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ABSTRACT

Enzymatic production of nucleotide sugars on a multigram scale presents a challenge, as only a few processes
have been reported for large-scale nucleotide sugar production. They rely primarily on batch synthesis and
employ exceptional amounts of enzymes. This study introduces a novel approach for the multigram-scale pro-
duction of nucleotide sugars with a continuous fed-batch membrane reactor. We successfully synthesized five
main nucleotide sugars: UDP-Gal, UDP-GalNAc, UDP-GlcA, GDP-Man, and CMP-Neu5Ac on a multigram scale.
Efficient biocatalyst utilization results in high performance, including space-time yield (STY, g*L 'h™1), total
turnover number (TTN, g product per g enzyme), and an efficient product formation rate (g/h) suitable for
industrially relevant bioprocesses. The established continuous-fed batch reactor system produced up to 8.2 g
CMP-Neu5Ac in three consecutive productions in less than 15 h with satisfying TTNs of 91 gproduct/8Enzyme-
Continuous production of UDP-GlcA over 28 h resulted in a final product amount of 14.8 g and TTN of 493 gp/gg.
This process enables the production of nucleotide sugars with stable product formation, requiring minimal
technical equipment for multigram quantities of nucleotide sugars at the laboratory scale. Notably, the system
exhibited robustness and flexibility, allowing its application to various enzymatic nucleotide sugar synthesis

cascades.

1. Introduction

Nucleotide sugars are pivotal for many biocatalytic reactions in na-
ture and glycan engineering. They serve as substrates for Leloir glyco-
syltransferases (GTs), which have been employed as reliable biocatalysts
for glycan synthesis (Rexer et al., 2021). Glycans exist in every aspect of
biological life and coordinate various tasks, e.g., cell-cell interactions,
the effectiveness of biomolecules such as IgGs, or glycan patterns
mimicked by pathogenic bacteria (Mikkola, 2020).

Nucleotide sugars have found their way to a wide application in
chemistry, pharmacy, and biological research. Nucleotide sugars are
used in in vitro glycoengineering to produce newly designed and potent
antibody-drug conjugates for cancer treatment, especially in pharmacy
(Wijdeven et al., 2022). In vitro, glycan engineering is a viable option to
adjust glycan patterns to human glycoforms (Li and Wang, 2018; Wang
and Lomino, 2012). Furthermore, in vitro glycosylation enhances the
solubility of hydrophilic compounds such as flavonoids, as demonstrated
by the use of Leloir-glycosyltransferases and nucleotide sugars
(Khodzhaieva et al., 2021; Liu et al., 2021). A significant application of
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nucleotide sugars is still the high-scale production of human milk oli-
gosaccharides (HMOs), representing a vast market with margins in the
multi-kg scale every year (Walsh et al., 2020). Although most HMOs are
still produced in vivo, the chemoenzymatic synthesis of HMOs emerges
as an alternative synthesis route. New applications for HMO production
have been established in the past years (Petschacher and Nidetzky,
2016). Through the extensive utilization of Leloir-glycosyltransferases,
concepts for automated glycan synthesis involve nucleotide sugars as
the primary substrate in enzyme reactors for the production of glycans
(Hussnaetter et al., 2023). These processes demonstrate the demand for
nucleotide sugars in carbohydrate research. However, nucleotide sugars
lack availability and affordability since they are costly substrates
(Frohnmeyer and Elling, 2023). Therefore, many processes have been
established in recent years to develop a viable nucleotide sugar pro-
duction pipeline.

The de novo synthesis and the salvage pathway of nucleotide sugars
have been exploited for a proper supply process (Biilter et al., 2001;
Frohnmeyer and Elling, 2023). The de novo synthesis uses essential
monosaccharides such as glucose, mannose, or fructose, and the
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nucleotide sugar is enzymatically built by several steps, making enzyme
cascades complex for the production of nucleotide sugars. In contrast,
salvage pathways start from a monosaccharide and include two re-
actions. The first reaction is the phosphorylation of the anomeric C1
atom of the sugar by sugar-1-phosphate kinases and ATP. The second
step comprises NDP-sugar pyrophosphorylases to convert the
sugar-1-phosphate and a nucleotide (NTP) to form a nucleotide sugar
(Scheme 1A) (Frohnmeyer and Elling, 2023).

Chemical or enzymatic synthesis is discussed as the most potent way
for large-scale production of nucleotide sugars. However, perspectives
vary, as the chemical synthesis of nucleotide sugars is generally char-
acterized by a complex sequence of steps, low yields, and waste for-
mation (Mikkola, 2020; Wagner et al., 2009). Enzymatic synthesis
mainly contains a few enzymes, reaches high yields in a few steps, and
performs in one-pot cascades. The salvage pathway enzymes in one-pot
cascades are mostly applied to produce nucleotide sugars. However,
processes for the large-scale production of UDP-Glc (Gutmann and
Nidetzky, 2016; Orrego et al., 2017), UDP-Gal (Biilter and Elling, 2000;

