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Abstract. Novel sialic acid scaffolds have great 
significance in the development of influenza neuraminidase 
inhibitors. Here the enzymatic synthesis of a wide range of 
2-keto-3-deoxy-D-glycero-D-galacto-nononic acid (KDN) 
analogues via aldol addition of pyruvate to D-mannose, D-
glucose, D-galactose, 2-deoxy-D-glucose, D-arabinose, L-
arabinose and L-rhamnose using a previously unstudied N-
acetylneuraminic acid (Neu5Ac) aldolase derived from the 
bacterium Dyadobacter fermentas was exemplified. Several 
of the synthesized KDN analogues showed comparable or 
better inhibitory activity than unstudied Neu5Ac against the 
mutated influenza neuraminidases (A/California/04/2009 
and A/Anhui/1/2005), which both show resistance to 
Neu5Ac-based neuraminidase inhibitors, demonstrating 
that these compounds are promising templates for the 
development of anti-influenza drugs. 

Keywords: Aldol reaction; Diastereoselectivity; KDN; 
Antiviral agents, Sialic acids. 

 

In addition to the five major flu pandemics of the last 

century, seasonal influenza outbreaks cause annual 

epidemics that lead in many cases to hospitalization and 

death, especially in children and the elderly.[1] Two major 

glycoproteins found on the influenza virus envelope are 

hemagglutinin, responsible for viral attachment to terminal 

N-acetylneuraminic acids (Neu5Ac, 1) of cell surface 

receptors,[2] and a neuraminidase able to cleave off newly 

formed Neu5Ac-bound virions from the host cell to further 

enhance the viral mobility.[3] The treatment of influenza 

consist in the administration of neuraminidase inhibitors 

such as zanamivir (Relenza®), oseltamivir (Tamiflu®), 

laninamivir (Inavir®) or peramivir (Rapivab®, Rapiacta® or 

Peramiflu®).[4] Since the discovery that the Neu5Ac 2,3-

didehydro derivative DANA (2,3-didehydro-2-deoxy-N-

acetylneuraminic acid) can inhibit neuraminidases,[5] 

Neu5Ac is used as the standard template for the 

development of effective small molecule neuraminidase 

inhibitors including the above-mentioned commercially 

available drugs (Figure 1). However, some naturally-

occurring mutations of the influenza virus, such as the 

H274Y mutation in H1N1 and H5N1 virus strains, have 

shown significant levels of resistance towards these drugs 

generating the necessity to develop new synthetic 

inhibitors to compete against these reported resistances.[6] 
The creation of new sialic acid scaffolds as templates for 

the synthesis of new neuraminidase inhibitors may be a 

suitable way to overcome this limitation.  

 

 
Figure 1. Current spectrum of influenza neuraminidase 

inhibitors. 

10.1002/adsc.201700678Advanced Synthesis & Catalysis

This article is protected by copyright. All rights reserved.

mailto:lichen.liu@njau.edu.cn


 2 

Aldolase enzymes play an important role in the 

chemoenzymatic synthesis of sialic acid analogues[7] 

(Scheme 1). Wong et al. reported the synthesis of KDO 

and KDO analogues from D-threose, D-ribose and D-

erythrose using a KDO aldolase from Aureobacterium 

barkerei.[8] Furthermore, the activity of Neu5Ac aldolases 

from E. coli and Peptoclostridium difficile were previously 

studied towards a series of monosaccharides.[9] Later, 

Hilbert, Seeberger and coworkers reported the 

macrophomate synthase-catalyzed aldol addition of 

pyruvate enolate into several protected aldopentoses 

obtaining the corresponding sialic acids as diastereomeric 

mixtures (Scheme 1 C).[10] 

 

Here, we report the synthesis of a wide range of 2-keto-3-

deoxy-D-glycero-D-galacto-nononic acid (KDN, 2) 

analogues using a previously unstudied, highly 

promiscuous N-acetylneuraminate lyase cloned from the 

bacterium Dyadobacter fermentas and the potential of the 

synthetized compounds to inhibit mutated influenza 

neuraminidases in comparison. 

