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Abstract

Neisseria meningitidis (Nm) serogroup W (NmW) is one of the six meningococcal serogroups that 

cause majority of invasive meningococcal diseases (IMD). Its capsular polysaccharide (CPS) is a 

virulence factor and is a key component in NmW CPS-protein conjugate vaccines. The current 

clinically used NmW CPS-protein conjugate vaccines are effective but the costs are high and the 

products are heterogeneous at both the CPS and the conjugate levels. Towards the development of 

potentially better NmW CPS vaccines, herein we report the synthesis of homogeneous 

oligosaccharides of NmW CPS in a size-controlled manner using polysaccharide synthase 

NmSiaDW in a sequential one-pot multienzyme (OPME) platform. Taking advantage of the 

obtained structurally defined synthetic oligosaccharides tagged with a hydrophobic chromophore, 

detailed biochemical characterization of NmSiaDW has been achieved. While the catalytic 

efficiency of the galactosyltransferase activity of NmSiaDW increases dramatically with the 

increase of the sialoside acceptor substrate size, the size difference of the galactoside acceptor 

substrate does not influence NmSiaDW sialyltransferase activity significantly. The ratio of donor 

and acceptor substrate concentrations, but not the size of the acceptor substrates, has been found to 

be the major determining factor for the sizes of the oligosaccharides produced. NmW CPS 

oligosaccharides with a degree of polymerization (DP) higher than 65 have been observed. The 

study provides a better understanding of NmSiaDW capsular polysaccharide synthase and 

showcases an efficient chemoenzymatic synthetic platform for obtaining structurally defined 

NmW CPS oligosaccharides in a size-controlled manner.
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Neisseria meningitidis (Nm) is a Gram-negative bacterium and a major cause of meningitis 

and septicemia.1 Based on the structures of their capsular polysaccharides (CPSs), at least 12 

Nm serogroups have been characterized.2–3 Among them, six (Men A, B, C, W, X, and Y) 

are major causative agents of life-threatening invasive meningococcal diseases (IMDs).4–6 

Except for serogroup X (MenX), vaccines are currently available for the other five of these 

six Nm serogroups.1 While meningococcal serogroup B (MenB) is prevented by 

meningococcal outer membrane protein vaccines such as MenB-FHbp and MenB-4C,7 

protection against infections caused by the other four serogroups relies mainly on capsular 

polysaccharide-protein conjugate vaccines where diphtheria protein cross-reactive materials 

197 (CRM197), diphtheria toxoid (D), or tetanus toxoid (TT) is used as the protein carrier.1, 8 

Among these, except for low-cost PsA-TT developed as an affordable meningococcal 

serogroup A (MenA) conjugate vaccine for meningitis belt countries,9–10 the cost for the 

production of other conjugate vaccines is still high.11 In addition, the current production of 

these conjugated vaccines involves extraction and purification of heterogeneous 

polysaccharides from bacterial cultures12 followed by chemical derivatization and 

conjugation with a protein carrier.13–14 Heterogeneity can be introduced at every step of this 

production process which may cause potential challenges in quality control. Undesired 

modification introduced may also led to complications.15 Developing efficient methods for 

synthesizing structurally defined Nm CPSs could result in improved vaccine candidates with 

easier characterization, higher batch to batch reproducibility, higher efficiency, and 

potentially lower cost similar to the case of synthetic Haemophilus influenza type b (Hib) 

CPS conjugate vaccine.15–16 Structurally defined oligosaccharides of Nm CPSs are also 

essential probes for better understanding the important roles of these biomolecules.17–18
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In recent years, cases of invasive meningococcal diseases (IMD) caused by NmW have seen 

a sharp increase in numerous countries including England, the Netherlands, Australia, 

Canada, Argentina, Chile.1 The CPS of NmW is a heteropolymer containing N-

acetylneuraminic acid (Neu5Ac) and galactose (Gal) in a unique disaccharide repeating unit 

−4Neu5Acα2–6Galα1- that has not been found in other organisms.3, 19–20 N-

Acetylneuraminic acid (Neu5Ac) is the most common form of sialic acid (Sia), a family of 

more than 50 different structures containing a nine-carbon α-keto acid backbone.21 The 