Journal of Biotechnology 395 (2024) 1-11

Fischoder et al., 2019; Mahour et al., 2022), UDP-GlcNAc (Fischoder
et al., 2019), UDP-GalNAc (Biilter et al., 1997; Fischoder et al., 2019),
GDP-Fuc (Fey et al., 1997; Frohnmeyer et al., 2022; Mahour et al., 2021)
are challenging to scale-up. Enzymatic processes are characterized by
critical parameters such as the total turnover number (TTN), which
depicts the gram of product produced for each gram of enzyme used
(gp/gr), which has to be extraordinarily high (Pollard and Woodley,
2007). This can limit larger-scale processes since the availability of en-
zymes varies with different expression organisms. Furthermore, with
enzymes having a limited half-life, the process must also be assessed for
the space-time yield (STY) to be most productive in a defined period and
finally, the production rate (g/h) has to be assessed. This parameter is
particularly valuable for comparing continuous processes to batch or
repetitive-batch (rep.-batch) applications (Frohnmeyer and Elling,
2023). However, most nucleotide sugar-producing enzyme cascades still
rely on batch processes conducted for 24 h or as overnight procedures,
requiring a large and expensive supply of enzymes. Furthermore, batch
processes are more limited by substrate inhibitions, which will
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Scheme 1. Synthesis of nucleotide sugars with a continuous fed-batch membrane reactor. A: General salvage pathway for synthesizing nucleotide sugars and
synthesis pathway for CMP-Neu5Ac (Frohnmeyer and Elling, 2023). B: General set-up of the continuous fed-batch membrane reactor for producing nucleotide sugars

on a gram-scale.
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significantly lengthen the process time. Some processes utilize the en-
zymes multiple times until the catalytic efficiency is lost. These
rep.-batch processes are characterized by the separation of enzymes and
products by membrane filtration. However, filtration is time-intensive
and leads to prolonged production periods (Fischoder et al., 2019;
Frohnmeyer et al., 2022). Some immobilization techniques, such as
applying magnetic beads, were used for nucleotide sugar production
(Gottschalk et al., 2021) but were not economically viable for large-scale
synthesis processes.

This study presents a continuous fed-batch enzyme membrane
reactor for the multi-gram production of nucleotide sugars (Scheme 1B).
Featuring a simple design and cascade construction, the presented
reactor is easily applied on the laboratory scale. Most importantly, the
substrate solution containing the monosaccharide and nucleoside
phosphate is fed into an enzyme reaction chamber. This mode provides
the stepwise stack of the substrate concentration until optimal param-
eters for the reaction cascade are reached. This significantly reduces the
substrate conversion time and avoids substrate excess inhibitions.
However, substrate dilution implies that enzyme kinetics and enzyme
ratios are important parameters for efficient product formation.
Compared to batch syntheses, the depicted reactor system requires
significantly fewer quantities of recombinant enzymes and produces
comparable product volumes. Moreover, the reactor employs a mem-
brane for continuous separation of enzymes and products, followed by
recirculating the enzyme solution and remaining substrates. This strat-
egy enhances the retention time for the enzyme reaction, promoting an
improved substrate conversion. We present the multi-gram synthesis of
CMP-Neu5Ac, UDP-GlcA, UDP-Gal, UDP-GalNAc, and GDP-Man in a
continuous fed-batch enzyme membrane reactor. Enzyme kinetics for
the cascade enzymes (Scheme S1-S5) were instrumental in optimizing
enzyme ratios in one-pot batch experiments for transfer to the contin-
uous fed-batch mode in the membrane reactor.

2. Materials and methods
2.1. Engyme production

All enzymes used for this study were prepared according to a stan-
dardized procedure reported on multiple accounts (Eisele et al., 2018;
Fischoder et al., 2019; Frohnmeyer et al., 2024; Gottschalk et al., 2022,
2021, 2019; Wahl et al., 2016, 2017).

E. coli strains for enzyme production (Table S1) were transformed
with the respective gene-bearing plasmid by heat-shock transformation.
The E. coli strains were then cultivated in 20 mL LB medium supple-
mented with 100 pg/mL ampicillin or 30 ug/mL kanamycin. Rosetta 2
(DE3) pLysS cells were supplemented with 33 ug/mL chloramphenicol.
For enzyme production, 1 L Terrific Broth (TB), supplemented with the
respective antibiotic, was inoculated with 20 mL overnight culture and
cultivated at 37 °C. After reaching the absorbance (ODggg) of 0.6-0.8
the enzyme expression was induced with 0.1-1 mM IPTG (C. Roth,
GER), the cultivation temperature was lowered to 25 °C, and the protein
was expressed overnight. For the production of SeManC, the medium
was additionally supplemented with 10 mM MgCl,. The enzymes were
purified by Ni2t-NTA immobilized metal ion chromatography (IMAC)
column (HisTrap, Cytiva, SE) using an AKTA start (Cytiva, SE), AKTA
purifier (Cytiva, SE) or AKTA Go (Cytiva, SE) system. The enzymes were
dialyzed overnight in their respective storage buffer (Table S2) with a
cellulose dialysis tubing (Cut-off 14 kDa; C. Roth, GER), and the protein
was quantified by Bradford assay.