 

 
 

Scheme 1. Reported chemoenzymatic routes to new sialic 

acid analogues. A: Enzymatic synthesis of C-5 modified 

Neu5Ac analogues.[7] B: Synthetic strategy to KDO 

analogues.[8] C: Synthetic route to KDO analogues.[10] 

Reaction conditions: a) bacterial sialic acid aldolase, b) 

KDO aldolase from Aureobacterium barkerei, c) 

macrophomate synthase. 

 

 

Recombinant Dyadobacter fermentas N-acetylneuraminic 

acid aldolase (DfNAL)[11] could successfully catalyze the 

retro-aldol reaction of Neu5Ac obtaining ManNAc and 

pyruvate. The photometric assay used for the detection of 

the DfNAL activity consisted in the selective N-acyl-D-

mannosamine dehydrogenase-catalyzed oxidation of 

ManNAc to produce N-acetylmannominic acid in presence 

of NAD+ which is reduced to NADH. The readout of 

formed NADH at 340 nm could be successfully applied to 

quantitatively determine the conversion of the retro-aldol 

reaction. Biochemical characterization of DfNAL 

(Supporting Figure S4) revealed that DfNAL showed the 

highest activity at pH 8.0 and 65 °C. No metal ions were 

essential for the enzymatic activity, but the presence of 

CuII could slightly decrease the enzyme’s activity. Sodium 

dodecyl sulfate inhibited DfNAL activity whereas other 

additives, such as urea, triton X-100 or 2-mercaptoethanol, 

had no effect in the enzymatic activity. Vmax, Km and kcat 

values were determined to be 3.1±0.4 µM/s, 10.1±1.8 mM 

and 36.5 s-1, respectively. 

 

Neu5Ac was successfully synthetized from ManNAc with 

94% conversion when 5 equivalents of pyruvate were 

added in the reaction mixture. Surprisingly, DfNAL was 

also able to catalyze the aldol addition of pyruvate into 

mannose to provide sialic acid KDN (2) in a quantitative 

manner (Scheme 2, top), after 12 h reaction time when 5 

equivalents of pyruvate were used. The ability to observe 

the enzymatic reaction product in a quantitative manner by 

NMR encouraged us to try the enzymatic aldol reaction 

using other hexoses than mannose (D-glucose and D-

galactose), deoxyhexoses, (2-deoxy-D-glucose and L-

rhamnose), and aldopentoses (L-arabinose and D-

arabinose) as substrates obtaining the corresponding KDN 

derivatives (4S,5S,6R)-3-deoxy-6-[(1R,2R)-1,2,3-

trihydroxypropyl]-hex-2-ulopyranosonic acid (3), 

(4S,5S,6R)-3-deoxy-6-[(1S,2R)-1,2,3-trihydroxypropyl]-

hex-2-ulopyranosonic acid (4), (5S,6R)-3,5-dideoxy-6-

[(1R,2R)-1,2,3-trihydroxypropyl]-hex-2-ulopyranosonic 

acid (5), (4R,5S,6R)-3-deoxy-6-[(1S,2S)-1,2-

dihydroxypropyl]-hex-2-ulopyranosonic acid (6a), 

(4S,5S,6R)-3-deoxy-6-[(1S,2S)- 1,2-dihydroxypropyl]-hex-

2-ulopyranosonic acid (6b), (4S,5S,6S)-3-deoxy-6-[(1S)-

1,2-dihyroxyethyl]-hex-2-ulopyranosonic acid (7), KDO 

(8a) and gluco-KDO (8b) in different proportions (Scheme 

2). DfNAL showed no activity towards other amino sugars 

apart from ManNAc, such as glucosamine, N-

acetylglucosamine or kanosamine, or towards 

disaccharides, such as lactose or maltose. Despite DfNAL 

could catalyze the aldol reaction of D-arabinose or L-

arabinose, no activity was observed when other 

aldopentoses like D-ribose or L-ribose were used as 

substrates. 

 

KDN was discovered in 1986 and several synthetic routes 

to produce this sialic acid have been reported so far.[12] 

Three enzymatic routes to 2-keto-3-deoxy-D-manno-

octonic acid (KDO, 8a) using different aldolases have also 

been described.[8, 10, 13] 8b has been synthetized starting 

from protected D-glucose derivatives.[13] This is the first 

time KDN analogues 3, 4, 5, 6a and 6b are reported. 

