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Abstract 
Neuraminic acid synthases are an important yet underexplored group of enzymes. Thus, in this research, we performed a 
detailed kinetic and stability analysis and a comparison of previously known neuraminic acid synthase from Neisseria men-
ingitidis, and a novel enzyme, PNH5, obtained from a metagenomic library. A systematic analysis revealed a high level of 
similarity of PNH5 to other known neuraminic acid synthases, except for its pH optimum, which was found to be at 5.5 for 
the novel enzyme. This is the first reported enzyme from this family that prefers an acidic pH value. The effect of different 
metal cofactors on enzyme activity, i.e. Co2+, Mn2+ and Mg2+, was studied systematically. The kinetics of neuraminic acid 
synthesis was completely elucidated, and an appropriate kinetic model was proposed. Enzyme stability study revealed that 
the purified enzyme exhibits changes in its structure during time as observed by differential light scattering, which cause 
a drop in its activity and protein concentration. The operational enzyme stability for the neuraminic acid synthase from N. 
meningitidis is excellent, where no activity drop was observed during the batch reactor experiments. In the case of PNH5, 
some activity drop was observed at higher concentration of substrates. The obtained results present a solid platform for the 
future application of these enzymes in the synthesis of sialic acids.

Key points
• A novel neuraminic acid synthase was characterized.
• The effect of cofactors on NeuS activity was elucidated.
•  Kinetic and stability characterization of two neuraminic acid synthases was performed.
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Introduction

Sialic acid synthases are an underexplored family of 
enzymes, especially from the perspective of their applica-
tion potential. Still, their role and function in physiological 

processes are more or less well defined. Prominent mem-
bers of this family are N-acetylneuraminic acid synthases 
(NeuSs) that catalyse the formation of N-acetylneuraminic 
acid (Neu5Ac) by an aldol-like condensation of N-acetyl-
mannosamine (ManNAc) and phosphoenolpyruvate (PEP) 
(Scheme S1). NeuS enzymes represent attractive targets for 
protein engineering, in order to alter their properties and 
provide easy irreversible enzymatic routes towards a wide 
range of sialic acid analogues (Knorst 1999; Suryanti et al. 
2003; Schnellbächer 2017). The latter are very interest-
ing compounds with a potential to serve as novel chemo-
therapeutic agents against bacterial and viral infections 
(Koketsu et al. 1997; Gunawan et al. 2005; Mertsch et al. 
2020b; Mertsch et al. 2020b; Heida et al. 2021), as well as 
cancer and immunological disorders (Suryanti et al. 2003; 
Keil et al. 2022). Sialic acids, a structurally diverse group 
of more than 50 distinct negatively charged α-keto acids, are 
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widespread in viruses, mammalian cells, and microorgan-
isms controlling a variety of biological functions, such as 
development, recognition, cell signalling, cell–cell interac-
tions, and adhesion (Varki 1993, 1997; Traving and Schauer 
1998; He et al. 2011; Yi et al. 2013; Fessner et al. 2014; 
Schnaar et al. 2014; Colley et al. 2014). They are termi-
nal components of glycoproteins and glycolipids (Mertsch 
et al. 2020a). During the embryonic development of verte-
brates, neural cell adhesion molecules are sialylated, which 
allows neural tissue to develop properly (Cunningham et al. 
1983). Additionally, in certain cancers, sialylation of the 
cell surface is correlated with tumorigenesis and metasta-
sis suggesting that sialic acids have a significant influence 
on human morbidity (Fukuda 1996; Gorelik et al. 2001; Yi 
et al. 2013). Among the sialic acids in nature, Neu5Ac is the 
most common and best studied sialic acid (Yi et al. 2013; 
Mertsch et al. 2020a), which due to their biological pro-
files are of potential importance for commercial application, 
i.e. as pharmaceutical precursors for antiviral drugs (e.g. 
Zanamivir (Zhang et al. 2010; Mertsch et al. 2020b)), food 
supplements and drug delivery systems nanocarrier stabiliz-
ers (Gurung et al. 2013). Since relatively simple structural 
modifications of sialic acids may significantly change their 
biological activities (von ltzstein and Thomson 1997), it 
can be expected that the synthesis of novel derivatives will 
have a strong potential of bringing innovative medicines to 
the market (Kiefel and Von Itzstein 2002). Although there 
are chemical methods for the preparation of Neu5Ac ana-
logues (Warwel and Fessner 2000), sustainable and effective 
enzymatic methods of preparation will be of great interest 
for the synthesis and production of pharmaceutically active 
compounds based on Neu5Ac. Some research was already 
done on this topic (Mahmoudian et al. 1997; Knorst 1999; 
Schnellbächer 2017).

Current sources of microbial neuraminic acid synthases 
are rather scarce. They were first discovered in pathogenic 
microorganisms, and the first enzyme was isolated and puri-
fied from Neisseria meningitidis (Blacklow and Warren 1962). 
Later, the enzyme was isolated and purified to homogeneity 
from Escherichia coli K1 (Vann et al. 1997) and then found 
in Campylobacter jejuni (Linton et al. 2000) and Streptococ-
cus agalactiae (Suryanti et al. 2003). Also, enzymes from the 
fish pathogens Aliivibrio salmonicida (Gurung et al. 2013) 
and Moritella viscosa (Berg et al. 2015) were discovered, of 
which the latter is the first cold-adapted neuraminic acid syn-
thase. The first enzyme from a non-pathogenic source was 
discovered in Idiomarina loihiensis, a microorganism found 
in a submarine volcano in Hawaii (García García et al. 2015). 
Studies up to 2002 were mostly limited to genetic context and 
detection of activity (Hwang et al. 2002). In most studies, only 
a basic kinetic analysis of enzyme activity was performed, 
meaning that the Michaelis constants for PEP and ManNAc 
were estimated, as well as the maximum reaction rates, and/

or catalytic constants (Table S1). It should be also noted here 
that different assays were used to determine enzyme activity. 
As these enzymes are cofactor dependent, different divalent 
metal ions were tested, and for most of them, divalent man-
ganese, magnesium, and cobalt were found to be the most 
appropriate choices. The first structural study by CD spec-
troscopy and MALDI-TOF was performed for EcNeuS, along 
with chemical cross-linking studies (Hwang et al. 2002). The 
authors found that the C-terminal region of the protein has a 
significant role in catalytic activity and conformational integ-
rity. Sundaram et al. (2004) performed the first stereochemical 
analysis with CjNeuS. They also concluded that the purified 
enzyme was unstable and performed their research with a 
partially purified enzyme. Suryanti et al. (2003) investigated 
SaNeuS and suggested that arginine residues present in the 
active site are involved in substrate recognition, Arg 305 being 
the only totally conserved. The crystal structure of neuraminic 
acid synthase was elucidated for the N. meningitidis enzyme 
(Gunawan et al. 2005), and the mechanism of the action was 
clarified as well (Gunawan et al. 2005; Liu et al. 2009). Among 
the neuraminic acid synthases reported so far, most of them 
come from mesophilic origin and one is from a psychrophilic 
organism (M. viscosa).

We investigated the natural reaction catalysed by 
NmNeuS and a novel enzyme from the Prozomix Ltd panel 
named PNH5, identified as a putative NeuS homolog through 
sequence analysis using the bioinformatics platform ProzO-
MIGO and explored the kinetics of the synthesis of Neu5Ac 
starting from ManNAc and PEP (Scheme S1) as a model 
system. This reaction represents a good potential for the 
synthesis of sialic acid analogues. Thus, this research can 
be viewed to establish a platform that reveals possible bot-
tlenecks in the reaction system and offers potential solutions. 
Therefore, we were focused on understanding the way this 
enzyme performs in a synthesis reactor, paying attention to 
the process, i.e. the reaction kinetics and operational stabil-
ity of the enzyme, as well as the stability of the enzyme in 
general. Given the novelty of PNH5, we conducted bioinfor-
matic analyses to elucidate its structural characteristics via 
homology modelling and establish its similarity to known 
NeuS enzymes. With the application of protein engineering 
on NeuS, native enzymes could be modified to accommodate 
various non-native substrates and provide novel compounds 
with pharmaceutical potential. Initial research into that 
direction has already been conducted (Joseph et al. 2013).

