(trimethylsilyl)-

propionic-2,2,3,3,-d4 acid sodium salt in D2O as an internal standard. The ESI mass spectra were 

recorded on Agilent Technologies 6220 TOF after dissolving samples in CHCl3 or CH3OH and 

adding NaCl. 
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Enzyme Preparation. Enzymes for the one-pot sialylation reactions were prepared as described 

previously.37, 42 The aldolase was E. coli sialic acid aldolase54 expressed with a (His)6 tag in E. coli  

strain BL21(DE3) and was purified using a Ni-NTA column then used at a concentration of 4.6 

mg mL-1. The CMP-Neu5Ac synthetase was Neisseria meningitides CMP-Neu5Ac synthetase 

(NmCss)54 expressed in E. coli strain AD202 grown to 2.4 x 108 cells mL-1 and used in a crude 

enzyme mixture. The α(2→3) sialyltransferase was Campylobacter jejuni α(2→3) 

sialyltransferase (CstII)66 expressed in E. Coli  strain AD202 grown to 2.4 x 108 cells mL-1 and 

used in a crude enzyme mixture, and the α(2→6) sialyltransferase was Photobacterium damsela 

α(2→6) sialyltransferase (Pd2,6ST) expressed with a (His)6 tag in E. Coli  strain Nova Blue (DE3). 

and was purified using a Ni-NTA column then used at a concentration of 3.0 mg mL-1.42, 67  Human 

neuraminidase enzymes NEU2 and NEU3 were expressed as fusion proteins with maltose-binding 

protein. Human neuraminidase enzyme NEU4 was expressed as a fusion protein with glutathione-

S-transferase protein. Isoenzymes NEU2-4 were purified as described.37, 65, 68 Specific activity of 

the neuraminidase enzymes was determined against 4-methylumbelliferyl α-D-N-acetylneuraminic 

acid (4MU-NANA) in comparison to a standard curve of neuraminidase from Clostridium 

perfringens. 

Human neuraminidase enzyme NEU1 was produced from HEK293E cells. HEK293E cells 

(transduced with a Lentivirus expressing Cathepsin A and NEU1 with an N-terminal (His)6 tag).69 

The highest expressing stable cell line was selected from the transduced cell mixture (40 % 

transducing efficiency), using Amphotericin B (10 X). When at least 10 plates (10 cm2) of this 

highest expressing cell line was grown, the cells were washed three times with 1 mL PBS buffer. 

The cells were harvested with 300 µL of PBS buffer per plate. The harvested mixture was sonicated 

(5 x 10 s, 60 W, on ice). Cells were lysed with 4 x 75 µL lysis buffer (1 mM EDTA, 0.2M NaCl, 
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20 mM MOPS, 0.1 % Triton X-100 pH 7.2) and shaken for 1 hr at 4 °C. NEU1 was used in further 

assays as a crude cell lysate, in which the majority of the neuraminidase activity could be 

accounted for by NEU1 (Figure S4).   

Solution-phase kinetics assay with 4MU substrates. Substrate (1 or 2), (30 uL, 0.5 mM in H2O) 

was incubated at 37 °C for 15 min in 60 µL 0.1 M sodium acetate buffer at the enzyme’s optimum 

pH (4.5 for NEU1, NEU3 and NEU4, 5.6 for NEU2). Enzyme was added (30 µL, 3.33 x 10-5 U 

µL-1) and the assay mixture was incubated at 37 °C. At timepoints of 0, 10, 20, 30, and 40 minutes, 

a sample of assay mixture (20 µL) was removed and quenched in 100 µL of 0.2 M Na glycine 

buffer (pH 10.2). Fluorescence was measured on a SpectraMax M2e plate reader (Molecular 

Devices, excitation 365 nm, emission 445 nm). Relative rates were determined, after background 

subtraction of fluorescence at time = 0, by linear regression forcing through time = 0 using 

Graphpad Prism and are an average of three runs.  Relative rates are relative to a matched Neu5Ac 

control (4MU-Neu5Ac, 1) 