Neu5Ac in the CPS of NmW can be modified by O-acetylation at C-7 and/or C-9 in some 

NmW isolates.22 Although still debatable, such O-acetyl modifications does not seem to 

affect the efficacy of NmW conjugate vaccines significantly.12

Chemical synthesis of NmW CPS oligosaccharides containing Neu5Ac at the non-reducing 

end ranging from disaccharide to decasaccharide has been accomplished with numerous 

protection and deprotection processes and the products have been used as valuable probes 

and vaccine candidates.23 To the best of our knowledge, size-defined NmW CPS 

oligosaccharides containing Gal at the non-reducing end have not been produced. Towards 

the goal of producing better quality synthetic CPS conjugate vaccines, we have successfully 

developed an efficient chemoenzymatic method for synthesizing homogeneous 

oligosaccharides of NmW CPS in a size-controlled manner.

The key enzyme for the biosynthesis of NmW CPS is a polymerase NmSiaDW that has both 

α1–4-galactosyltransferase (α1–4GalT) and α2–6-sialyltransferase (α2–6SiaT) activities.
3, 20 While its N-terminal hexosyltransferase domain shares protein sequence homology with 

other Carbohydrate Active enZyme (CAZy) database24–26 GT4 family glycosyltransferases,
20 its C-terminal sialyltransferase domain in a new CAZy GT97 family does not have 

significant protein sequence similarity with other known sialyltransferases except for 

homologs in NmY strains.27 The dual glycosyltransferase activities of recombinant 

NmSiaDW have been confirmed by radioactivity assays using CPS isolated from NmW, its 

partially hydrolyzed products, and an α2–8-linked trisialoside as primers.3 A P310G 

mutation in the N-terminal hexosyltransferase domain of NmSiaDW alters its activity 

preference from an α1–4-galactosyltransferase to an α1–4-glucosyltransferase for the 

formation of NmY CPS.3, 20 However, detailed kinetics data of NmSiaDW are not currently 

available.

To obtain NmSiaDW, its synthetic gene optimized for E. coli expression was cloned into 

pET22b (+) vector and NmSiaDW was expressed as a C-terminal His6-tagged protein in 

Escherichia coli BL21 (DE3). About 150 mg soluble and active enzyme per liter of cell 

culture was routinely obtained after one-step purification with a nickel-nitrilotriacetic acid 

(Ni2+-NTA) affinity column (Figure S1). It was important to add a detergent such as 0.1% 

Triton X-100 in the lysis buffer to obtain optimal amounts of NmSiaDW in a soluble form, 

indicating the association of the enzyme with membrane.

To facilitate enzyme characterization and product purification, a chromophore (Cbz)-tagged 

sialylmonosaccharide substrate was designed. Sialylmonosaccharide (S1) 2-O-(N-

benzyloxycarbonyl)aminopropyl α-N-acetylneuraminide (Neu5AcαProNHCbz) was 

chemically synthesized from Neu5Ac (Scheme 1) similarly to that reported previously.28 
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Briefly, methylation of the carboxyl group in the commercially available Neu5Ac (1) 

followed by peracetylation produced per-O-acetylated Neu5Ac methyl ester (3) in 86% 

yield. Treatment of 3 with acetyl chloride in dichloromethane and anhydrous methanol 

formed per-O-acetylated Neu5Ac chloride (4), which was reacted with benzyl N-(3-

hydroxypropyl) carbamate in the presence of AgOTf to produce protected Neu5Ac glycoside 

(5) in an excellent 91% yield. De-O-acetylation using NaOMe in MeOH and hydrolysis of 

methyl ester using sodium hydroxide produced the desired product Neu5AcαProNHCbz 

(S1, 3.79 g) in 84% yield.