Materials and methods

Chemicals and plasmids

ManNAc was purchased from Glentham Life Sci-
ences, UK. Neu5Ac, MgCl2, CoCl2, MnCl2, imidazole, 
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o-benzylhydroxylamine hydrochloride (BnONH2·HCl), and 
pyridine were obtained from Acros Organics, Belgium. The 
neuB gene (GenBank: EFM03356.1) containing pET19b for 
NmNeuS and pnh5 gene (GenBank: PP887683) containing 
pET28a equivalent for PNH5 expression vectors in BL21 
(DE3) cells were provided from a TU Darmstadt collection 
(Schnellbächer 2017) and Prozomix Ltd, UK, respectively. 
Trifluoroacetic acid and Tris buffer were from Fisher Biorea-
gents, USA. Acetonitrile was from VWR, USA. Synergi™ 
Fusion-RP (80 Å, 4 μm, 4.6 × 250 mm) HPLC column was 
from Phenomenex, USA. The methanol gradient grade was 
from J.T. Baker, USA.

Quantification of compounds by HPLC

The samples from the reaction mixture were analysed by 
HPLC equipped with a PDA detector at 215 nm (Shimadzu, 
Japan), and the analysis was performed at 50 °C. A gradi-
ent method was applied for the analysis with two mobile 
phases, i.e. mobile phase A: 0.1% (v/v) trifluoroacetic acid in 
ultra-pure water and mobile phase B: mixture of acetonitrile 
and water in a volume ratio 80:20 with the addition of 0.1% 
(v/v) trifluoroacetic acid. The gradient was programmed as 
follows: 10–34% B over 8 min, 34–37% B over 3 min, 37% 
B for 5 min, 37–50% B over 4 min, 50–100% B over 3 min, 
100% B for 2 min, 100–10% B over 4 min, and 10% B for 
3 min. The flow rate was 0.8 mL min−1.

ManNAc, PEP, and Neu5Ac were derivatised before the 
analysis with BnONH2·HCl (Garrabou et al. 2009; Česnik 
et al. 2019) by using the following modified procedure. A 
10 μL of the reaction sample was mixed with 50 μL of the 
derivatisation solution (130 mM BnONH2·HCl in pyridine, 
methanol and water mixture containing 66, 30, and 4% 
v/v, respectively) and incubated at 50 °C and 900 rpm for 
60 min. Then, 500 μL MeOH was added, and samples were 
centrifuged for 5 min at 14 000 rpm. Then, they were filtered 
through 0.22 μm hydrophobic PTFE filters and analysed 
by using the method described above. The linearity of the 
calibration curve was up to 25 and 15 mM for ManNAc and 
Neu5Ac, respectively. The retention times of PEP, Neu5Ac, 
and ManNAc derivatives were 3.7, 11.4, and 12.4 min, 
respectively (Figs. S1–S3).

Purification of NmNeuS and PNH5

E. coli BL21 (DE3) cells transformed with the neuB gene 
from Neisseria meningitidis (GenBank: EFM03356.1) (Bate-
man et al. 2021) containing recombinant plasmid (pET19b-
Nme_neuB) were used for the overexpression of the protein 
of interest. A 5 µL of glycerol stock solution (OD600 =  ~ 1.5) 
was inoculated into 10 mL of LB medium containing ampi-
cillin (100 µg mL−1) and incubated overnight at 37 °C and 
180 rpm. A 4 mL from the starter culture was inoculated 

into 400 mL of Prozomix® modified TBp medium contain-
ing ampicillin (100 µg mL−1) and incubated at 26 °C and 
280 rpm for 22 h. After cultivation, the cells were harvested 
by centrifugation at 4000 rpm for 15 min. The cell pellets 
were resuspended in buffer A (20 mM sodium phosphate, 
500 mM NaCl, 30 mM imidazole pH 7.5, 1.0 mg mL−1 
lysozyme) and incubated on ice for 30 min. The resuspended 
cells were disrupted by sonication and insoluble cell debris 
and protein aggregates were removed by centrifugation 
(14,000 rpm, 40 min). The supernatant was filtered through 
a 0.45-µm filter and then applied to a 5 mL HisTrap™ HP 
column (GE Healthcare, USA), which was pre-equilibrated 
with buffer A. The column was washed with 25 mL of buffer 
A and the NmNeuS was eluted with buffer A containing 
different imidazole concentrations. The collected fractions 
were analysed by SDS-PAGE (Laemmli 1970) to identify 
fractions containing pure protein. For PNH5, cell-free extract 
(CFE) was mixed with buffer A, and the obtained lysate was 
clarified by centrifugation (14,000 rpm, 40 min). The super-
natant was filtered through a 0.45-µm filter, and then the 
same procedure was used for the purification. The collected 
fractions were subjected to dilution up to a final volume of 
50 mL with the reaction buffers (150 mM sodium phosphate 
pH 7.5 and sodium acetate pH 5.5 for NmNeuS and PNH5, 
respectively) containing 5 mM ethylenediaminetetraacetic 
acid (EDTA) for the removal of Ni2+ ions leaked from the 
HisTrap™ HP column during the purification process and 
other metals present. Enzyme solutions were concentrated 
with ultracentrifuge tubes (MM Amicon Ultracel-10 K). 
Subsequently, the concentrated enzyme samples were 
diluted and washed three times with reaction buffers aimed 
at the complete elimination of residual EDTA (Mónico et al. 
2017). The concentrated enzyme solutions were again cen-
trifuged for the removal of aggregates (14,000 rpm, 30 min). 
This process yielded 12 mL of NmNeuS at a concentration 
of 1.21 mg/mL and 10 mL of PNH5 at a concentration of 
1.14 mg mL−1, with specific activities of 9.52 U mg−1 and 
3.76 U mg−1, respectively.

Activity assay for the determination of neuraminic 
acid synthase activity

Neuraminic acid synthase (NeuS) activity was determined 
from the change in concentration of Neu5Ac formed in 
the metal-dependent condensation of ManNAc and PEP 
(Scheme S1). For the first activity screening, reactions were 
performed in sodium phosphate acid buffer (150 mM, pH 
7.5). Subsequently, optimum reaction buffers were employed 
for each enzyme in the ensuing experimental procedures.

For the screening assays, the solution containing 5 mM 
PEP, 5 mM ManNAc, and 0.05 mM Co2+ was prepared in 
buffer in a total volume of 2 mL. The reactor was thermo-
stated at 37 °C and shaked at 900 rpm. The reaction was 
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started by the addition of 50 μL of 0.5 mg mL−1 stock solu-
tion of pure NeuS. Six samples were taken from the reaction 
mixture at specific time intervals and analysed as described 
above. Sampling was done for approximately 25 min, and 
from the linear slope of the curve, representing the change 
of Neu5Ac concentration in time, specific enzyme activity 
is calculated (Eq. 1) (S.A. specific enzyme activity, U mg−1; 
c molar concentration, mM; Vr reactor volume, mL; VNeuS 
enzyme volume, mL; γNeuS mass concentration, mg mL–1):

One unit of NmNeuS and PNH5 activity was defined as 
the amount of enzyme needed to catalyse the formation of 
1 µmol Neu5Ac per minute at 37 °C in 150 mM sodium 
phosphate buffer, pH 7.5 for NmNeuS and 150 mM NaOAc 
buffer, and pH 5.5 for PNH5, respectively.