Kinetics assay employing malononitrile for the detection of free sialic acid. Enzymes were 

diluted to 15 µL in 20 mM MOPS with 0.2 M NaCl, pH 7.2. Substrates (4-9) (2.5 x 10-8 mol in 45 

µL water) were incubated at 37 °C for 15 min in 120 µL 0.1 M sodium acetate buffer, followed by 

addition of the appropriate enzyme to a final pH at the enzyme’s optimum (pH 5.6 for NEU2, pH 

4.5 for NEU1, NEU3, and NEU4; 0.003 U for NEU1, 0.0013 U for NEU2, 0.00075 U for NEU3, 

0.0029 U for NEU4).  At each time point, 30 µL of the assay solution was removed and quenched 

into 50 µL 0.2 M sodium borate (pH 9.5), and 15 µL of 0.8% (w/v) malononitrile was added to the 

solution followed by heating to 100 °C for 20 min. Fluorescence was measured on a SpectraMax 

M2e plate reader (Molecular Devices, excitation 357 nm, emission 434 nm). Relative rates were 

determined by linear regression of three average runs and are reative to a matched Neu5Ac control 
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(α(2,3) Neu5Ac octyl sialyllactoside, 4). Points were corrected for background and fitting was 

forced through the zero point using Graphpad Prism. Data were evaluated to exclude any outliers 

identified by applying Dixon’s Q Test.70 .   

ESI-MS kinetic measurements. All ESI-MS measurements were carried out in negative ion mode 

using a Synapt G2S instrument (Waters) equipped with a nano-ESI source. Nanoflow ESI 

(nanoESI) tips were produced from borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.), which 

were pulled in-house using a P-1000 micropipette puller (Sutter Instuments). To carry out 

nanoESI, a voltage of -0.8 kV was applied to a platinum wire inserted into the nanoESI tip. For all 

experiments, a source temperature of 60 °C was used. All data were processed using Mass Lynx 

software v.4.1 (Waters).  

Enzymatic studies were performed by rapid manual mixing of hNEU3 (0.0002 units) with 

a 5 µL sample of 4, 6, and 8 (100 µM in 200 mM ammonium acetate buffer, pH 4.8) followed by 

immediate introduction into a nanoESI tip for time-resolved ESI-MS measurements. Data points 

were taken at reaction times ranging from 5 min to 60 min. N-acetyl-9-azido-9-deoxy-neuraminic 

acid (IS1, 334.28 Da) and leucine enkephalin (IS2, 555.62 Da) served as internal standards.37 As 

a negative control, ESI mass spectra were acquired in identical conditions but in the absence of 

NEU3. The ion abundance (Ab) ratio of substrate (SX)-to-IS or product (PSX)-to-IS was 

monitored as a function of reaction time, as shown in equations (1) and (2) 

𝑆𝑆𝑆𝑆𝐼𝐼𝑆𝑆 = 𝐴𝐴𝐴𝐴(𝑆𝑆𝑆𝑆)𝐴𝐴𝐴𝐴(𝐼𝐼𝑆𝑆)    (1) 

𝑃𝑃𝑃𝑃𝑃𝑃𝐼𝐼𝑆𝑆 =
𝐴𝐴𝐴𝐴(𝑃𝑃𝑆𝑆𝑆𝑆)𝐴𝐴𝐴𝐴(𝐼𝐼𝑆𝑆)  (2) 

The reported relative rates correspond to the average of the values determined with IS1 and IS2. 
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Molecular dynamics (MD) simulations. MD simulations were run for the trisasccharide of octyl-

GM3 analogs 4,6, and 8 bound to NEU2 and NEU3. We used the crystal structure of NEU2 bound 

to DANA (PDB: 1VCU),64 and aligned carbons of the sialic acid in the three trisaccharides to the 

corresponding carbon atoms in DANA. We used a similar procedure for NEU3, starting from our 

homology model. The ordered waters found in the NEU2 crystal structure64 were kept during 

system set up and were added to the NEU3 systems. All simulations were run in AMBER 1471 

using pmemd.cuda (GPU acceleration) on Nvidia GeForce GTX 980 GPUs. The ff14SB force 

field72 was used for NEU2 and NEU3 and GLYCAM0673 was used for 4, 6, and 8. We set the 

initial ϕ and ψ angles for 4, 6, and 8 to those described by DeMarco and Woods.74 Each complex 

was neutralized with the addition of Na+ ions and was solvated in a box of TIP3P water75 with 10 

Å between the solute and the edges of the box in all dimensions.  