2.2. Multiplexed capillary electrophoresis (MP-CE)

As described in previous studies, MP-CE was applied and optimized
to separate the nucleotides based on adenine, uridine, cytidine, and
guanidine and their respective nucleotide sugars (Fischoder et al., 2019;
Frohnmeyer et al., 2022; Wahl et al., 2016, 2017). MP-CE was carried
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out using the cePRO 9600™ system (Advanced Analytical Technologies,
USA). The system consists of 96 capillaries with a total length of 80 cm,
an adequate length of 50 cm, and an inner diameter of 50 um. The
separation was performed in a 50-70 mM ammonium-acetate buffer (pH
9.2) containing 1 mM EDTA (C. Roth, GER) under an electric field force
of 8-12kV. Sample injection was facilitated using a vacuum-based
approach, while detection of nucleotides and the nucleotide compo-
nent of the nucleotide sugar took place at 254 nm using a UV-Vis de-
tector. Additionally, internal standards, including 1mM of
para-aminobenzoic acid (PABA; Sigma Aldrich, USA) and 4-amino-
phthalic acid (PAPA; Sigma Aldrich, USA), were incorporated into the
analysis. All sample solutions were prepared as technical replicates, and
peaks were determined according to a prepared calibration line for all
nucleotides and nucleotide sugars.

2.3. Single capillary electrophoresis

For the product quantification, a single capillary electrophoresis was
employed (Agilent 7100, Agilent, USA). This system consisted of a fused
silica capillary with an effective length of 56 cm and an inner diameter
of 50 pm. A 50-70 mM ammonium-acetate (C. Roth, GER) containing
1 mM EDTA (C. Roth, GER) was adjusted to a pH of 9.2. Nucleotides and
nucleotide sugars were detected at 254 nm using a UV-Vis detector. To
ensure accuracy, 1 mM of para-aminobenzoic acid (PABA; Sigma
Aldrich, GER) was introduced as an internal standard.

2.4. Sugar and nucleotide kinase assays

Kinase assays were performed in a 400 pL solution containing the
respective storage buffer (Table S2), supplemented with 10 mM MgCly
and 5 mM ATP. The respective substrates were added: 5 mM GlcA
(AtGlcAK), 5 mM GalNAc (BINahK), 5 mM Gal (EcGalK), 5 mM Man
(BINahK), 5 mM CMP (EcCMPK) or 5 mM CDP (ScCDPK) (Biosynth, GB).
The enzymes were added to their respective substrate in varying di-
lutions from 1:5-1:1000. The reaction mixture was incubated at 30 or 37
°C. All synthesis reactions were stopped at 0 min, 1 min, 2 min, 3 min,
5 min, and 10 min using a stop solution (60 pL) containing 2 mM p-
aminobenzoic acid (PABA), 14 mM SDS, and 2 mM 4-aminophtalic acid
(PAPA) by diluting the enzyme 1:2 in the stop solution. The reaction was
stopped when 10 % of the substrate was converted, and the specific
activity (U/mg) was calculated accordingly. All samples were measured
by MP-CE, and the peaks for ATP and ADP were quantified, which were
correlated to the conversion of the sugar to the sugar-1-P.

2.5. N(M)DP-sugar pyrophosphorylase assays

The specific activity of NDP-sugar pyrophosphorylases was deter-
mined using the respective enzyme storage buffer (Table S2). The assay
mixtures (400 uL) consisted of 10 mM MgCl, and the following substrate
combinations: 5 mM UTP and 5 mM Glc-1-P for AtUSP, 5 mM UTP and
5 mM GalNAc-1-P for HsSAGX1, 5 mM UTP and 5 mM Gal-1-P for EcGalK
M173L Y311H, 5 mM GTP and 5 mM Man-1-P for SeManC, and 5 mM
CTP and 5 mM Neu5Ac for NmCSS. In addition, each reaction contained
1 U/mL pyrophosphatase (PPase) from yeast (Sigma Aldrich, GER) to
hydrolyze the emerging pyrophosphate (PP;). Since GlcA-1-P is a rarely
available and expensive compound, we determined the specific activity
of AtUSP with Gle-1-P. Assays with NmCSS contained 0.2 mM DTT in
addition. Enzymes were added to their respective substrate solutions at
varying dilution ratios, ranging from 1:5-1:1000, and the reactions were
carried out within a controlled temperature range of either 30 or 37 °C.
These synthesis reactions were stopped at designated intervals of 0, 1, 2,
3, 5, and 10 min by adding a stop solution (60 pL) containing 2 mM
PABA, 14 mM SDS, and 2 mM PAPA. Each sample (60 pL) of the enzyme
reaction was added to a prepared stop solution (60 uL, 2 mM PABA,
14 mM SDS, and 2 mM PAPA). The central objective of these assays was
to conclude the reactions once 10 % of the substrate was converted,
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allowing the subsequent specific activity calculation.