Screening of putative PNHs from Prozomix

A metagenomic library of wild-type PNHs sourced from 
diverse locations within the United Kingdom (Marshall 
et al. 2021) was sought to evaluate their potential for the 
aldol-like condensation of ManNAc and PEP to yield 
Neu5Ac. Reaction mixtures containing initial concentra-
tions of 5 mM PEP, 5 mM ManNAc, and 1 mM Co2+ were 
prepared in 150 mM sodium phosphate pH 7.5 in a total 
volume of 950 μL. Reactors were thermostated at 37 °C 
and shaked at 900 rpm. The reactions were initiated by the 
addition of 50 μL of 4 mg mL−1 of CFEs. Then, 10 μL of 
the initial and 24-h samples were taken from the reaction 
mixture and analysed as described previously to elucidate 
PNHs activity in the synthesis of Neu5Ac. Subsequently, 
the PNHs yielding Neu5Ac underwent further investiga-
tion aimed at determining their specific activity rates in 
the synthesis of Neu5Ac. This evaluation was conducted 
by employing the activity assay described in the aforemen-
tioned section with the concentration of PNH in the assay 
of 0.2 mg mL−1.

Bioinformatic analysis and molecular modelling 
PNH5

To gain a comprehensive insight into the structure–func-
tion relationship of PNH5, bioinformatic analyses have 
been utilized. Amino acid sequences of NeuSs from Uni-
Prot (Bateman et al. 2021) were aligned with Clustal Omega 
(Sievers et al. 2011) (UniProt accession number for each 
NeuS amino acid sequence; Neisseria meningitidis sero-
group B, Q7DDU0; Aeromonas caviae, Q9R9S2; Aliivibrio 
salmonicida, B6EHB9; Campylobacter jejuni, Q7BC41; 

(1)S.A. =
dcNeu5Ac

dt
⋅

Vr

VNeuS

⋅

1

�NeuS

[

U

mg

]

Edwardsiella ictaluri, C5BCQ8; Escherichia coli, Q46675; 
Moritella viscosa, A0A090IGE4; Pseudomonas aerugi-
nosa, Q8KH52; Streptococcus sp. HMSC069D09, A0A1F-
0CHD3). The graphical output of the multiple sequence 
alignment of NeuSs was prepared by using ESPRIPT 3.0 
server (Robert and Gouet 2014) and NmNeuS (PDB ID: 
1XUZ) as secondary structure information. The homol-
ogy model of PNH5 was created using AlphaFold2 based 
on the published structures (PDB ID: 1VLI, 1VS1, 1WVO, 
2WQP, 3G8R, 3UZJ, 4IPI, 4IPJ, 6NCS, 6PPW, 8H2C) (Ber-
man et al. 2003; Eastman et al. 2017; Mirdita et al. 2017, 
2019, 2022; Mitchell et al. 2019; Steinegger et al. 2019; van 
Kempen et al. 2023). The theoretical molecular weights of 
NmNeuS and PNH5 were calculated via Expasy compute pI/
Mw tool (Gasteiger et al. 2005). The graphics were done by 
PyMOL (Molecular Graphics System, Version 2.0 Schrod-
inger, LLC).

The influence of buffer and pH on enzyme activity

The specific activities of NmNeuS and PNH5 were meas-
ured in 150 mM buffers; sodium acetate for pH 5–5.5, 
sodium phosphate for pH 6–8, Tris–HCl for pH 8.5, and 
glycine–NaOH for pH 9–10. The effect of pH on the activ-
ity of NmNeuS was determined by incubating the reaction 
mixture (1 mL total volume) with selected buffers contain-
ing initial 5 mM concentrations of ManNAc and PEP, and 
1 mM MnCl2 for NmNeuS and 10 mM concentrations of 
ManNAc and PEP, and 0.05 mM CoCl2 for PNH5, respec-
tively. The reactors (1.5 mL Eppendorf tubes) were ther-
mostated at 37 °C and shaked at 900 rpm. Sampling and 
analysis were done as described previously. The concentra-
tions of NmNeuS and PNH5 in the assay were 0.0125 and 
0.023 mg mL−1, respectively.

Determination of enzyme kinetics

The enzyme kinetics were determined by using the initial 
reaction rate method. The influence of concentrations of 
all reaction compounds on the specific enzyme activity 
was evaluated, i.e. ManNAc, PEP, Neu5Ac, Co2+, Mn2+, 
and Mg2+. The enzyme activity was calculated according 
to Eq. (1) based on the change in product concentration in 
time. During these measurements, the substrate conversion 
was always below 10%. The experimental conditions for 
each data series are presented in the legends below the cor-
responding figures. It needs to be noted here that the effect 
of concentrations of each compound was investigated inde-
pendently, which means that all the other reaction condi-
tions were kept constant. For example, when the influence 
of ManNAc concentration on enzyme activity was evaluated, 
all other concentrations were kept constant, i.e. PEP and 
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Co2+. Experiments were performed at 37 °C on a shaker 
at 900 rpm. The volume of the reaction mixture was 1 mL, 
and the total sampling volume was always below 10%. The 
experiments were carried out in 1.5 mL Eppendorf tubes.

NmNeuS and PNH5 storage stability

The evaluation of the enzyme storage stability was con-
ducted through the integration of three methodologies, i.e. 
the assessment of enzyme activity using the activity assay 
described above, by following protein concentration using 
the Bradford method (Bradford 1976) and the quantifica-
tion of protein size distribution through particle size distri-
bution analysis (PSD). During storage, changes in protein 
structure occur and can lead to deactivation. These were fol-
lowed by the dynamic light scattering (DLS) method. DLS 
is a highly sensitive technique capable of detecting particles 
ranging from sub-nanometre sizes up to several microme-
tres, depending on the specific instrument, which makes it 
suitable for detecting solvated protein molecules in homo-
geneous mixtures, as well as larger, insoluble aggregates. 
The characterization of particle distribution with varying 
hydrodynamic diameters (Dh) was achieved through the uti-
lization of the number size distribution (NSD), the volume 
size distribution (VSD), and the intensity size distribution 
(ISD). NSD demonstrates the number of particles, serving 
as an indicator of relative protein concentration, and VSD 
demonstrates the volume that particles occupy. On the other 
hand, IDS represents the amount of light scattered by the 
particles in the sample, highlighting the presence of larger 
particles, which makes it particularly suitable for the early 
identification of aggregate formation. Increases in the size 
of protein molecules, exceeding those observed in enzyme 
crystal structures, are commonly ascribed to protein aggrega-
tion, a phenomenon detectable by monitoring PSD (Stetefeld 
et al. 2016; Milčić et al. 2022). Distributions were monitored 
by DLS on a Zetasizer Ultra (Malvern Panalytical, Malvern, 
United Kingdom). Pure NmNeuS and PNH5 enzyme stocks, 
stored at 4 °C in 150 mM of sodium phosphate buffer pH 
7.5 (NmNeuS and PNH5) and 150 mM sodium acetate pH 
5.5 (PNH5), were analysed during approximately 50 days of 
storage. Bovine serum albumin (BSA), well-characterized 
protein in terms of size and distribution, was used as a stand-
ard, while each measurement of NeuS enzymes samples was 
preceded by control measurement with a buffer solution same 
as sample matrix. Each measurement was performed in tripli-
cate with a temperature equilibration time of 120 s at 25 °C.