 

To analyze the diastereoselectivity of the aldol reactions, 

synthetized sialic acids were labeled with 1,2-

diaminobenzene.[14] The HPLC-based analysis of the 

labeled sialic acids revealed that aldol reactions to sialic 

acids 2, 3, 4, 5 and 7 occurs with complete 

diastereoselectivity whereas diastereomeric mixtures were 

obtained using L-rhamnose, 6a/6b 70:30, and D-arabinose, 

8a/8b 56:44, as substrates (Supporting Figure S5). 2, 3, 4, 

5, 7 and major diastereoisomers, 6a and 8a, were isolated 

by silica gel chromatography. 
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Scheme 2. DfNAL-catalyzed synthesis of Neu5Ac (1), 

KDN (2) and KDN analogues (3, 4, 5, 6a, 6b, 7, 8a and 

8b). Reaction conditions: commercial sugar (1.11 mmol), 

sodium pyruvate (5.55 mmol), 50 mM Na3PO4/citrate 

buffer pH 8.0, 37 °C, 12 h (reaction volume: 5 mL). 

Yields: 1 89%, 2 86%, 3 21%, 4 29%, 5 32%, 6a 2%, 7 

14%, 8a 23%. 

 

The configuration of the newly generated asymmetric 

center in C-4 of the purified compounds was elucidated by 
1H and 13C NMR (Supporting Figures S6-S10). In the 1H 

NMR spectrum of 2, the signal corresponding with the 

proton linked to C-3 in axial position appears as a triplet at 

1.72 ppm with coupling constants of 12.2 Hz due to the 

coupling between geminal and vicinal axial-axial protons 

indicating the (S) configuration of C-4 (Supporting Figure 

S11). Compound 3, 4, 5 and 7 adopt the same chair 

conformation in comparison with 2. 1H NMR spectra of 

these KDN derivatives showed that the signals 

corresponding to the proton linked to C-3 in axial position 

appear as a triplet with similar coupling constants as the 

ones observed for 2 demonstrating an (S) configuration on 

C-4 of these structures. KDN analogues 6a and 8a are in 

alternate chair conformation with the C-6-linked glycerol 

side-chain is located in equatorial position.[10, 13] Curiously, 

a triplet with coupling constants about 12 Hz could be also 

observed for the proton linked to C-3 in axial position in 

the 1H NMR spectrum of 6a indicating an (R) 

configuration on C-4 (Supporting Figure S12). The 1H 

NMR spectrum of 8a is in accordance with the previously 

described spectra of KDO confirming an (R) configuration 

on C-4 (Supporting Figure S13).[13] 

The previously reported aldolase KdsA allowed the 

synthesis of sialic acids with (R) configuration on C-4,[12] 

whereas the macrophomate synthase reported permitted the 

synthesis of C-4 (S) diasteroisomer in a higher ratio.[10] 

Although the substrate promiscuity of other bacterial 

Neu5Ac aldolases towards D-glucose, 2-deoxy-D-glucose, 

D-galactose, 2-deoxy-D-galactose, D-allose, D-lyxose, D-

arabinose, 2-deoxy-D-ribose, L-xylose and L-fucose was 

described with efficiencies previously, the produced sialic 

acids were not structurally characterized and the 

diastereoselectivity of the enzymatic reaction was not 

studied.[9a, 9c] Although the configuration on the generated 

asymmetric center is commonly conserved regardless of 

the acceptor substrate in enzymatic aldol reactions,[15] 

DfNAL was able to change the configuration of this center, 

presumably depending on the configuration of the 

substituents on the C-3 of the substrate. Substrates with (R) 

configuration on C-3 led to sialic acids with (S) 

configuration on C-4, whereas sialic acids possessing (R) 

configuration on C-4 were obtained with major proportion 

when substrates with (S) configuration on C-3 were used. 