Using S1 as the acceptor substrate, the α1–4-galactosyltransferase activity of NmSiaDW was 

shown to be active in a broad pH range of 5.0–9.5 and optimal activities were observed at 

pH 6.5 and pH 9.0. In comparison, using galactosyldisaccharide G2 (see below and Scheme 

2) as the acceptor substrate, the α2–6-sialyltransferase activity of NmSiaDW was shown to 

be active in a pH range of 6.0–9.5 with an optimum at pH 8.0 (Figure S2). The addition of a 

metal ion such as Mn2+, Mg2+, Co2+, Na+, Ca2+, Li+, Ni2+ was not required and did not 

significantly affect either glycosyltransferase activities of NmSiaDW although the addition 

of Cu2+ completely abolished both activities (Figure S3). The α1–4-galactosyltransferase 

domain of NmSiaDW seemed to be more stable than its α2–6-sialyltransferase domain. The 

activity of the former retained after being incubated for 30 minutes at a temperature up to 33 

°C, while the activity of the latter decreased significantly after incubation for 30 minutes at a 

temperature higher than 30 °C (Figure S4). Both glycosyltransferase activities were lost 

when NmSiaDW was incubated at 44 °C for 30 minutes. The optimal temperature for the 

α1–4-galactosyltransferase activity was in a broad range of 20–33 °C, while the optimal 

sialyltransferase activity had a narrower range of 30–37 °C (Figure S5).

Knowing the optimal conditions of both glycosyltransferase activities of NmSiaDW, NmW 

CPS oligosaccharides ranging from galactosyldisaccharide G2 to galactosyldecasaccharide 

G10 were synthesized from sialylmonosaccharide Neu5AcαProNHCbz (S1) using a 

sequential one-pot multienzyme (OPME) process. As shown in Scheme 2, an OPME α1–4-

galactosylation system (OPME1) containing Streptococcus pneumoniae TIGR4 

galactokinase (SpGalK),29 Bifidobacterium longum UDP-sugar pyrophosphorylase 

(BLUSP),30 Pasteurella multocida inorganic pyrophosphatase (PmPpA),31 and NmSiaDW 

was used to add an α1–4-linked galactose residue to a sialoside acceptor such as S1. In this 

system, SpGalK was responsible for the formation of galactose-1-phosphate (Gal-1-P) 

which was used by BLUSP to form activated sugar nucleotide uridine-5’-diphosphate 

galactose (UDP-Gal), the donor substrate of the α1–4-galactosyltransferase activity of 

NmSiaDW for the synthesis of galactosides such as G2. PmPpA was included to hydrolyze 

the inorganic pyrophosphate (PPi) formed in the BLUSP-catalyzed reaction to drive the 

reaction towards the formation of UDP-Gal. From S1, galactosyldisaccharide G2 (1.26 g) 

was synthesized and purified with an excellent 92% yield.

Subsequently, an OPME α2–6-sialylation system (OPME2) containing Neisseria 
meningitidis CMP-sialic acid synthetase (NmCSS)32 and NmSiaDW was used to sialylate 

the galactoside formed. In this system, NmCSS catalyzed the formation of cytidine-5’-

monophosphate Neu5Ac (CMP-Neu5Ac), the activated sugar nucleotide donor for the α2–6-

sialyltransferase activity of NmSiaDW for the synthesis of α2–6-linked sialosides such as S3 
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(Scheme 2). From G2, sialyltrisaccharide S3 (620 mg) was synthesized and purified with an 

excellent 96% yield.

Repeating the OPME α1–4-galactosylation and OPME α2–6-sialylation reactions 

sequentially with product purification after each OPME reaction to provide the acceptor 

substrate for the next OPME reaction led to the efficient synthesis of a series of NmW CPS 

oligosaccharides in 83–96% yields including G4 (556 mg, 91%), S5 (512 mg, 83%), G6 

(440 mg, 88%), S7 (418 mg, 90%), G8 (380 mg, 96%), S9 (301 mg, 84%), and G10 (221 

mg, 83%).

These reactions were carried out in 0.25–1.00 g scales in Tris-HCl buffer (100 mM, pH 8.5) 

containing MgCl2 (20 mM) with the consideration of acceptable and optimal reaction 

conditions of NmSiaDW and other enzymes involved in the sequential OPME reactions. 

Except for the synthesis of galactosyldisaccharide G2 from sialylmonosaccharide S1 which 

required a long reaction time (98 h), all other OPME reactions were carried out at 30 °C for 

20 h. Assisted by the Cbz-tag, product purification was conveniently achieved by passing the 

reaction mixture through a C18 reverse phase column twice. The first column purification 

used a gradient solution of 0.1% trifluoroacetic acid (TFA) in H2O and acetonitrile as an 

eluent to separate the protonated product from other components in the reaction mixture. 