The influence of reaction conditions on enzymatic 
synthesis of Neu5Ac in batch reactor experiments

Two series of batch reactor experiments were conducted 
at different reaction conditions, i.e. substrates and enzyme 

concentration, one with NmNeuS, and the other with PNH5. 
During these experiments, the concentration of the reac-
tion compounds was followed, as well as enzyme activity 
to evaluate the enzyme operational stability. Reactions of 
15 mL containing ca. 10, 20, 50, and 100 mM equimolar 
concentrations of ManNAc and PEP and 0.05 mM of Co2+ 
were initiated in 15-mL centrifuge tubes by the addition of 
0.021 and 0.053 mg mL−1 of NmNeuS and PNH5, respec-
tively. Designated concentrations represent the amount of 
enzyme in the reaction mixture, i.e. reactor. They corre-
spond to activities of 0.34 and 0.30 U mL−1 of NmNeuS 
and PNH5, respectively. Subsequently, the reaction mixtures 
were distributed in 1 mL aliquots among 15 conical 1.5-mL 
Eppendorf tubes for the facilitation of sample collection. 
They were placed on a shaker at 900 rpm and 37 °C. At pre-
determined time points, 10 µL of the reaction mixture was 
taken from each aliquot for the quantification of substrate 
and product concentrations. Then, 0.99 mL reaction mix-
ture from each aliquot was used to isolate the enzyme and 
subsequently separate it from the other components of the 
reaction mixture via ultracentrifugation in Amicon™ Ultra-
0.5 centrifugal unit (Merck, USA; 4 °C, 14 000 rpm, 5 min). 
After the first round of ultracentrifugation, the concentrated 
reaction sample underwent successive washes with reac-
tion buffers (450 µL × 2 times) to eliminate all components 
except for the enzyme. Eventually, the obtained enzyme 
samples (100 µL) were employed to initiate the activity 
assays (NmNeuS (10 mM PEP and ManNAc, 0.05 mM 
Co2+, 990 µL total reaction volume); PNH5 (20 mM PEP 
and ManNAc, 0.05 mM Co2+, 1050 µL total reaction volume 
in 1.5 mL conical Eppendorf tubes)). In these experiments, 
the concentrations of compounds were followed by HPLC 
as described before and the activities of NmNeuS, and PNH5 
were calculated according to Eq. (1).

Data handling and development 
of the mathematical model

The experimental data on the dependence of the specific 
enzyme activity on the concentration of reaction compounds 
was used to estimate the kinetic constants. For this purpose, 
program package SCIENTIST and non-linear regression 
analysis were used. Simplex and Least squares methods 
implemented in SCIENTIST were used for the estimation 
of the kinetic parameters. The same software was used for 
the simulation of data.

The reaction rate (r) of the aldol-like condensation of 
ManNAc and PEP catalysed by NmNeuS was described 
by double substrate Michaelis–Menten kinetics (Eq. (2)), 
whereas for PNH5, the inhibition by PEP was included in 
the model (Eq. (3)). In both equations, there is a factor f 
included (Eq. (4)). It defines the influence of cofactor Co2+ 
concentration on the reaction rate. Namely, it is known that 
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enzyme activity is dependent upon the concentration of the 
cofactor. It is however put in a separate equation because the 
cofactor is not spent in the reactor, but it affects the reaction 
rate.

Equations (5)–(7) represent the mass balance equa-
tion for ManNAc, PEP, and Neu5Ac in the batch reactor, 
which were used for the reaction simulation.

If operational stability decay occurs, it was assumed 
that it will occur by the kinetic model of the first order 
according to Eq. (8):

Results

In this work, the biocatalytic synthesis of Neu5Ac was 
investigated via aldol-like addition of ManNAc and PEP. 
For this purpose, we investigated the previously known 
enzyme from Neisseria meningitidis and evaluated a panel 
of putative enzymes from Prozomix Ltd. After the initial 
screening and the selection of the best candidate, we per-
formed a preliminary characterization of the new enzyme, 
followed by thorough kinetic analysis for both enzymes, 
revealing the differences and similarities between them. 
Further, we conducted a computational study to model 
the molecular structure of PNH5 and its similarity to the 
currently known enzymes. We also focused on enzyme 
stability at both storage conditions and reactor conditions. 

(2)r
1
=

Vm ⋅ cManNAc ⋅ cPEP ⋅ f ⋅ �NmNeuS
(

KManNAc
m

+ cManNAc

)

⋅

(

KPEP
m

+ cPEP
)

(3)r
2
=

Vm ⋅ cManNAc ⋅ cPEP ⋅ f ⋅ �PNH5

(

KManNAc
m

+ cManNAc

)

⋅

(

KPEP
m

+ cPEP +
c2
PEP

KPEP
i

)

(4)f =
cCO2+

KCO2+

m
+ cCO2+

(5)
dcManNAc

dt
= −r

(6)
dcPEP

dt
= −r

(7)
dcNeu5Ac

dt
= r

(8)
dVm

dt
= −kd ⋅ Vm

A kinetic model of the synthesis reaction was developed 
and validated in the batch reactor.

Screening of putative homologues of neuraminic 
acid synthases

A panel of 13 putative homologues of NeuS from Prozomix 
Ltd (PNHs) was screened in the synthesis of Neu5Ac to find 
the best representative for further characterization accord-
ing to the procedure described in the Experimental part. 
First, the enzymes were compared according to Neu5Ac 
production efficiencies (Fig. 1a). From these results, 5 hits, 
i.e. PNH2, PNH3, PNH5, PNH6, and PNH11, were further 
characterized by comparing their specific activities (Fig. 1b) 
in the targeted reaction. The best activity was obtained with 
PNH5, which was further characterized as a representative 
of the panel.

Bioinformatic analysis and molecular modelling 
of PNH5

As PNH5 showed the highest Neu5Ac production efficiency 
among the putative homologues, bioinformatic analyses 
were used to obtain a comprehensive insight into its struc-
ture–function relationship. The subsequent section aims to 
elucidate and interpret the implications of these analyses. 
The theoretical molecular weights of NmNeuS and PNH5 
were calculated based on amino acid sequences as 38,347 
and 38,377 Da, respectively. The accurate molecular weight 
of NmNeuS was determined with ESI–MS as 38,649.8 Da 
(Hao et al. 2005). Therefore, the determined molar masses 
exhibit a close concordance with the computed values.

Fig. S4 illustrates a structural alignment depicting the 
sequence comparison of various NeuS homologs. Most resi-
dues associated with secondary structure elements exhibit 
either identical matches or preservation of similar physi-
ochemical properties. Across different NeuB sequences, the 
amino acids crucial for ligand binding in NmNeuS and PNH5 
(Mn2+, PEP, and ManNAc) remain conserved. PNH5 exhib-
its the highest sequence identity with NeuS from Moritella 
viscosa (62.43%).

Structure similarity of NmNeuS and PNH5

Up to now, NmNeuS is the only NeuS enzyme for which a 
crystal structure has been solved (Gunawan et al. 2005; Liu 
et al. 2009). The substrate binding situation can be gathered 
from a crystal structure of NmNeuS that contains Mn2+, 
PEP, and a reduced non-reactive analogue of ManNAc 
(rManNAc) (Gunawan et al. 2005). In addition, NmNeuS 
has been crystallized with an analogue of the reaction inter-
mediate (Liu et al. 2009). As seen in Fig. 2a, PNH5 has been 
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identified as a domain-swapped homodimer. The monomers 
consist of a (β/α)8 catalytic barrel at the N-terminus coupled 
to an antifreeze protein-like (AFPL) domain at the C-termi-
nus via an extended flexible linker region (Gunawan et al. 
2005). The catalytic barrel of one monomer is capped by the 
AFPL domain on the other monomer during dimer assem-
bly. As a result of the homology searches against type III 
antifreeze proteins, the AFPL domain had previously been 
identified and was suggested to function in polar sugar-sub-
strate binding (Baardsnes and Davies 2001). It has since 
been demonstrated that the AFPL domain plays an essential 
role in the catalysis of NmNeuS by contributing active site 
residues, which provide the catalytic orientation of the Man-
NAc within the active site (Joseph et al. 2013, 2014).