2.6. Kinetic assays

Kinetics for the enzymes HsAGX1(Fischoder et al., 2019), AtUSP
(Gottschalk et al., 2019), AtGlcAK (Gottschalk et al., 2019), EcGalK
(Wahl et al., 2016), SeManC (Fey et al., 1997) and BINahK for GalNAc
(Nishimoto and Kitaoka, 2007) were already established. We, therefore,
determined the kinetics for NmCSS, EcCCMPK, ScCDPK, and BINahK for
mannose. The NmCSS assays (400 pL) utilized 0.06 mg/mL NmCSS with
10 mM MgCl,, 2.5 mM Neu5Ac, 0.25 mM to 10 mM CTP, 0.2 mM DTT,
and 100 mM HEPES pH 8. Additionally, 1 U/mL PPase (yeast) was
added to the reaction, and the assays were conducted at 30 °C. The
Neu5Ac kinetic assay for NmCSS was done similarly, with CTP held
constant at 2.5 mM while Neu5Ac varied from 0.25 mM to 10 mM. The
assays for EcCCMPK encompassed 5 pg/mL EcCMPK, 10 mM MgCly,
2.5 mM CMP, and ATP concentrations varying from 0.25 mM to 10 mM.
These assays were performed in 50 mM Tris/HCl at pH 8. Similarly,
assays for ScCDPK were conducted with 0.6 ug/mL ScCDPK, 10 mM
MgCl,, 2.5 mM CDP, and ATP concentrations ranging from 0.25 mM to
10 mM, also in 50 mM Tris/HCl at pH 8. For BINahK, assays were per-
formed at 37°C. Testing BINahK with mannose, 6.3 mg/mL BINahK,
10 mM MgCl,, 5 mM ATP, and mannose concentrations between 5 and
500 mM were used in a 50 mM Tris/HCl pH 8 buffer. For GTP assays,
4 mg/mL BINahK, 20 mM MgCl,, 5 mM mannose, and GTP concentra-
tions ranging from 0.125 mM to 20 mM were utilized in the same buffer.

2.7. Batch synthesis of nucleotide sugars

Before continuous production, the enzyme cascade reactions
(Scheme S1- S6) were optimized using a batch synthesis approach. We
aimed for a maximal substrate conversion within 30-60 min since the
average feed and filtrate flow rate was 1.9 mL/min, corresponding to an
average residence time of 31.5 min in the reactor. The detailed reaction
condition of each batch experiment is described in the respective section
of the supplemental information (SI).

2.8. General set-up of the continuous fed-batch membrane reactor

The reactor set-up consisted of a vessel containing the feed solution,
a vessel serving as the reactor chamber, and a filtrate vessel (Scheme
1B). The feed and filtrate vessels were kept on ice during production,
and the bottom of the reactor vessel was heated by a thermal block TH26
(HLC BioTech, GER). A Watson Marlow 101 U pump (Watson Marlow,
UK) was used as a feed pump, and a Masterflex Easy Load (Sartorius,
GER) was used as a filtration pump. The volumetric flow rate of the feed
(Qreeq) and the volumetric flow rate of the filtrate (Qpiitrate) Were syn-
chronized (Qpeed = QFiltrate)- With initial flow rates of Qpeed and Qriltrate
between 2.2 mL/min and 2.5 mL/min, Qpeeq Was adjusted to compen-
sate for the reduction of the flow rate through the membrane (QFijtrate)
during the production. The flow of product (Qproquet) and retentate
(QRetentate) Were also synchronized with a circulation flow rate over the
membrane between 150 mL/min and 250 mL/min. Polyvynilcarbon
(PVC) tubing (Sartorius, GER) or commercial tubing for peristaltic
pumps (PVC, Masterflex® Ismatec® pump tubing, Tygon® LMT-55,
Avantor®, USA) with dimensions of 3.18 mm (inner diameter, ID),
6.35 mm (outer diameter, OD), and 1.59 mm (wall thickness) was used
for the Masterflex pump. For the feed pump, a silicone tubing with the
dimensions of 4.2 mm (OD), 2 mm (ID), and 1 mm (wall thickness) was
used. A 100 mL borosilicate bottle served as a reactor chamber. A
Vivaflow® 50 or Vivaflow® 50 R cross-flow cassette (Sartorius, GER)
with a molecular weight cut-off (MWCO) of 10 kDa or 30 kDa was used
for filtration. Furthermore, the membrane pressure was also controlled
by a mechanical pressure indicator (Sartorius, GER).
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2.9. Continuous production of nucleotide sugars

Exact details of the experiments for each continuous production of
the nucleotide sugars CMP-Neu5Ac, UDP-GlcA, UDP-Gal, UDP-GalNAc,
and GDP-Man are provided in the respective section of the supplemen-
tary information (SI).