 For all six systems, the water was first minimized using 100 steps of steepest decent, 

followed by 4900 steps of conjugate gradient. Then the entire system was minimized with 100 

steps of steepest decent, followed by 4900 steps of conjugate gradient. The systems were then 

further equilibrated by heating from 5 K to 300 K over 50 ps, followed by cooling back to 5 K 

over an additional 50 ps.  After the annealing step, the systems were again heated from 5 K to 300 

K over 100 ps, then allowed to run at 300 K for 100 ps before the production simulations were 

started.  Production was run for 25 ns.  The timestep was 2 fs, bonds to hydrogen were constrained 

with the SHAKE76 algorithm, and the cutoff for non-bonded interactions was 8.0 Å. The 

temperature was maintained with the Berendsen thermostat77 (ntt = 1) with velocities rescaled 

every 1 ps.   
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Synthetic methods 

Chemoenzymatic synthesis of octyl sialyllactosides. Enzymatic reactions were performed with 

stirring at 37 °C. Reaction was monitored by TLC using 6:3:3:2 ethyl acetate: acetic acid: 

methanol: H2O as an eluent system and charring with 5 % sulfuric acid in ethanol. Upon 

completion, ethanol was added and the reaction mixture was centrifuged at 17,000 rpm for 1 hour. 

The supernatant was collected and lyophilized. Crude product was purified with a Sep-pack C-18 

reverse phase cartridge. The product was eluted with MeOH:H2O (1:2). 

Method A: For Neu5Ac octyl sialyllactosides (4, 5). Neu5Ac (2.90 mg, 9.4 µmol), cytidine 

triphosphate disodium salt (4.95 mg, 9.4 µmol, 1 M MgCl2 (80 µL), and deionized H2O (600 µL) 

were dissolved in 1 M Tris-HCl (400 µL, pH 8.8). The reaction was charged with CMP-Neu5Ac 

synthetase (200 µL), β-octyl lactoside (SI4) (2.5 mg, 6.2 µmol), sialyltransferase (200 uL), and 

deionized H2O (600 µL). The reaction proceeded overnight.  

Method B: For Neu5Gc octyl sialyllactosides (6, 7). N-glycolyl-D-mannosamine (ManGc, 

2.25 mg, 9.4 µmol), cytidine triphosphate disodium salt (4.95 mg, 9.4 µmol, 1 M MgCl2 (80 µL), 

and deionized H2O (600 µL) were dissolved in 1 M Tris-HCl (400 µL, pH 8.8). The reaction was 

charged with sialic acid aldolase, CMP-Neu5Ac synthetase, β-octyl lactoside (SI4) (2.5 mg, 6.2 

µmol), sialyltransferase (300 uL), and deionized H2O (600 µL). The reaction proceeded overnight. 

Method C: For Neu5,9Ac2 octyl sialyllactosides (8, 9). Neu5,9Ac2 (SI6) (2.5 mg, 8.5 

mmol), cytidine triphosphate disodium salt (4.95 mg, 9.4 µmol, 1 M MgCl2 (80 µL), and deionized 

H2O (600 µL) were dissolved in 1 M Na HEPES (400 µL, pH 7.2). The reaction was charged with 

CMP-Neu5Ac synthetase (200 µL), β-octyl lactoside (SI4) (2.0 mg, 5.0 µmol), sialyltransferase 