The corresponding model of PNH5’s active site architec-
ture with bound Mn2+, PEP, and rManNAc is illustrated in 
Fig. 2b. The N-terminal domain of PNH5 contributes most of 
the catalytic residues. Single residues Phe285 and conserved 
the Arg311 are contributed by the AFPL domain. Arg311 
interacts directly with the N-acetyl carbonyl of rManNAc 
in NmNeuS, while Phe285 forms part of the hydrophobic 
pocket. Phe285 is present in some members among the bac-
terial NeuS enzymes with AFPL domain, whereas Arg311 
is completely conserved. Additionally, Arg311 is not present 
in AFPL domains of the mammalian Neu5Ac-9-phosphate 
synthase (Gunawan et al. 2005).

Furthermore, ManNAc interacts with Asp245, Gln53, and 
Tyr184 within the fully conserved catalytic residues besides 
Arg314. The C-6 hydroxyl of ManNAc interacts with Asn72, 
which contributes to the β2-α2 loop of the catalytic domain. 
While Asn72 is fully conserved in NeuS enzymes, it is not 
present in other sialic acid synthase enzymes. The phos-
phate group of PEP interacts via H-bonds with Ser130, 
Ser152, and Ser211 residues, which are fully conserved 
among the bacterial sialic acid synthases and mammalian 

Neu5Ac-9PSs. Additionally, the phosphate group of PEP 
also interacts with Asn182 which is not completely con-
served among the sialic acid synthase family. The carboxy-
late group of PEP is interacting with the conserved Lys51 
and Lys127 residues. While Thr108’s reactive group is close 
to the PEP carboxylate, it is not within the hydrogen bonding 
range. Additionally, among the sialic acid synthase family, 
the residue is conserved as either Ser or Thr (Gunawan et al. 
2005).

Imidazole chains of His213 and His234, which are fully 
conserved among both bacterial and mammalian sialic acid 
synthases, form interactions with Mn2+ at the active site 
owing to metal’s octahedral geometry, indicating that the 
metal dependency is a key evolutionary characteristic of 
these enzymes (Gunawan et al. 2005).

The detailed analysis of PNH5’s active site, encompass-
ing interactions with Mn2+, PEP, and ManNAc, underscores 
the significance of specific residues, such as Arg311 and 
Phe285, in catalytic orientation. Moreover, the conserved 
nature of key residues, including Asn72 and imidazole 
chains of His213 and His234, across bacterial and mam-
malian sialic acid synthases highlights the evolutionary 
importance of metal dependency in these enzymes. These 
findings not only enhance our understanding of PNH5’s cata-
lytic mechanism as a NeuS but also provide a foundation for 
further exploration into the broader functions and potential 
applications of NeuS enzymes in the context of sialic acid 
biosynthesis.

pH and temperature dependence of enzyme activity

The influence of pH on the activity of NmNeuS and PNH5 
is presented in Fig. 3. While the NmNeuS shows an opti-
mum activity at pH 7.5 (Fig. 3a) just like reported by Hao 
et al. (2005), PNH5 prefers acidic pH value and exhibits its 

Fig. 1   a PNH panel screening in Neu5Ac synthesis via metal-
dependent condensation of ManNAc and PEP catalysed by PNHs 
(cManNAc = 5  mM, cPEP = 5  mM, cCo

2+ = 1  mM, γPNH = 0.2  mg  mL−1, 
150  mM HEPES buffer pH 7.5, 24  h, T = 37  °C). b Compari-

son of specific activities of the best selected PNHs from (a) 
(cManNAc = 10  mM, cPEP = 10  mM, cCo

2+ = 0.05  mM, γPNH = 0.2  mg 
mL.−1, 150 mM sodium phosphate buffer pH 7.5, T = 37 °C)
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maximum activity at pH 5.5 (Fig. 3b). This is untypical for 
the NeuS homologs found so far and is reported for the first 
time for this enzyme family.

The effect of different buffers was evaluated for NmNeuS, 
and the results are presented in Fig. S5 showing an opti-
mum activity in HEPES buffer. The choice of pH 7.6 was 

made to investigate the impact of the buffer on the activity of 
NmNeuS. Additionally, this pH value was selected to accom-
modate the inclusion of bicine buffer in the experimental 
buffer set. For practical reasons, sodium phosphate buffer pH 
7.5 showing 91% of maximum activity was used in further 

Fig. 2   a Homology model 
of PNH5 dimer created with 
AlphaFold2 based on the pub-
lished structures. PNH5’s Chain 
A is coloured grey, and Chain 
B is coloured by domain. The 
catalytic domain of PNH5 chain 
B is shown in green (residues 
Met1-Gly271), the linker 
domain in red (residues Ser272-
Val281), and the AFPL domain 
(residues Thr282-Glu346) in 
yellow. PNH5 chain B monomer 
is superimposed with the 
structure of NmNeuS monomer 
coloured blue. rManNAc is 
coloured cyan, PEP orange, and 
Mn2+ magenta. b PNH5 active 
site. The N-terminal catalytic 
domain, linker region, and 
AFPL residues are coloured 
in blue, cyan, and magenta, 
respectively. rManNAc, PEP, 
and Mn+2 are coloured in green, 
orange, and pink, respectively

Fig. 3   Effect of pH on (a) NmNeuS activity (cManNAc = 5  mM, 
cPEP = 5  mM, cMn

2+ = 1  mM, γNeuS = 0.0125  mg  mL−1, 150  mM 
buffer, 37  °C, 100% activity corresponds to 10.62 U mg−1) and (b) 
PNH5 activity (cManNAc = 10  mM, cPEP = 10  mM, cCo

2+ = 0.05  mM, 

γPNH5 = 0.023 mg mL−1, 37 °C, 150 mM buffer, 100% activity corre-
sponds to 5.02 U mg−1). Legend: black circle, sodium acetate buffer; 
black square, sodium phosphate buffer; black triangle, Tris–HCl 
buffer; black triangle down, glycine–NaOH
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characterization in the case of NmNeuS, whereas sodium 
acetate buffer pH 5.5 was selected for PNH5.

The influence of temperature on the activity of both 
enzymes is presented in Fig. 4. Both enzymes show an opti-
mum activity at 50 °C. Considering the temperature profiles, 
37 °C was chosen for subsequent experiments as the enzyme 
activity at this temperature is satisfactory, while stability is 
presumably higher than at the temperature optimum.

The influence of cofactor on the activity of NmNeuS 
and PNH5

The results presented in Fig. 5. indicate that the influence 
of different concentrations of all three cofactors can be 

described by Michaelis–Menten kinetics for both NmNeuS 
and PNH5, respectively. Additionally, both enzymes 
exhibit the maximum activity in the presence of Co2+ ions 
as cofactor (Fig. 5c and 5f), which was highlighted in the 
work of Hao et al. (2005) for NmNeuS. The experimental 
data (Fig. 5) were used to estimate the values of the kinetic 
parameters presented in Table 1. It can be concluded from 
the kinetic parameters that Mg2+, even though it was often 
used with NmNeuS (Blacklow and Warren 1962; Hao et al. 
2005), is not a good choice because it suffers from the 
highest value of the apparent Michaelis constant. When 
it comes to PNH5, Mg2+ is by far the worst cofactor, con-
sidering that the estimated maximum reaction rate is only 
0.11 U mg−1. Both enzymes exhibit high affinity towards 

Fig. 4   Effect of tem-
perature on (a) NmNeuS 
activity (cManNAc = 5 mM, 
cPEP = 5 mM, cMn

2+ = 1 mM, 
γNeuS = 0.0125 mg mL−1, 
150 mM sodium phosphate 
buffer, pH 7.5) and (b) PNH5 
activity (cManNAc = 10 mM, 
cPEP = 10 mM, cCo

2+ = 0.05 mM, 
γPNH5 = 0.023 mg mL.−1, 
150 mM sodium acetate buffer 
pH 5.5)

Fig. 5   Dependence of specific enzyme activity on the concentrations 
of metal cofactors for NmNeuS (a–c cManNAc = 10 mM, cPEP = 10 mM, 
150 sodium phosphate buffer pH 7.5, 37  °C) and PNH5 (d–f 
cManNAc = 20 mM, cPEP = 20 mM, 150 sodium acetate buffer pH 5.5, 

37  °C, γPNH5 = 0.300  mg  mL−1): a Mg2+ (γNeuS = 0.081  mg  mL−1), 
b Mn2+ (γNeuS = 0.330 mg  mL−1), c Co2+ (γNeuS = 0.33 mg  mL−1), d 
Mg2+, e Mn2+, and f Co2+
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Co2+ shown by low apparent Km values in Table 1. This 
means that a very low cobalt concentration is necessary to 
obtain maximum reaction rate, i.e. specific activity.