The continuous production of nucleotide sugars was achieved by
transferring the optimized reaction parameters from batch synthesis to a
reactor with a volume of 50-60 mL. We aimed for a complete conversion
of 10 mM substrate (comprising 10 mM monosaccharide, 10 mM ATP,
and 10 mM nucleotide) to synthesize CMP-Neu5Ac, UDP-GlcA, and
UDP-Gal. For UDP-GalNAc, we established a continuous production
with a final product concentration of up to 20 mM. As for GDP-Man, our
synthesis aimed for a maximum product concentration of 5 mM. All
production processes were carried out for a minimum of 4 h to 5 h until
a 500-600 mL volume had passed through the membrane. Additionally,
all productions were conducted in the respective buffers: 100 mM
HEPES/NaOH at pH 7.5 (UDP-GalNAc and UDP-GlcA), 100 mM HEPES/
NaOH at pH 8 (UDP-Gal), or 50 mM Tris/HCl at pH 8 (CMP-Neu5Ac and
GDP-Man), with the addition of 1 U/mL PPase (yeast, Sigma Aldrich,
GER). The thermal block was set to either 30 °C (for CMP-Neu5Ac and
GDP-Man) or 37 °C (UDP-GalNAc, UDP-GlcA, and UDP-Gal). The feed
solution included 10-20 mM monosaccharide, 10-20 mM ATP,
10-20 mM UTP, and 20-30 mM MgCl; in the respective buffer.

To set up the reactor, the cross-flow membrane was initially washed
with 400 mL of ddH»0, and 60 mL of a prime solution containing the
base buffer and MgCl, was recirculated over the membrane for 10 min
while keeping the filtrate tubing closed (1st priming). In the case of
CMP-Neu5Ac production, 0.2 mM DTT was added to the prime solution.
After the system was primed, enzymes were added and circulated for
5 min (2nd priming). Following the 2nd priming, the filtrate tube was
opened, and the feed was applied. Samples of 100 uL. were collected
every 60 min from the reactor vessel and the filtrate. These samples
were then transferred to a stop solution containing 14 mM SDS and
2 mM PAPA and analyzed using MP-CE or single capillary electropho-
resis. The product solution was stored at 4 °C until the production’s end
and finally at —20 °C.

2.10. LC-ESI-MS-analysis of nucleotide sugars from the continuous
production

All solutions from the continuous productions for the nucleotide
sugars CMP-Neu5Ac, UDP-GlcA, UDP-Gal, UDP-GalNAc, and GDP-Man
were analyzed by a liquid chromatography-electrospray ionization
mass spectrometer (Figs. S17-S25) with a Finnigan Surveyor MSQ Plus
(ThermoFisher Scientific, USA), connected to a Multospher 120 RP 18
HP-3 p column (60 mm x 2 mm; CS Chromatographie, Langerwehe,
DE). A product sample of 2 mM concentration was applied to the column
and eluted with 50 % (v/v) acetonitrile at a flow rate of 0.2 mL/min
(needle voltage = 4 kV, temperature = 400 °C, cone voltage = 100 V,
negative mode).

3. Results and discussion
3.1. General information on batch syntheses of nucleotide sugars

For all enzyme cascades (Scheme S1-S5), we first optimized the pa-
rameters for continuous production by batch synthesis experiments
using the high-throughput analysis with MP-CE. The detailed results are
summarized in the supplemental information and discussed in the
following paragraphs. Data on enzyme concentration and conversion
efficiency over time provided insight into the follow-up continuous
production of the respective nucleotide sugar. The production rate (STY;
g*L_lh_l) of the batch synthesis was applied since this parameter is kept
constant over the production. The STY is a valuable process parameter
for describing the performance of single-batch syntheses (Dias Gomes



H. Frohnmeyer et al.

and Woodley, 2019; Wu et al., 2021). Therefore, the determined median
value of the STY is only an approximate measure of the process
performance.

3.2. General work-flow of the continuous fed-batch membrane reactor

The reactor chamber with a constant volume of 50-60 mL contains
enzymes of the respective enzyme cascade, divalent ions, and the reac-
tion buffer. The substrate feed solution comprises 10-20 mM of mono-
saccharide and the respective nucleotides. The concentration of ions in
both the enzyme reactor chamber and the feed solution was adjusted to
be equimolar with the nucleotide concentration. Starting the fed-batch
mode, substrates are diluted in the enzyme reactor chamber and
mixed by the recirculation current of the filtration pump (Scheme 1B).
Continuous feeding of the substrate to the enzyme reactor chamber will
gradually replace the reactor volume leading to an increase in the sub-
strate concentration in the reactor. Depending on the enzymes’ Ky
values, the reaction velocity will increase by increasing substrate con-
centrations until a steady state for product formation is reached.
Adjusting the flow rates of Qpeeq and Qriltrate to keep a constant reactor
volume with recycling of the retentate will set the residence time of
substrates and enzymes to reach a steady state conversion. In general,
the development of the product concentration in the reactor provides
details about the residence time, which can be estimated by dividing the
time taken to reach the steady state by five. For example, feeding the
50 mL reactor with a flow rate of 2.5 mL/min for a 10 mM substrate
solution leads to a substrate influx of 0.025 mmol/min. Setting the flow
rate of filtrate (Qriitrate) and feed (Qreeq) at 2.5 mL/min, a constant
residence time of 20 min will be reached. Optimizing efficient substrate
conversion within the continuous fed-batch mode is challenging, costly,
and time-consuming. Therefore, the kinetic parameters of the enzymes
were determined to elucidate limitations. Enzyme concentrations were
optimized to reach full substrate conversion in the range of the residence
time of the reactor. Overall, the established continuous fed-batch reactor
system leads to the synthesis of multigram quantities of nucleotide
sugars in a single working day while utilizing relatively small quantities
of biocatalyst.