(200 µL), and deionized H2O (600 µL). The reaction proceeded for 3 hours.  
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4-methylcoumarin-7-yl 5-acetamido-9-O-acetyl-3,5-dideoxy-D-glycero-α-D-galacto-non-2-

ulopyranosylonic acid (2). A solution of 4-MU-NANA (1, in 500 µL dry DMF), prepared as 

previously reported78 (5 mg, 0.01 mmol), was charged with glacial acetic acid (5 µL) and trimethyl 

orthoacetate (20 uL, 0.157 mmol). The reaction was stirred for four hours and then dried under 

reduced pressure. The crude mixture was purified by HPLC on a C-18 reversed phase Waters (10 

μm, 10 x 250 mm) column. Pure 2 was eluted with a linear gradient of 0-70% acetonitrile in water 

over 30 minutes, with a flow rate of 7 mL/min to give a 5 % yield as a white solid. 1H NMR data 

was consistent with previous reports.46 13C NMR (125 MHz, D2O) δ 177.9 (NHCOCH3), 177.2 

(OCOCH3), 175.8 (C-1), 167.6 (C-2’), 160.1 (C-8’), 159.3 (C-10’), 156.3 (C-5’), 129.1 (C-6’), 

120.3 (C-7’), 119.1 (C-4’), 114.6 (C-3’), 110.7 (C-9’), 105.2 (C-2), 76.6, 72.2, 71.5, 70.6, 68.9 (C-

9), 54.6, 43.7 (C-3), 24.9 (NHCOCH3), 23.1 (OCOCH3), 20.9 (C-4’-CH3). ESI-MS calculated for 

C23H27NO12 [M-H]- 508.1460 found: 508.1462. 

O-(5-Acetamido-3,5-dideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic acid)- (2→3)-

O-(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (4). Compound 4 was 

prepared using Method A to yield 4 mg (87 %) as a white solid. 1H and 13C NMR data were 

consistent with previous reports.37, 79 

O-(5-Acetamido-3,5-dideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic acid)-(2→6)-O-

(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (5). Compound 5 was prepared 

using Method A to yield 3.8 mg (83 %) as a white solid. 1H NMR (700 MHz, D2O) δ 4.49 (d, J = 

8.2 Hz, 1H, H-1’), 4.43 (d, J = 8.3 Hz, 1H, H-1’’), 4.00-3.52 (H-5’, H-6a’, H-6b’, H-5’’, H-6a’’, 

H-6b’’, H-7’’’, H-8’’’, H-9a’’’, H-9b’’’), 3.95 (1H, H-4’’’, from TOCSY), 3.93 (1H, 

OCHaHb(CH2)6CH3, from TOCSY, 3.87 (1H, H-5’’’, from TOCSY), 3.70 (1H, 

OCHaHb(CH2)6CH3, from TOCSY), 3.69 (1H, H-3’’, from TOCSY), 3.67 (1H, H-4’’’, from 
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COSY), 3.65 (1H, H-3’, from TOCSY), 3.54 (1H, H-2’’, from COSY), 3.34 (t, J = 8.6 Hz, 1H, H-

2’), 2.72 (dd, J = 12.6, 4.7 Hz, 1H, H-3eq’’’), 2.04 (s, 3H, NHCOCH3), 1.75 (t, J = 12.5 Hz, 1H, 

H-3ax’’’), 1.66-1.61 (m, 2H, OCH2CH2(CH2)5CH3), 1.39-1.25 (m, 10H, OCH2CH2(CH2)5CH3), 

0.87 (t, J = 6.6 Hz, 3H, O(CH2)7CH3). 13C NMR (175 MHz, D2O) δ 177.7 (NHCOCH3, from 

HMBC), 175.8 (COO-, from HMBC), 104.5 (C-1’’, from HSQC), 103.0 (C-1’, from HSQC), 

102.9 (C-2’’’, from HMBC), 82.0 (C-2’’, from HMBC), 78.5 (C-3’’’, from HMBC), 76.7, 74.7, 

73.91, 73.86 (C-2’, from HSQC), 73.1, 73.0 (C-4’’’, from HSQC), 72.7, 70.2 (OCH2(CH2)6CH3, 

from HMBC), 69.3 (C-4’’, from HSQC), 68.9, 64.5, 63.6, 62.8, 61.4, 53.2 (C-5’’’, from HSQC), 