Kinetics of aldol‑like condensation of ManNAc 
and PEP catalysed by NmNeuS and PNH5

Having identified Co2+ as the optimum cofactor, a thorough 
investigation of the reaction kinetics was conducted for both 
enzymes. This means that the influence of ManNAc, co-
substrate PEP, and Neu5Ac concentrations on the specific 
enzyme activity was evaluated. The results presented in 
Fig. 6. show that for NmNeuS, both ManNAc (Fig. 6a) and 
PEP (Fig. 6b) behave according to Michaelis–Menten kinet-
ics. It appears that the product, Neu5Ac, does not inhibit the 
enzyme (Fig. 6c) in the investigated concentration range. 

Very similar results were obtained with PNH5 (Fig. 6d) 
except for the influence of PEP on the enzyme activity 
(Fig. 6e), where it was found that it mildly inhibits the 
enzyme as substrate. Kinetic parameters were estimated by 
using double substrate Michaelis–Menten kinetics from the 
data presented in Fig. 6. and are presented in Table 1.

Kinetic model of aldol‑like addition of ManNAc 
and PEP

A kinetic model for the aldol-like addition of ManNAc and 
PEP catalysed by NeuS has not been reported yet to the best 
of our knowledge. We believe that such research is of great 
interest considering that modelling holds numerous benefits, 
such as the ability to simulate different reaction scenarios in 
silico. Simulations enable choosing the best reactor mode 

Table 1   Estimated kinetic 
parameters of NmNeuS and 
PNH5

NmNeuS PNH5

Vm [U·mg–1] Km [mM] Vm [U·mg–1] Km [mM] Ki [mM]

Metal cofactor
Mn2+ 10.157 ± 0.312 0.014 ± 0.002 1.913 ± 0.05 0.010 ± 0.002 -
Mg2+ 11.994 ± 0.380 1.384 ± 0.162 0.110 ± 0.009 0.019 ± 0.008 -
Co2+ 16.151 ± 0.309 0.0003 ± 0.00005 5.702 ± 0.456 0.0017 ± 0.0008 -
Substrate
PEP 16.151 ± 0.309 0.991 ± 0.010 5.702 ± 0.456 1.405 ± 0.332 698.997 ± 34.359-
ManNAc 1.353 ± 0.107 0.543 ± 0.139 -

Fig. 6   Dependence of specific enzyme NmNeuS activity (a–c 
cCo

2+ = 0.05  mM, γNeuS = 0.016  mg  mL−1, 150  mM sodium phos-
phate buffer pH 7.5) and PNH5 activity (d–f cCo

2+ = 0.2  mM, 
γPNH5 = 0.015  mg  mL.−1, 150  mM sodium acetate buffer pH 5.5) 

on the concentration of (a) ManNAc (cPEP = 10  mM), b PEP 
(cManNAc = 20  mM), c Neu5Ac (cManNAc = 10  mM, cPEP = 10  mM), d 
ManNAc (cPEP = 10 mM), e PEP (cManNAc = 20 mM), and f Neu5Ac 
(cManNAc = 20 mM, cPEP = 20 mM)
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and in combination with selection of downstream process-
ing methods make a great base for early stage process cost 
estimation. This enables comparison of different synthesis 
methods and process schemes at an early stage of process 
development. Additionally, it enables the comparison of 
the estimated product price in the investigated process with 
the prices on the market. Modelling also enables making 
assumptions and estimations about the effect of the process 
on the environment. Most of these benefits were demon-
strated before for other reaction systems (Findrik Blažević 
et al. 2021; Sudar et al. 2021; Česnik Katulić et al. 2021). 
Based on the presented experimental data (Fig. 6.), a kinetic 
model was developed (Eqs. (2) and (3)) for the synthesis 
of Neu5Ac catalysed by NmNeuS and PNH5, respectively. 
In these equations, r1 and r2 present the reaction rate of 
Neu5Ac formation. Mass balance equations for ManNAc, 
PEP, and Neu5Ac in the batch reactor are presented by the 
Eqs. (5)–(7), respectively. They are vital for the validation of 
the mathematical model, which was done in the batch system 
in this case and will be discussed later.

Storage stability of NeuS and PNH5

We followed the activity and protein concentration of 
NmNeuS and PNH5 for 50 days to assess the stability of 
enzymes during storage. The results presented in Fig. 7. 
show that NmNeuS retains around 50% of its initial activity 
after 50 days (Fig. 7a) and forms a kind of equilibrium then, 
whereas PNH5 loses all its activity during the same period. 
As far as the protein concentration is concerned, it remains 
more or less constant for NmNeuS, whereas for PNH5, it 
follows the drop of enzyme activity (Fig. S6, Fig. 7b). It 
needs to be noted that the data for PNH5 were measured at 
pH 7.5 (Fig. S6), as well as 5.5 (Fig. 7b). While the enzyme 
shows poor stability at pH 7.5, it was shown that the stability 
is significantly improved at pH 5.5 (Fig. 7b), which is the 
optimum pH for enzyme activity.

To assess what happens with the protein molecules for 
50 days, the DLS technique was performed. Namely, the 
changes in the enzyme performance during time can be 
attributed to the changes in its structure. As the enzyme 
was incubated in the same medium throughout the experi-
ment, the surrounding conditions remained constant, 
meaning that any changes in the size distribution pro-
file of the enzyme can be attributed solely to structural 
changes over time, such as enzyme degradation and con-
sequent aggregation during storage. Since both enzymes 
displayed activity loss to some extent, DLS was performed 
to determine whether the stability decline could be attrib-
uted to the changes in protein structure and, consequently, 
aggregation. Thus, it makes sense to evaluate what is hap-
pening to protein size distributions, namely NSD, VSD, 
and ISD. The distribution of the particles with different 
hydrodynamic diameters is presented in Fig. 8. In the 
initial phase immediately after purification, the particle 
sizes of NmNeuS were in the range of 10 nm which cor-
responds to the size of the crystal dimer designated as 
58.766 × 76.147 × 77.482 Å (PDB ID: 1XUU (Berman 
et  al. 2003; Gunawan et  al. 2005)). Such monomodal 
and narrow distribution around the size of the crystal 
protein indicates the existence of the active form of the 
enzyme in homogeneous mixture. Subsequently, follow-
ing the initial stage of the purification process, a similar 
trend was noted with PNH5 particles, whose dimensions 
fell within the 10-nm range, aligning with the calculated 
dimensions, 123.8 × 49.1 × 48.7 Å, derived from an Iner-
tia Axis Aligned Bounding Box (IABB, Draw Protein 
Dimensions Script (Schrödinger 2015)). Furthermore, it 
can be concluded from the presented data for this enzyme 
that the size of the protein molecules is approximately the 
same as that for NmNeuS (Figs. 8 a and b and 9 c and d, 
respectively). The similarity in dimensional characteris-
tics between NmNeuS and PNH5 is evident in the super-
imposed 3D models illustrated in Fig. 2a. These results 