d1 d2
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3.3. Production of CMP-Neu5Ac

We applied an enzyme cascade employing EcCMPK, ScCDPK, and
NmCSS to start the synthesis of CMP-Neu5Ac from CMP and Neu5Ac
(Scheme S1). The system was chosen since CMP is up to ten times
cheaper than CTP. ATP is utilized to form CDP (EcCMPK) and CTP
(ScCDPK) and is subsequently used for the CMP-Neu5Ac formation
(NmCSS). ATP is a necessary component for this process and falls within
the price range of 0.50 € to 0.80 € per gram and has only a minor impact
on the production costs. Furthermore, we aimed to demonstrate the
repetitive use of the enzymes without changing the cross-flow mem-
brane (Fig. 1).

Kinetic measurements of the enzymes revealed high specific activ-
ities of 76.8 U/mg (NmCSS), 225 U/mg (EcCMPK) and 1700 U/mg
(ScCDPK) (Table S3). The activities of all enzymes in the reactor were
adjusted to 20 U/mL while the enzyme concentration was utilized based
on the specific activities, previously determined in the enzymatic ac-
tivity assays. The optimized batch cascade with 20 U/mL of each
enzyme resulted in 8.75 mM (97 % yield for 10 mM substrate concen-
tration) CMP-Neu5Ac in less than 30 min (Fig. S2 and Table S4). For the
transfer to the continuous fed-batch reactor, the low Ky values of all
enzymes suggest that substrate dilution will not limit substrate conver-
sion. The flow rates of filtrate (Qpiitrate) and feed (Qreeq) Were adjusted to
reach a residence time of 31.5 min for effective conversion of the sub-
strates (Fig. 1). For this particular production, we tested the consecutive
usage of the enzyme cascade by intermediate overnight storage at 4 °C as
well as the performance of the cross-flow membrane. Therefore, the
production was carried out for three consecutive days with a production
time of 4.5 h (d1), 4 h (d2), and 4.8 h (d3). On d1, the reactor reached
full saturation of 10.7 mM CMP-Neu5Ac after 2 h which decreased to a
constant level at 8.9 mM. The production of d2 started with a concen-
tration of 10 mM CMP-Neu5Ac, as residual substrates in the reactor
vessel were fully converted during overnight storage. On d2, the product
concentration decreased from 10 mM to 6 mM during the first 30 min
(Fig. 11, d2, 4.5 h). The steady state was reached at 8.2 mM after 6 h and
increased to 8.7 mM. On d3, the reactor started with an initial product
concentration of 10 mM which dropped to 8.0 mM at the 9 h mark

d3
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Fig. 1. Continuous production of CMP-Neu5Ac starting from CMP and Neu5Ac. The production was performed over three consecutive days, and the enzyme solution
(reactor vessel) was stored overnight at 4 °C. The feed contained 10 mM Neu5Ac, 10 mM CMP, 20 mM ATP, 0.2 mM DTT, 30 mM MgCl,, and 100 mM HEPES pH 7.5.
The reactor vessel featured a 60 mL volume with 20 U/mL EcCMPK, 20 U/mL ScCDPK, 20 U/mL NmCSS, and 1 U/mL PPase (yeast). The continuous flow from the
feed (Qreed) to the reactor was balanced to match the filtrate flow (Qgijtrate) Within the range of 2.3 mL/min to 3.1 mL/min (Qreed = QFiltrate)- A PES cross-flow
membrane with a 10 kDa MWCO was utilized. The recirculation rate of the retentate (Qg) and the product solution to the membrane (Qp) was set to a flow rate

between 130 mL/min and 140 mL/min. T=30 °C.
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(Fig. 11, d3, 9 h). The CMP-Neu5Ac concentration reached a constant
level and a notable increase to 9.8 mM at 14 h as seen on d2 at 9 h. We
believe that this is directly connected to the decreasing flow rate of feed
(Qreed) and filtrate (Qriltrate)-

The flow rates for the two productions started at 3.1 mL/min (d2)
and 2.5 mL/min (d3). Only the flow rate of the production on d1
increased after 4.5 h but did not affect the production (Fig. S3A-C).
However, the flow rates on d2 and d3 dropped at the end of the pro-
duction, leading to a slight increase in production efficiency. We assume
that the drop in the flow rate brought the cascade within the kinetic
linear range of the enzymes.

In summary, after three days of production, we gained a pool of all
filtrates containing a product concentration of 7.1 mM, translated to a
final product amount of 8.2 g (Table S5). The enzyme cascade with
EcCMPK, ScCDPK, NmCSS, and PPase (yeast) achieved a substantial STY
of 4.6 g*L."th™!, laying within a significant range for fine chemicals.
This enzyme cascade demonstrates that the reactor system is capable of
working with cascades of at least four different enzymes. Furthermore,
the fed-batch membrane reactor can be utilized over several hours in a
continuous mode and is also flexible enough to continue production the
next day with the employed enzyme cascade.