The inhibitory activity of the obtained KDN and KDN 

derivatives were tested against H274Y mutated H1N1 

(A/California/04/2009) and H274Y mutated H5N1 

(A/Anhui/1/2005) influenza A virus neuraminidases. A 5-

bromo-4-chloro-indolyl-β-D-galacto-pyranosyl-sialoside, 

X-gal-α-2,3-Neu5Ac (9), was used as the influenza 

neuraminidase substrate, yielding 5-bromo-4-chloro-

indolyl-β-d-galactopyranoside, which hydrolysis to X-gal 

(10) can be easily followed by HPLC analysis[16] (Scheme 

3). 9 was synthetized according to the method described by 

Chen and co-workers.[17] All tested sialic acid analogues 

showed inhibitory activity against H274Y mutated H1N1 

and H274Y mutated H5N1 neuraminidases (Figure 2), 

with 4 having the highest inhibitory activity. Although  

 

 

 
Scheme 3. Neuraminidase inhibition assays were carried 

out using X-gal-α-2,3-Neu5Ac (9) as neuraminidase 

substrate yielding X-gal (10) and Neu5Ac (1). 
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Figure 2. Screening of Neu5Ac (1) and synthetized KDN 

analogues (2, 3, 4, 5, 6a, 7 and 8a) against H274Y mutant 

H1N1 neuraminidase (A/California/04/2009, in white) and 

H274Y mutant H5N1 neuraminidase (A/Anhui/1/2005, 

black) using oseltamivir as control (C). The neuraminidase 

inhibitor assays were performed at 1 mM concentrations. 

 

KDN derivative 4 could significantly enhance the 

inhibitory activities compared with 1, 4 showed lower 

inhibitory activities in comparison to the commercially 

neuraminidase inhibitor oseltamivir (Supporting Figure 

S14 and Figure S15). 

 

A number of modifications have been successfully carried 

out in 1 to enhance the inhibitory activity of this compound 

against influenza neuraminidases: the dehydratation of 1 

led to DANA,[17] whereas the replacing the hydroxyl group 

at C-4 of DANA with a guanidine group led to 

zanamivir.[5, 18] Further replacing the carboxylic acid with a 

phosphonate led to Zanaphosphor.[19] Several new drugs 

with high inhibitory activity against influenza B strains 

could show modifications at the hydroxyl group at C-7 of 

zanamivir.[20] These alterations can be also a suitable and 

interesting way to increase the inhibitory activity of the 

herein presented KDN analogues in future (Scheme 4). 

 

In summary, a previously uncharacterized bacterial N-

acetylneuraminate lyase from Dyadobacter fermentans was 

applied in the diastereoselective one-step synthesis of sialic 

acids. KDN and KDN derivatives from D-glucose, D-

galactose, 2-deoxy-D-glucose, L-rhamnose, D-arabinose 

and L-arabinose were successfully obtained. The 

recombinant enzyme allowed the synthesis of sialic acids 

with (S) configuration on C-4 using carbohydrates with (R) 

configuration on C-3 as the substrates, and vice versa. 

KDN and most KDN derivatives showed higher inhibitory 

activities against H274Y mutated H1N1 neuraminidase in 

comparison with that observed for Neu5Ac demonstrating 

the potential of these compounds as templates for the 

development of new drugs. 

Experimental Section 

Gene cloning and construction of the expression vector 

The oligonucleotide primers for amplifying the target 

genes were designed based on the genomic DNA sequence 

of D. fermentas (GenBank number WP 015812487.1) 

sense primer: 5’- 

GGAATTCCATATGAACTTACATTTAGAGGGCCTCA

TCG -3’ (containing an underlined NdeI restriction site), 

anti-sense primer: 5’- 

CCGCTCGAGAAATGTATTTTTGGCCAAAACGG -3’ 

(XhoI site underlined)). The genes were amplified by 

polymerase chain reaction (PCR) using Primestar HS DNA 

polymerase (Takara) and genomic DNA as templates 

according to the manufacturer’s instructions. Briefly, the 

PCR amplification was performed using 35 PCR cycles 

consisting of denaturation at 95 °С for 10 s, annealing at 

55 °С for 30 s, and elongation at 72 °С for 1 min. The PCR 

fragments were purified on an agarose gel and double-

digested by the simultaneous use of the corresponding 

restriction endonucleases and ligated into a predigested 

pet-30a(+) expression vector containing a coding region 

for a C-terminal hexahistidine fusion tag. The recombinant 

vectors were transformed into E. coli Mach1 T1 competent  

cells (Invitrogen) and transformants were selected on 

Luria-Bertani (LB) agar containing 50 µg/mL kanamycin. 