The fractions containing the product were neutralized by NaOH immediately to minimize 

acid-catalyzed hydrolysis. The second C18 column purification used a gradient solution of 

water and acetonitrile to obtain the desired pure product whose structure and purity were 

confirmed by nuclear magnetic resonance (NMR), high resolution mass spectrometry 

(HRMS), and ultra-high performance liquid chromatography (UHPLC) (Figure S6) 

analyses. Heteronuclear Single Quantum Coherence-Total Correlation Spectroscopy 

(HSQC-TOCSY)33–34 studies for S1–G10 with 90 ms and 10 ms mixing times (ESI) clearly 

show independent coupling networks of terminal and internal Neu5Ac or Gal residues. For 

example, for S3 which contains two Neu5Ac residues, the chemical shifts of the internal 

Neu5Ac are more downfield for H3eq, H4, H5 H6 (0.05–0.20 ppm difference), and C4 (4.28 

ppm difference) but more upfield for H3ax (0.09 ppm difference), C3 (3.32 ppm difference), 

and C5 (2.27 ppm difference) than those of the terminal Neu5Ac with no significant 

differences for C6 (Figure S7A–S7B). In comparison, for G4 which contains two Gal 

residues, the chemical shifts of the protons on the Gal backbones (less than 0.05 ppm 

difference) and C1 (0.65 ppm difference) are slightly more upfield for the internal residue 

(Figure S7C).

The obtained Cbz-tagged monosaccharide and oligosaccharides of NmW CPS (S1–G10) 

were used as indispensable acceptor substrates for NmSiaDW kinetics studies by varying the 

concentrations of the acceptor with a fixed concentration of the donor (Figure S8). As shown 

in Table 1 and Table 2, two distinctive kinetics behaviors were observed for the two 

glycosyltransferase activities of NmSiaDW.

Using sialosides S1–S9 as acceptors, it was shown that the catalytic efficiency (kcat/KM) of 

NmSiaDW α1–4-galactosyltransferase activity increased significantly as the length of the 

acceptor substrate increased (Table 1). This was mainly due to the decrease of KM from 

higher than 10.0 mM for S1 to 0.89±0.10 mM for S3, 0.10±0.02 mM for S5, 0.07±0.01 mM 
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for S7, and less than 0.05 mM for S9. Remarkably, the overall catalytic efficiency increased 

by more than 2100-fold with sialylnonasaccharide S9 acceptor compared to that with 

sialylmonosaccharide S1 acceptor. Acceptor substrate inhibition was observed when the 

concentration of S9 was higher than 2 mM. This can be explained by the low KM value of 

S9 which may compete with the donor binding to the enzyme, inhibiting an effective 

catalytic process by glycosyltransferases which follows an ordered sequential Bi-Bi 

mechanism where the enzyme binds the sugar nucleotide before the acceptor.35 On the other 

hand, the kcat (5.1–8.8 s−1) did not change significantly as the length of the sialoside 

acceptor varied. A similar preference for longer acceptor substrates was demonstrated 

previously for a GT4 family glucosyltransferase using lipid acceptors.36

In contrast to the kinetics properties of the α1–4-galactosyltransfearse activity of NmSiaDW, 

using galactosides G2–G10 as acceptors, the catalytic efficiency (kcat/KM) of NmSiaDW 

α2–6-sialyltransferase activity was shown to be in a narrow range of 46–97 s−1 mM−1 

without significant change when the length of the acceptor substrate was varied (Table 2). 

The kcat was in a range of 7.03–23.1 s−1 and the KM fell in the range of 0.13–0.24 mM. 

When G4 was used as the acceptor, NmSiaDW α2–6-sialyltransferase activity had the 

highest catalytic efficiency (97 s−1 mM−1) compared to the other four acceptors (kcat/KM = 

46–55 s−1 mM−1) mainly due to a relatively higher kcat (23.1 ±1.1 s−1) than those of G2, 

G6, G8, and G10 (7.03–11.9 s−1).