40.5 (C-3’’’, from HSQC), 29.8 (OCH2CH2(CH2)5CH3, from HSQC), 29.5, 26.7, 26.5 

(OCH2CH2CH2(CH2)4CH3, from HMBC), 25.7 (O(CH2)6CH2CH3, from HMBC), 23.4 

(NHCOCH3, from HSQC), 22.4, 14.5 (O(CH2)7CH3, from HSQC). ESI-MS calculated for 

C31H55NO19 [M-H]- 744.3296 found: 744.3300. 

O-(5-glycolylamido-3,5,-dideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic acid)- 

(2→3)-O-(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (6). Compound 6 

was prepared using Method B to yield 2.5 mg (53%) as a white solid. 1H NMR (700 MHz, D2O) 

δ 4.54 (d, J = 7.8 Hz, 1H, H-1’’), 4.49 (d, J = 8.1 Hz, 1H, H-1’), 4.14 (d, J = 3.2 Hz, 1H, H-3’’), 

4.13 (s, 2H, NHCOCH2OH), 4.01-3.53 (H-4’, H-5’, H-6a’, H-6b’,H-5’’, H-6a’’, H-6b’’, H-7’’’, 

H-8’’’, H-9a’’’, H-9b’’’), 3.97 (1H, H-4’’, from COSY), 3.95 (1H, H-5’’’, from TOCSY), 3.80 

(1H, H-4’’’, from COSY), 3.78 (1H, H-6’’’, from TOCSY), 3.66 (1H, H-3’, from HSQC), 3.60 

(1H, H-2’’, from COSY), 3.31 (t, J =  8.5 Hz),  1H, H-2’), 2.79 (dd, J = 12.4, 4.7 Hz, 1H, H-3e’’’), 

1.83 (t, J = 12.2 Hz, 1H, H-3a’’’), 1.63 (m, 2H, OCH2CH2(CH2)5CH3), 1.39-1.26 (m, 10H, 

OCH2CH2(CH2)5CH3), 0.87 (t, J =  7.0 Hz, 3H, O(CH2)7CH3. 13C NMR (175 MHz, D2O) δ 176.5 

(NH-CO-CH2OH, from HMBC), 175.3 (COO-, from HMBC), 100.4 (C-2’’’, from HMBC), 103.4 
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(C-1’’, from HSQC), 102.7 (C-1’, from HSQC), 79.0, (C-2’’, from HMBC), 77.1, 76.8 (C-3’, from 

HMBC), 76.4 (C-3’’, from HSQC), 74.5, 74.2 (C-6’’’, from HSQC), 73.6, 72.0 (C-2’, from 

HMBC), 70.4, 69.1 (C-4’’’, from HMBC), 68.8, 68.6 (C-4’’, from HSQC), 63.0, 62.8, 61.7 

(CH2OH, from HSQC), 52.3 (C-5’’’, from HSQC), 52.3, 40.4 (C-3’’’, from HSQC), 32.6, 29.8 

(OCH2CH2(CH2)5CH3, from HSQC), 29.3, 28.5 (OCH2CH2CH2(CH2)4CH3, from HMBC), 27.0, 

24.4 (O(CH2)6CH2CH3, from HMBC), 14.5 (O(CH2)7CH3, from HSQC). ESI-MS calculated for 

C31H55NO20 [M-H]- 760.3245 found: 760.3245. 