Colonies containing the expected plasmid construct were 

screened by DNA sequencing. The extraction, 

endonuclease digestion, ligation and plasmid 

transformation were carried out using standard methods. 

The transformed strains containing the cloned genes were 

stored in 20% glycerol solutions at -80 °C until further use. 

 

Expression and purification of recombinant DfNAL 

The plasmid containing the expected DfNAL was 

transformed into the E. coli BL21 (DE3) expression host 

and grown on a LB solid medium (10 g·L-1 NaCl, 10 g·L-1 

Trypton, 5 g·L-1 yeast extract and 5 g·L-1 agarose) 

containing 50µg·mL-1 kanamycin. A single colony was 

transferred into 5 mL fresh LB medium (10 g·L-1 NaCl, 10 

g·L-1 Trypton and 5 g·L-1 yeast extract) supplemented with  

 

 

 
 

Scheme 4. Possible structural modifications to enhance the inhibitory activity of KDN (2) and KDN analogues (3, 4, 5, 6a, 

7 and 8a) against influenza. a) Dehydratation of C-2;[5, 18] b) introduction of a guanidine group;[5, 18] c) introduction of a 

phosphonate;[20] d) modifications at C-7.[20] 
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50 µg·mL-1 kanamycin. 5 mL of the culture was used to 

inoculate 400 mL of LB medium and shaking at 37 °C 

until optical density (OD600) of the culture reached 0.5. 

Then, 0.4 mL of a 1 M IPTG (Isopropyl-β-D-

thiogalactopyranoside) were added to the medium to 

induce the recombinant protein expression. After 16 h of 

induction at 18 °С, cells were harvested by centrifugation 

at 4,000 g for 10 min at 4 °С. The cell pellets were 

suspended in 10 mL lysis buffer (100 mM NaCl, 50 mM 

Tris, 1% Triton X-100, 1 mM PMSF, and pH 8.0) and 

disrupted by sonification for 20 min. Cellular debris was 

removed by centrifugation at 20,000 g for 20 min at 4 °С. 

The supernatant containing the recombinant enzymes were 

loaded onto a Ni-NTA column (Qiagen, Germany, 2 mL 

column volume). The column was washed with washing 

buffer (50 mM NaCl, 50 mM Tris, 10 mM imidazole, 

adjusted to pH 8.0 with HCl) to remove unbound proteins. 

Recombinant proteins were eluted using elution buffer (50 

mM NaCl, 50 mM Tris, 500 mM imidazole, adjusted to pH 

8.0 with HCl). Eluted fractions were partially desalted by 

gel chromatography using prepacked PD-10 cartridges (GE 

Healthcare).  

The molecular mass and purity of the recombinant proteins 

were monitored by 12% SDS-PAGE acrylamide gels after 

Coomassie brilliant G-250 staining. The protein 

concentration was determined using the quantification 

method of Bradford with bovine serum albumin (BSA) as 

quantification standard. The purified enzyme was stored at 

-80 °C in a 20% glycerol solution for further use. 

 

Synthesis of Neu5Ac, KDN and KDN analogues 

Reaction mixtures (5 mL) containing 222 mM of D-

mannose, D-glucose, D-galactose, 2-deoxy-D-glucose, L-

rhamnose, D-arabinose, L-arabinose or N-acetyl-D-

mannosamine, 1110 mM pyruvate, sodium 

phosphate/citrate buffer (50 mM, pH 8.0) and recombinant 

enzyme (DfNAL, 760 U), were incubated for at 37 °С 12 h 

reaction time. The corresponding sialic acids (1, 2, 3, 4, 5, 

6a, 7 and 8a) were isolated by silica gel chromatography 

using a mixture AcOEt/MeOH/AcOH (2:1:1) as the eluent. 

Reactions were monitored by thin-layer chromatography 

(TLC). TLC was performed by spotting 1 µL from reaction 

mixture using AcOEt/MeOH/AcOH (2:1:1) as the eluent. 

Compounds were stained using an orcinol based stain (2 

mg·mL-1 orcinol in 20% H2SO4). 
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