NmSiaDW kinetics studies by varying the concentrations of the donors (Figure S9) were also 

investigated using a fix concentration of a representative short or long acceptor substrate. S3 
or S9 was used as the acceptor substrate for varying the concentration of UDP-Gal and G2 
or G10 was used as the acceptor substrate for varying the concentration of CMP-Neu5Ac. 

As shown below, the kinetics parameters for the α1–4-galactosyltransferase (Table 3) and 

the α2–6-sialyltransferase (Table 4) activities of NmSiaDW did not change significantly 

when different sizes of acceptors were used.

The availability of chromophore-tagged NmW CPS mono- and oligosaccharides with 

defined sizes and structures (S1–G10) allowed us to address several questions: 1, does the 

length of NmSiaDW oligosaccharide acceptor affect the maximal product sizes when both 

donors are provided? 2, does the identity of the monosaccharide at the reducing end of the 

oligosaccharide acceptor affect the maximal product sizes? and 3, what is the effect of the 

donor versus acceptor ratio on the product size distribution?

To answer the first two questions, NmSiaDW-catalyzed polymerization reactions were 

carried out with an acceptor (5 mM) selected from S1–G10 and 10 equivalents of both UDP-

Gal and CMP-Neu5Ac donors. Reaction mixtures were analyzed using an UHPLC system 

with an AdvanceBio Glycan Mapping column (a HILIC column) using NaCl and acetonitrile 

gradients. As shown in Figure S10, except for the reactions using S1 as the acceptor which 

were slow, no significant difference on the maximal product sizes was observed when 

oligosaccharide acceptors (G2–G10) of different sizes were used. Nevertheless, compared to 

reactions with a shorter acceptor (G2–S7), a narrower product size distribution was seen for 

reactions with a longer oligosaccharide acceptor (G8, S9, or G10). Therefore, using longer 

oligosaccharide acceptors (G8–G10) could be advantages for the production of 

Li et al. Page 6

ACS Catal. Author manuscript; available in PMC 2021 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monodisperse NmW capsular polysaccharides. The identity of the reducing-end 

monosaccharide did not seem to affect the maximal product sizes either. It was interesting to 

observe (in Figure S10 and also in Figure 1 below) that sialosides seemed to be the preferred 

products when a sialoside was used as the starting acceptor substrate. In comparison, a 

galactoside starting acceptor led to the formation of both galactoside and sialoside products. 

The underlying reason is unclear but could be related to the difference in the relative 

availability of two donor substrates in the reaction mixtures. Polysaccharides with a degree 

of polymerization (DP) for up to 33 were observed in 20 h reactions. The most abundant 

products had a DP distribution in the range of DP17–23.

The effect of the donor verses acceptor ratio on the product size distribution was investigated 

using a series of ratios varying from 1 to 50 with either G2 or S3 as the acceptor. As shown 

in Figure 1 and Figure S11, the sizes of the products increased with the increase of the donor 

versus acceptor ratio independent of whether a galactoside G2 or a sialoside S3 was used as 

the acceptor. Polymers with DP59 or higher were observed. In comparison, NmSiaDW was 

reported to form products for up to DP19 using Neu5Acα2–6Galα1–4Neu5AcαMU as the 

acceptor and 4 equivalents of both donors.27 The strategy of using a high donor versus 

acceptor ratio was also applied previously for synthesizing monodisperse polysaccharides 

such as hyaluronan (up to 8 MDa) using Pasteurella multocida hyaluronan synthase 

(PmHAS)37 and heparosan (800 kDa) using Pasteurella multocida heparosan synthase 1 

(PmHS1).38

Assuming oligosaccharides S3–G8 were not part of the products in the 20-h reactions using 

50 equivalents of donors (Figure 1 and Figure S11), more detailed analyses showed that 

when G2 was used as the acceptor substrate, the average molecular weights (Mn or Mw) of 

NmSiaDW products increased from 1.0 kDa to 6.1–6.6 kDa when the donor versus acceptor 

ratio changed from 1 to 50 (Table S1) and the product average molecular weights increased 

from 1.4 kDa to 7.5–8.6 kDa when S3 was used as the acceptor substrate (Table S2). 

NmSiaDW catalyzed the formation of low molecular weight polysaccharides with a narrow 

size distribution (polydispersity index: Mw/Mn = 1.03–1.14) under the experimental 

conditions used.