Fig. 7   Storage stability presented as the change of specific activity 
and protein concentration during 50  days for a NmNeuS (150  mM 
sodium phosphate buffer, pH 7.5, cManNAc = 10  mM, cPEP = 10  mM, 

cCo
2+ = 0.05  mM, γNmNeuS = 0.048  mg  mL−1) and b PNH5 (150  mM 

sodium acetate buffer pH 5.5, cManNAc = 20  mM, cPEP = 20  mM, 
cCo

2+ = 0.05 mM, γPNH5 = 0.035 mg mL.−1, 37 °C)
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indicate a higher protein integrity of NmNeuS than PNH5 
at these conditions. Even after 39 days, NmNeuS does not 
show visible aggregation when NSD and VSD are studied, 
while for PNH5, significant protein aggregation occurred 
after 39 days in both buffers, which is evident from the 
shift of the peak at the particle size of 100–1000 nm. 
These data at pH 7.5 correlate well with the protein con-
centration and specific activity data presented in Fig. S6. 
According to NSD, PNH5 at pH 5.5 appears to be in com-
pletely aggregated form after 49 days (Fig. 8b1), although 
activity measurements show a retention of about 50% of 
the initial value. This could, for example, be attributed to 
the change of surface charge of larger aggregates, which 
at pH 5.5 attract proteins in their active form through 
electrostatic interactions, potentially complicating their 

differentiation during DLS measurements. To inspect this 
further, the sample was centrifuged after 61 days, and the 
activity, protein concentration and PSD in the superna-
tant were measured. After separation by centrifugation, 
the concentration of soluble proteins in the supernatant 
was 0.297 mg/mL with specific activity 4.80 U/mg. PSD 
measurements also confirmed the existence of active pro-
teins around 10 nm, which were not detectable by the same 
method before centrifugation (Fig. S7).

Figure 8e–f1 present the enzyme particle ISD. Since this 
type of distribution weights particles according to the inten-
sity of the signal, it is convenient for early identification of 
protein aggregation. These data show that even though the 
majority of particles correspond to the size of the protein 
crystal as elaborated in Fig. 8a–d1, both enzymes are prone 

Fig. 8   Size distributions of NmNeuS and PNH5 in buffer solution 
during 39–49 days of storage according to the number (a NmNeuS, 
b–b1 PNH5), volume (c NmNeuS, d–d1 PNH5, and intensity (e 

NmNeuS, f–f1 PNH5) (γEnzyme = 1 mg mL.−1; 150 mM sodium phos-
phate buffer pH 7.5 for (a), (b), (c), (d), (e), and (f); 50 mM sodium 
acetate pH 5.5 for (b1), (d1), and (f1); 4 °C)
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to aggregation to some extent. For NmNeuS, it is less obvi-
ous from other data, but Fig. 8e shows that immediately after 
purification, there are particles in the range of 100 nm (black 
line). After 39 days, there are particles in the higher size 
ranges as well. This is more pronounced for PNH5 (Fig. 8 f 

and f1) with signals of relatively high intensity for particle 
sizes up to 1000 nm. This corresponds well to other provided 
experimental data, i.e. protein concentration and activity. 
Since after 20 days both enzymes at pH 7.5 retain approxi-
mately 50% of the initial activity (Fig. 7a and Fig. S6), and 

Fig. 9   Synthesis of Neu5Ac 
catalysed by NmNeuS 
(150 mM sodium phos-
phate buffer pH 7.5, 37 °C, 
γNeuS = 0.021 mg mL−1, 
cCo2+ = 0.05 mM) and 
PNH5 (150 mM sodium 
acetate buffer pH 5.5, 37 °C, 
γPNH5 = 0.053 mg mL−1, 
cCo2+ = 0.05 mM) in the batch 
reactor. a cManNAc = 83.79 mM, 
cPEP = 100.00 mM. a1 Opera-
tional stability of NmNeuS 
during the experiment presented 
in (a). b cManNAc = 47.90 mM, 
cPEP = 50.00 mM. b1 Opera-
tional stability of PNH5 during 
the experiment presented in (b). 
Legend: a–b black circles, Man-
NAc; white circles, Neu5Ac; 
black line, simulation. a1–b1 
black circles, relative activity of 
NmNeuS (a1) and PNH5 (b1) 
during the experiments; black 
line, model simulation
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PNH5 around 65% at pH 5.5 (Fig. 8b), and the particle size 
distribution does not detect the formation of the same num-
ber of aggregates, it can be concluded that aggregation is 
not the only and predominant reason for loss of stability. 
However, the DLS method does not rule out the loss of 
activity due to other conformational changes such as dimer 
dissociation into monomers. The size difference between 
these units is not sufficient for the method resolution, as the 
factor of 3 is a prerequisite for the successful detection of 
definite change in size by this experimental method. In the 
case of PNH5 at pH 7.5, the drop in protein concentration 
after 50 days (Fig. S6) can be attributed to the formation of 
water-insoluble protein aggregates, as clearly confirmed by 
DLS.

Mathematical model simulations and the stability 
of enzyme during the reaction

The mathematical model of Neu5Ac synthesis was validated 
in a series of batch reactor experiments (Eqs. (2) and (4)–(7)). 
The synthesis of Neu5Ac catalysed by NeuS is a double 
substrate reaction that starts from ManNAc and PEP. The 
reaction therefore requires PEP in stoichiometric amounts 
as co-substrate and an addition of metal cofactor. Co2+ was 
found to be the best choice and was therefore used in further 
experiments. The first series of experiments was performed 
with NmNeuS and is presented in Fig. 9 a and a1 and Fig. S8. 
During the experiments, enzyme activity was evaluated, and 
the results are also presented in Fig. 9a1 and Fig. S8 a1 and 
b1. The operational stability is an enzyme property crucial 
for its application. It was evaluated by following enzyme 
activity in a series of batch reactor experiments.

Figure 9a and Fig. S8a–c show the change of concentra-
tions of ManNAc and Neu5Ac during the experiment for 
the reaction catalysed by NmNeuS, whereas Fig. 9a1and 
Fig. S8a1–b1 show the change in the enzyme activity dur-
ing the experiments. In all the cases, it can be observed that 
the mathematical model describes the data well and that 
the enzyme activity is practically constant implying that 
NmNeuS has good operational stability. Batch reactor exper-
iments at different reaction conditions were conducted with 
PNH5 as well and are presented in Fig. 9b and Fig. S9. The 
mathematical model (Eqs. (3) and (4)–(7)) also described 
the data well. Thus, it can be verified for both enzymes that 
product inhibition is not present as assumed from the lim-
ited concentration range measurements. The experiment 
presented in Fig. S9b1 shows that the enzyme operational 
stability is good at the reaction conditions. Figure 9b1 shows 
that a slow enzyme activity drop can be observed in case 
of the experiment conducted at 50 mM of substrate. The 
operational stability decay rate constant of the first order 
was estimated to be kd = 9.6 ⋅ 10–5 ± 9.2 ⋅ 10–6 min−1. This 
value corresponds to 120.34 h enzyme half-life time. In the 

case of the experiment presented in Fig. S9c, the opera-
tional stability decay rate constant was estimated directly 
from the concentration vs. time data. It was found to be 
0.0015 ± 0.0001 min−1, corresponding to the enzyme half-
life time of 7.7 h. Thus, it appears that for this enzyme, an 
increase of substrate concentration also means a decrease in 
enzyme operational stability. Statistical output of the math-
ematical model, along with the explanation of its meaning 
is presented in Table S3.

Discussion

On the effect of pH on NeuS activity

A wide range of pH values have showed compatibility with 
NeuS activity from different organisms (Table S1), but 
the pH optimums reported were always in the same range 
between 7.0 and 8.3. For comparison, at the respective pH 
values, PNH5 displays only around 20% of its maximum 
activity observed at 5.5. At pH 5.0, PNH5 activity drops by 
50%, whereas a complete activity loss is observed at pH 4.0. 
However, while pH 7.0 is an optimum for SaNeuS activity, 
AsNeuS was inactive at the same pH (Suryanti et al. 2003; 
Gurung et al. 2013). Furthermore, AsNeuB becomes active 
from its inactive form when pH is increased from 7.0 to 7.5, 
in accordance with NmNeuS activity (Blacklow and Warren 
1962; Hao et al. 2005; Gurung et al. 2013). As the mechanis-
tic studies have shown that the metal ions are vital for bacte-
rial NeuS catalysis, a change in the protonation states of the 
metal ion coordinating the active site histidines (His215 and 
His236) could explain the increase in the activity (Gurung 
et al. 2013; Berg et al. 2015).