3.4. Production of UDP-GIcA

The enzyme cascade for the synthesis of UDP-GlcA was previously
described in our group in the context of hyaluronic acid synthesis
(Gottschalk et al., 2021, 2019). We adopted the enzyme cascade,
including AtGlcAK, AtUSP, and PPase (yeast), for the gram-scale pro-
duction of UDP-GIcA (Scheme S2). Kinetic parameters were deducted
from our previous study (Gottschalk et al., 2019) (Table S3) to further
optimize the synthesis cascade in batch experiments. A critical point for
optimization is the substrate inhibition by ATP (Kjs= 2.87 mM)
(Gottschalk et al., 2019). With an apparent Ky of 8.56 mM (ATP) and a
Ky of 0.62mM for GlcA, AtGlcAK shows a relatively low activity
compared to AtUSP. In addition, AtUSP is a promiscuous enzyme
accepting GlcA-1-P among other sugar phosphates. However, since
GlcA-1-P is barely available, kinetics in our previous study were
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performed with Glc-1-P (Gottschalk et al., 2021) (Table S3) and served
to approximate optimal conditions in the enzyme cascade. These kinetic
features demanded careful adjustment of the enzyme cascade and re-
action conditions. The batch experiment data revealed that 0.3 U/mL
AtGlcAK and 21 U/mL AtUSP are sufficient to synthesize up to 10 mM
UDP-GlcA (91 % yield) in 60 min (Fig. S4).

A first continuous fed-batch synthesis reached complete substrate
conversion after 4 h, which continued up to 6 h with a final yield of
88 % and stable STY of 5.1 g*L *h™! (Fig. S5 and Table S5). We
concluded that the enzyme cascade is stable enough to perform a long-
term synthesis over 28 h (Fig. 2). The reactor system synthesized up to
14.8 g of UDP-GIcA (76 % yield) over 28 h, while keeping the product
concentration stable at values between 9 mM and 10 mM for the first
22 h. However, beyond 22 h, the product concentration decreased
indicating process destabilization most likely because of enzyme
degeneration. A further aspect of the process was the continuous
reduction of the filtrate flow rate, which was counteracted by increasing
the flow rate of the membrane pump up to 300 mL/min at the 24 h mark
(Fig. S6). We assume that this led to further destabilization as the en-
zymes were subjected to increasing share forces. The process yielded an
excellent TTN and productivity of 493 gp/gg and 0.54 g/h, respectively
(Table S5), displaying even comparable results to the production of
CMP-Neu5Ac.

Maintaining a constant flow rate throughout the entire process was
challenging due to membrane fouling, which led to a decrease in the
flow rate of Qpjjtrate (Fig. S6). Increasing the flow rate of the membrane
pump could not compensate for the reduction of Qgirate- In addition, the
membrane with 30 kDa MWCO was less suitable for the intended pro-
duction mode. We assume that AtGlcAK could have clogged the mem-
brane when the TMP was not maintained, as it has a MW of 47.5 kDa.
The long-term production of UDP-GlcA could potentially exhibit
improved performance with a 10 kDa PES membrane, as it worked
better for the process as demonstrated for the production of CMP-
NeuSAc.
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Fig. 2. Continuous production of UDP-GIcA in the continuous fed-batch membrane reactor. The reactor (reaction volume 60 mL) was fed with a feed solution
comprising 12 mM ATP, 12 mM UTP, 12 mM GlcA, 25 mM MgCl, and 100 mM HEPES pH 8 at 37°C. The reactor vessel contained 0.3 U/mL AtGlcAK, 21 U/mL
AtUSP, and 1 U/mL PPase (yeast). A cellulose membrane with a 30 kDa MWCO was used as a cross-flow cassette. The feed (Qreeq) and filtrate flow (Qriirate) Were
synchronized at an average of 1.9 mL/min. The flow rate over the membrane (Qpodcut) and retentate was adjusted to retain the flow rate of Qgjjirate and Qreeq and was

adjusted between 130 mL/min and 300 mL/min. T= 37 °C.
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3.5. Production of UDP-Gal

The salvage pathway describes the enzymatic synthesis of UDP-Gal,
based on a galactokinase (GalK) and a UDP-sugar pyrophosphorylase
(USP) (Frohnmeyer and Elling, 2023). Enzymes from several strains
were used for the gram scale production of UDP-Gal including GalK from
Streptococcus pneumoniae (Zou et al., 2013) or Escherichia coli (Wahl
et al., 2016) and USP from either Hordeum vulgare(Wahl et al., 2017) or
Arabidopsis thaliana (Li et al., 2021). However, it was shown that the
EcGalK wild type was less stable than the mutant variant
M173L/Y371H, and the mutant was used for several syntheses of
UDP-Gal (Fischoder et al., 2019; Wahl et al., 2016). For gram scale
synthesis, we used the EcGalK M173L/Y371H variant and AtUSP
(Scheme S3) since this pyrophosphorylase was demonstrated to be very
stable for the continuous production of UDP-GlcA. The kinetics of
EcGalK M173L/Y371H revealed a significantly lower activity than
AtUSP (Table S3). Therefore, the EcGalk M173L/Y371H activity was
adjusted to reach full conversion of 10 mM Gal, ATP, and UTP in 30 min
in batch synthesis (Fig. S7).