The application of in situ generation of sugar nucleotide donors (UDP-Gal and CMP-

Neu5Ac) by OPME galactosylation and sialylation systems in polymerization reaction was 

investigated using G2 or S3 as the acceptor substrate and compared to the reactions using 10 

equivalents of donor substrates. The OPME polymerization reactions were carried out in two 

steps where the sugar nucleotides were formed at 30 °C for 10 hours in Tris-HCl buffer from 

ATP, UTP, Gal, CTP, Neu5Ac at pH 8.5 in the presence of SpGalK, BLUSP, PmPpA, and 

NmCSS. The reaction mixture was then added with G2 or S3, and NmSiaDW for 

polymerization reactions. As shown in Figure S12, polymerization reactions with OPME 

systems were slower but reached similar levels as those using sugar nucleotides as starting 

materials in a 20-h reaction time.

In conclusion, a sequential OPME platform has been successfully established for efficient 

synthesis of homogeneous NmW CPS oligosaccharides in a size-controlled manner. The 

hydrophobic chromophore (Cbz) tag in the starting acceptor substrate facilitates not only the 
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product purification but also the application of the products in detailed biochemical 

characterization of the polymerase NmSiaDW. While the binding affinity and the catalytic 

efficiency of the α1–4-galactosyltransferase activity of NmSiaDW increased dramatically 

with the increase of the size of the sialoside acceptors, the corresponding parameters for the 

α2–6-sialyltransferase activity of NmSiaDW do not change significantly with the increase of 

the galactoside acceptor size. The oligosaccharide product sizes of NmSiaDW–catalyzed 

polymerization reactions are influenced significantly by the ratio of donor and acceptor 

concentrations but less by the size of the oligosaccharide acceptors used. The structurally 

defined NmW CPS oligosaccharides synthesized are valuable probes and carbohydrate 

standards. They are also candidates for developing better bacterial carbohydrate-protein 

conjugate vaccines. The sequential OPME strategy can be extended for chemoenzymatic 

synthesis of other polysaccharides containing disaccharide repeating units.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Product profiles of 20-hour reactions using different ratios (1–50 equivalents) of donors 

versus acceptor (5 mM) where G2 (A) or S3 (B) was used as the acceptor.
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Scheme 1. 
Chemical synthesis of sialylmonosaccharide S1 from N-acetylneuraminic acid (Neu5Ac, 1).
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Scheme 2. 
Sequential one-pot multienzyme (OPME) chemoenzymatic synthesis of oligosaccharides 

G2–G10 from monosaccharide S1.
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Table 1.

Apparent kinetics data for NmSiaDW α1–4-galactosyltransferase activity using a fixed concentration of UDP-

Gal. The averages of nonlinear regression standard errors from technical duplicates are shown.

Acceptor kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

S1 / >>10.0 4.7×10−2

S3 8.8±0.4 0.89±0.10 10

S5 5.3±0.2 0.10±0.02 51

S7 5.5±0.2 0.07±0.01 83

S9 5.1±0.3 <0.05 >1.0×102
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Table 2.

Apparent kinetics data for NmSiaDW α2–6-sialyltransferase activity using a fixed concentration of CMP-

Neu5Ac. The averages of nonlinear regression standard errors from technical duplicates are shown.

Acceptor kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

G2 9.76±0.55 0.18±0.04 55

G4 23.1±1.1 0.24±0.04 97

G6 11.9±0.5 0.23±0.04 53

G8 10.3±0.5 0.25±0.04 46

G10 7.03±0.39 0.13±0.03 55
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Table 3.

Apparent kinetics data for NmSiaDW α1–4-galactosyltransferase activity using a fixed concentration of 

acceptor (S3 or S9). The averages of nonlinear regression standard errors from technical duplicates are shown.

Acceptor kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

S3 6.3±0.2 0.12±0.02 53

S9 9.0±0.2 0.15±0.02 60
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Table 4.

Apparent kinetics data for NmSiaDW α2–6-sialyltransferase activity using a fixed concentration of acceptor 

(G2 or G10). The averages of nonlinear regression standard errors from technical duplicates are shown.

Acceptor kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

G2 7.1±0.2 0.27±0.03 26

G10 6.1±0.2 0.38±0.05 16
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