O-(5-glycolylamido-3,5,-dideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic acid)- 

(2→6)-O-(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (7). Compound 7 

was prepared using Method B to yield 3.2 mg (68%) as a white solid. 1H NMR (700 MHz, D2O) 

δ 4.49 (d, J = 8.3 Hz, 1H, H-1’), 4.44 (d, J = 8.1 Hz, 1H, H-1’’), 4.13 (s, 2H, CH2OH), 4.01-3.53 

(H-4’, H-5’, H-6a’, H-6b’, H-4’’, H-5’’, H-6a’’, H-6b’’, H-5’’’, H-6’’’, H-7’’’, H-8’’’, H-9a’’’, H-

9b’’’) 3.81 (1H, H-4’’’, from COSY), 3.71 (2H, OCH2(CH2)6CH3, from COSY), 3.70 (1H, H-3’, 

from COSY), 3.57 (H-2’’, from COSY), 3.34 (t, J = 8.7 Hz, 1H, H-2’), 2.74 (dd, J = 12.4, 4.6 Hz, 

1H, H-3eq’’’), 1.77 (t, J = 12.3 Hz, 1H, H-3ax’’’), 1.66-1.61 (m, 2H, OCH2CH2(CH2)5CH3), 1.39-

1.25 (m, 10H, OCH2CH2(CH2)5CH3), 0.87 (t, J = 7.3 Hz, 3H, O(CH2)7CH3. 13C NMR (175 MHz, 

D2O) δ 176.8 (NHCOCH2OH, from HMBC), 173.8 (COO-, from HMBC), 105.6 (C-1’’, from 

HSQC), 104.3 (C-1’, from HSQC), 101.6 (C-2’’’, from HMBC), 80.9 (C-2’’, from HMBC), 79.8, 

76.4, 75.6, 75.3, 73.2, 72.9, 71.5, 71.3, 70.6, 70.2, 69.9 (C-4’’’, from HMBC), 66.2, 64.9, 64.5, 

63.5, 62.1 (CH2OH, from HSQC), 53.5, 40.9 (C-3’’’, from HSQC), 31.4, 29.7, 29.6 

(OCH2CH2(CH2)5CH3, from HSQC), 26.4, 25.3 (O(CH2)6CH2CH3, from HMBC), 23.3, 14.8 



26 
 

(O(CH2)7CH3, from HSQC). ESI-MS calculated for C31H55NO20 [M-H]- 760.3245 found: 

760.3242. 

O-(5-Acetamido-9-acetoxy-3,5,9-trideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic 

acid)-(2→3)-O-(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (8). 

Compound 8 was prepared using Method C to yield a mixture of 4:8 1:2. To yield pure product 8, 

the crude mixture was separated using HPLC on a C-18 reversed-phase Waters Xterra (3.5 μm, 

4.8 x 150 mm) column. The trisaccharides were eluted with a linear gradient of 20–50% methanol 

in H2O over 30 min, with a flow rate of 0.7 mL/min, to yield 0.4 mg (10%) of 8 as a white solid. 

1H NMR (700 MHz, D2O) δ 4.54 (d, J = 7.8 Hz, 1H, H-1’’), 4.49 (d, J = 8.1 Hz, 1H, H-1’), 4.42 

(dd, J = 11.8, 2.2 Hz, 1H, H-9a’’’), 4.20 (dd, J = 11.8, 6.4 Hz, 1H, H-9b’’’), 4.13-4.09 (m, 2H, H-

8’’’, H-3’’, from COSY, TOCSY), 4.02-3.54 (OCH2(CH2)6CH3, H-3’, H-4’, H-5’, H-6a’, H-6b’, 

H-5’’, H-6a’’, H-6b’, H-6’’’), 3.97 (1H, H-4’’, from TOCSY), 3.87 (1H, H-5’’’, from TOCSY), 

3.69 (1H, H-4’’’, from COSY), 3.66 (1H, H-7’’’, from TOCSY), 3.59 (1H, H-2’’, from COSY), 

3.31 (t, J = 8.3 Hz, 1H, H-2’), 2.77 (dd, J = 12.8, 4.8 Hz, 1H, H-3e’’’), 2.15 (s, 3H, OCOCH3), 

2.05 (s, 3H, NHCOCH3), 1.81 (t, J = 12.2 Hz, 1H, H-3a’’’), 1.66-1.61 (m, 2H, 

OCH2CH2(CH2)5CH3), 1.39-1.25 (m, 10H, OCH2CH2(CH2)5CH3), 0.87 (t, J = 7.0 Hz, 3H, 

O(CH2)7CH3. 13C NMR (175 MHz, D2O) δ 176.1 (NHCOCH3, from HMBC), 175.4 (OCOCH3, 

from HMBC), 175.0 (COO-, from HMBC), 103.3 (C-1’’, from HSQC), 103.0 (C-1’, from HSQC), 