On the influence of cofactors on the activity 
of NmNeuS and PNH5 and enzyme kinetics

As stated before, in the relevant literature, several diva-
lent metal cofactors were tested with NeuS homologues, 
i.e. magnesium, manganese, cobalt, calcium, and others 
(Blacklow and Warren 1962; Vann et al. 1997; Linton 
et al. 2000; Suryanti et al. 2003; Sundaram et al. 2004; 
Gunawan et al. 2005; Hao et al. 2005; Liu et al. 2009; 
Gurung et al. 2013; García García et al. 2015; Berg et al. 
2015). For example, Hao et al. (2005) reported that the 
activity of NmNeuS was around 2.7-fold higher in the 
presence of cobalt than magnesium ions, while it was 
around 1.15-fold better in the presence of manganese 
than magnesium ions. Komaki et al. (1997) reported that 
NeuS from E. coli K1-M12 does not need a metal cofac-
tor for enzyme activity. In most of these reports, some 
research on the cofactor effect was done. However, sys-
tematic studies on the effect of cofactor concentration 



Applied Microbiology and Biotechnology         (2024) 108:446 	 Page 15 of 18    446 

on enzyme activity had not been reported so far. Such 
experiments are important to find the optimum conditions 
for enzyme activity in the reactor for producing sialic acid 
analogues. Additionally, none of the authors so far stated 
that they considered the metal cofactors already present 
in the enzyme samples after the purification. Therefore, 
we believe that Komaki et al. (1997) may have falsely 
reported that their enzyme needs no cofactor for activ-
ity. As a major difference to research done so far, all our 
measurements were performed with purified enzyme, 
from which the metal cofactors were previously removed 
by the EDTA treatment (Mónico et al. 2017). An ICP-MS 
analysis was performed to prove the absence of metals, 
which could affect enzyme activity (Table S2). We could 
detect only Mn2+ and Ni2+ in the purified enzyme sam-
ples, corresponding to the native cofactor and the affin-
ity purification reagent. Enzyme preparations containing 
no metal after EDTA treatment did not exhibit activity 
in the synthesis of Neu5Ac. During enzyme production 
and purification, various metal ions present in solution 
may bind to the enzyme and affect the measured enzyme 
activity. If the bound metal had not been removed before, 
it would be difficult to judge the effect on enzyme activ-
ity of systematically adding different metal cofactors and 
their concentration, when the enzymes independently 
showed dubious activity even in the absence of added 
metal ions.

While some kinetic parameters can be found in the 
literature for NmNeuS, as well as for other enzymes 
(Table  S1), the data is scarce and not measured in a 
systematic fashion. In addition, different methods and 
assays were applied. While Hao et al. (2005) reported 
kcat value of 49.5 min−1 for this enzyme, in our case, it 
is estimated to be significantly higher at 619.41 ± 11. 
81 min−1. It needs to be noted here that we used broader 
concentration ranges of substrate and co-substrate in our 
measurements and non-linear regression analysis to esti-
mate the values of the kinetic parameters. Additionally, 
the Michaelis constant for ManNAc was estimated to be 
almost tenfold lower in our case, and the value of kcat/Km 
was 7644.4 s−1  M−1. These differences come from the 
experimental and data handling methodology. Namely, 
Hao et al. (2005) applied a colorimetric TBA assay and 
used 1 mM Mg2+ as a cofactor, even though they also 
concluded that Co2+ yields a three-fold better enzyme 
activity. Additionally, they used different buffers and a 
rather narrow concentration range of ManNAc only up 
to 3 mM, which is significantly lower than the Michaelis 
constant they estimated for NmNeuS.

As far as PNH5 is concerned, the estimated Michaelis 
constants for PEP and ManNAc (Table 1) are quite low and 
comparable to NmNeuS meaning that ManNAc is an excel-
lent substrate for this enzyme, and a good selection if, for 

some chemical reason, acidic pH is required. For example, 
this could be interesting for downstream processing pur-
poses without the need for media exchange, possibly lead-
ing to a more profitable process, because Furuhata (2004) 
reported that sialic acids crystallize from water–acetic acid 
mixtures (Furuhata 2004).

The analysis of the molecular structure of PNH5 revealed 
that the molecular weight of the enzyme to be 38.4 kDa, kcat 
was calculated to be 219.01 ± 18.05 min−1 and kcat/Km was 
estimated to be 6755 s−1 M−1.

On the storage stability of NeuS and PNH5

Enzyme stability is an important feature of every indus-
trial biocatalyst. It is therefore important to evaluate it 
and improve it if needed. As far as NeuS homologues are 
concerned, no systematic study of enzyme stability was 
reported so far to the best of our knowledge. Hwang et al. 
(2002) identified site-specific cleavage prone to proteoly-
sis identified at Lys280 residue for EcNeuS and concluded 
that the purified enzyme, identified as tetramer (160 kDa), 
was not susceptible to cleavage. They described the deg-
radation of monomer (size 40 kDa) to two different frac-
tions, e.g. 33 and 7 kDa, and suspected that in that manner, 
the tetramer turns to trimer and loses the activity. Suryanti 
et al. (2003) reported that SaNeuS was prone to proteolysis 
during purification. Sundaram et al. (2004) reported that 
pure CjNeuS was not very stable, and for that reason, they 
conducted experiments with partially purified enzyme. 
Hao et al. (2005) reported that the recombinant NmNeuS is 
stable when stored at − 20 °C. The cold-adapted MvNeuS 
(Berg et al. 2015) was found to be stable for 3–4 weeks at 
4 °C, but readily aggregated at room temperature. They 
performed a calorimetric study, which showed that the 
enzyme unfolds with a two-step transition, i.e. two peaks 
indicated that the dimer first separates into monomers (1st 
peak) and that monomers deactivate at higher tempera-
tures (2nd peak).

From the presented literature overview, it is evident that 
the data is insufficient to understand what is going on with 
these enzymes in the solution, and that is why we combined 
enzyme activity and protein concentration measurements 
with DLS technique to elucidate the situation.

On the application of the mathematical model 
and the operational stability of enzymes

When discussing the optimal reaction conditions and 
design, one must have a deep insight into the kinetic 
behaviour of an enzyme. In case of NmNeuS, we can see 
that the reaction kinetics is very simple double substrate 
Michaelis–Menten kinetics. In these cases, the selection of 
a reactor mode is less difficult. If an enzyme is stable, such 
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as in the NmNeuS case, any reactor will be applicable and 
good. However, if we aim towards high volumetric produc-
tivity, a continuous reactor mode would be the best option 
ensuring constant product quality (Fig. S10 for NmNeuS). 
In order to ensure good enzyme reusability, an ultrafiltra-
tion membrane reactor can be applied (Sudar et al. 2013; 
Valinger et al. 2014). However, the limitation of Neu5Ac 
solubility means that the highest substrate concentration 
should be in the range of 160 mM. Alternative continuous 
systems would require enzyme immobilization. In case of 
PNH5, PEP inhibition is mild, and does not really affect 
the outcome. However, since enzyme stability seems to be 
a potential issue, enzyme immobilization could be consid-
ered for further application. Instead, discontinuous reactor 
modes can also be applied. The results collected so far 
represent an excellent platform for the application of NeuS 
in the synthesis of unnatural sugars, while it is expected 
that the findings presented in this work can be generalized 
on other potential reactions catalysed by these enzymes. 
Our current research is directed toward that area.
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