101.2 (C-2’’’, from HMBC), 79.6 (C-2’’, from HMBC), 76.6, 76.3, 76.1, 76.1 (C-7’’’, from 

HMBC), 75.9, 74.8, 73.4 (C-2’, from HMBC), 72.4, 68.9, 66.8 (C-9’’’, from HSQC), 63.4, 62.2, 

62.2, 61.6 (C-4’’, from HSQC), 60.7, 53.6, 40.6 (C-3’’’, from HSQC), 30.2 (OCH2CH2(CH2)5CH3, 

from HSQC), 29.5-25.0 (OCH2CH2(CH2)4CH2CH3 23.9 (OCH2(CH2)5CH2CH3, from HMBC), 
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23.8 (NHCOCH3, from HSQC), 21.5 (OCOCH3, from HSQC), 14.8 (O(CH2)7CH3, from HSQC). 

ESI-MS calculated for C33H57NO20 [M-H]- 786.3401 found: 786.3403. 

O-(5-Acetamido-9-acetoxy-3,5,9-trideoxy-D-glycero-α-D-galacto-non-2-ulopyranosylonic 

acid)-(2→6)-O-(β-D-galactopyranosyl)-(1→4)-O-(β-D-glucopyranosyl)-octanol (9). 

Compound 9 was prepared using Method C to yield 1.3 mg (33%) as a white solid. 1H NMR (700 

MHz, D2O) δ 4.49 (d, J = 7.8 Hz, 1H, H-1’), 4.44 (d, J = 7.8 Hz, 1H, H-1’’), 4.42 (dd, J = 12.0, 

2.2 Hz, 1H, H-9a’’’), 4.21 (dd, J = 12.0, 5.8 Hz, 1H, H-9b’’’), 4.12 (ddd, J = 9.6, 5.8, 2.2 Hz, 1H, 

H-8’’’), 4.01-3.52 (OCH2(CH2)6CH3, H-6a’, H-6b’, H-5’’, H-6a’’, H-6b’’, H-5’’’, H-6’’’), 4.00 

(1H, H-5’, from TOCSY), 3.95 (1H, H-4’’, from TOCSY), 3.81 (1H, H-4’, from TOCSY), 3.68 

(1H, H-3’, from COSY), 3.68 (H-4’’’, from COSY), 3.67 (1H, H-3’’, from COSY), 3.62 (1H, H-

7’’’, from COSY), 3.55 (1H, H-2’’, from COSY), 3.34 (t, J = 8.7 Hz, 1H, H-2’), 2.72 (dd, J = 12.6, 

4.7 Hz, 1H, H-3eq’’’), 2.14 (s, 1H, OCOCH3), 2.05 (s, 1H, NHCOCH3), 1.75 (t, J = 12.1 Hz, 1H, 

H-3ax’’’), 1.67-1.61 (m, 2H, OCH2CH2(CH2)5CH3), 1.39-1.25 (m, 10H, OCH2CH2(CH2)5CH3), 

0.87 (t, J = 6.8 Hz, 3H, O(CH2)7CH3). 13C NMR (175 MHz, D2O) δ 175.4 (NHCOCH3, from 

HMBC), 175.0 (OCOCH3, from HMBC), 174.4 (COO-, from HMBC), 103.9 (C-1’’, from HSQC), 

103.0 (C-1’, from HSQC), 101.8 (C-2’’’, from HMBC), 76.7 (C-3’, from HMBC), 75.1, 74.9, 

74.26, 74.25, 73.7, 73.6 (C-2’, from HSQC), 71.8, 71.7 (C-2’’, from HSQC), 70.4 (C-8’’’, from 

HSQC), 69.3 (C-4’’’, from HMBC), 68.8 (C-4’’, from HSQC), 67.4 (C-7’’’, from HMBC), 66.9 

(C-9’’’, from HSQC), 63.5, 63.1, 52.8, 41.1 (C-3’’’, from HSQC), 32.6, 30.0, 29.7 

(OCH2CH2(CH2)5CH3, from HSQC), 26.9, 26.3 (O(CH2)6CH2CH3, from HMBC), 23.4, 23.3 

(NHCOCH3, from HSQC), 21.5 (OCOCH3, from HSQC), 14.4 (O(CH2)7CH3, from HSQC). ESI-

MS calculated for C33H57NO20 [M-H]- 786.3401 found: 786.3396.  
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Figure 1 Human neuraminidase substrate activity assays. a) Structure of fluorogenic hNEU 
substrates 4MU-Neu5Ac 1 and 4MU-Neu5,9Ac2 2. b) Effect of sialic acid 9-O-acetylation on 
hNEU hydrolysis of 4MU-substrates. Rates were obtained by linear regression of triplicate 
experiments. Data is presented as krel and normalized to 4MU-Neu5Ac 1, and error bars correspond 
to one standard deviation. c) Structures of hNEU substrate GM3 3 and octyl sialyllactoside targets 
containing α(2→3) (4, 6, 8) or α(2→6) (5, 7, 9) linkages. d) Substrate specificity of hNEU towards 
octyl sialyllactoside substrates containing an α(2→3) linkage to galactose. Data are given as 
relative rates, normalized to α(2→3) Neu5Ac 4 substrate. Data for Neu5Ac and Neu5Gc α(2→3) 
octyl sialyllactosides 4 and 6 were taken every one minute for 4 minutes. Rates for substrate 8 
were obtained by taking points every 10 min over 40 min in triplicate experiments and error is 
shown for one standard deviation. e) Substrate specificity of hNEU towards octyl sialyllactoside 
substrates containing an α(2→6) linkage to galactose. Data are given as relative rates, normalized 
to α(2→3) Neu5Ac 5 substrate. Rates were obtained by taking points every 10 min over 40 min in 
triplicate experiments and error is shown as one standard deviation. NEU1 cleavage of octyl 
sialyllactosides 4 and 5 was too slow for detection and is not shown. 

 

 



30 
 

  

 

Figure 2. Time-resolved ESI-MS data acquired for NEU3 cleaving α(2→3) linked substrates. 

Mass spectra were measured in negative ion mode for 200 mM aqueous ammonium acetate 
solutions (pH 4.8, 22 °C) of 4, 6, and 8 (100 mM each) and NEU3 (0.0002 units). OL- is the octyl 
lactoside anion; the internal standards are N-acetyl-9-azido-9-deoxy-neuraminic acid (IS1) and 
leucine enkephalin (IS2). 
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Figure 3. Models of substrate binding to NEU2 and NEU3. View of the active site of a) NEU2 
with α(2→3) Neu5Ac-Lac-CH3 (methyl sialyllactoside analogue of 4) bound to the active site. b) 
NEU2 with α(2→3) Neu5,9Ac2-Lac-CH3 (methyl sialyllactoside analogue of 8) bound to the 
active site. c) NEU3 with methyl sialyllactoside analogue of 4 bound to the active site d) NEU3 
with methyl sialyllactoside analogue of 8 bound to the active site. 
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Table 1. Results of time-resolved ESI-MS data for NEU3 cleaving α(2→3) linked octyl sialyllactosides.  

 

 

 
Single Substratea Mixturea 

Substrate  Substrate depletion Product formation Substrate depletion Product formation 

4 Neu5Ac 1.00 ± 0.03 1.00 ± 0.02        1.00 ± 0.1 1.00 ± 0.2 

6 Neu5Gc        0.6  ± 0.1 0.42 ± 0.07 0.37 ± 0.07 0.44 ± 0.08 

8 Neu5,9Ac2 0.17 ± 0.06 0.06 ± 0.03 0.25 ± 0.02 0.11 ± 0.03 

a. Results are reported as relative rates (krel) using the mean of three runs, and errors corresponding to one standard deviation. 
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