The process was performed for 6.5 h, reaching the steady-state after
2h at 10 mM (Fig. 3). The continuous production yielded a final con-
centration of 8.4 mM and product quantity of 2.5 g UDP-Gal achieving a
productivity of 0.39 g/h with a TTN of 28 gp/gg (Table S7). Overall, the
production of UDP-Gal in continuous mode is feasible. Other gal-
actokinases for more effective product conversion may improve
productivity.

3.6. Production of UDP-GalNAc

UDP-GalNAc is one of the most precious main nucleotide sugars and,
most interesting for establishing a production process (Frohnmeyer and
Elling, 2023). Over the past years, some processes have been designed to
produce UDP-GalNAc in the higher gram scale (Fischoder et al., 2019; Li
et al., 2021; Zhao et al., 2010). The most dominant synthetic route is
based on the salvage pathway enzymes N-acetyl-hexokinase (NahK),
either from Bifidobacterium longum (Fischoder et al., 2019) or Bifido-
bacterium infantis (Li et al., 2021; Zhao et al., 2010) and the human
enzyme  UDP-N-acetylgalactosamine  diphosphorylase = (AGX1)
(Bourgeaux et al., 2005; Fischoder et al., 2019). We used the combina-
tion of BINahK and HsAGX1 (Scheme S4) in the continuous production
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system since this enzyme cascade is well described and readily appli-
cable for UDP-GalNAc and UDP-GlcNAc synthesis (Fischoder et al.,
2019; Frohnmeyer and Elling, 2023).

We aimed for a maximal substrate conversion in a 30 min reaction
and kept this as residence time in the continuous reactor. In our previous
study, an enzyme ratio of 2 U/mL BINahK and 2 U/mL HsAGX1 worked
well with high conversions in 30 min in repetitive-batch mode
(Fischoder et al., 2019). To further speed up the conversion in the di-
rection of the nucleotide sugar, an excess of HsAGX1 was applied
(Frohnmeyer et al., 2024). The most effective product formation was
gained using 6 U/mL BINahK and 24 U/mL HsAGX1 in a batch experi-
ment (Fig. S9). Upscaling these enzyme ratios, however, would mean
that up to 375 mg BINahK and 120 mg HsAGX1 are required for a 50 mL
reactor volume which contradicts the rationale for developing an
economically viable enzyme cascade. We considered increasing the
substrate concentration to justify the high enzyme concentrations as this
would enhance the STY and TTN. However, orthophosphate is formed
by enzymatic cleavage of PP; (Scheme 1A). Moreover,
magnesium-phosphate precipitation occurs at higher substrate concen-
trations, reducing the efficiency of the reactor (Kragl et al., 1996). To
define an upper limit for the substrate concentration at which no
magnesium-phosphate precipitates are formed, amounts of orthophos-
phate expected from a full conversion of a nucleotide sugar synthesis
cascade were mixed with the respective Mg2t amounts used for full
nucleotide saturation in the production buffer (Fig. S10). We observed
precipitation of magnesium-phosphate starting at 60 mM P; and 60 mM
Mg%" which translates to a synthesis with complete conversion (>99 %)
of 30 mM ATP, UTP, and GalNAc. Increasing the P; and Mg?" concen-
trations further intensified the magnesium-phosphate precipitation. We
concluded that the reactor performance is limited to substrate concen-
trations of 20 mM to 30 mM and a BINahK/HsAGX1 ratio of 1:5 favors
product yield, process development, and a high TTN.

A first continuous fed-batch production was performed (Fig. S11)
with 11 mM substrate concentration (Fig. S11). The reactor showed
stable productivity and constant flow rates over 9 h (Fig. S12A). The
production gained 4.6 g UDP-GalNAc with a yield of 85 % with a
notable productivity rate of 0.51 g/h with an average STY of
5.2 g*L~'h™! and TTN of 52 gp/gg (Table $8). To enhance the TTN
further, the substrate concentrations were increased to 21 mM (Fig. 4,
d1). The initial flow rate of 3 mL/min (Fig. S12B) reduced the residence

12.00 - - 2.5

10.00
— i 2 §
z 800 |5
o 6.00 ©
- L1 B
[m)
5 4.00 'g
o o

2.00 - 05 o

0.00 T T T T T T 0

0 1 2 3 4 5 6
Time [h]
—x— Reactor —e—Filtrate —e— Product

Fig. 3. Continuous production of UDP-Gal in the continuous fed-batch membrane reactor. The feed contained 10 mM ATP, 10 mM UTP, 20 mM MgCl,, 10 mM Gal,
and 100 mM HEPES pH 8. 700 mU/mL EcGalK M173L/Y371H, 16 U/mL AtGlcAK and 1 U/mL PPase (yeast) were used in the reactor chamber. The flow rate between
feed (Qreeq) and Filtrate (Qriirrate) Was adjusted at 2.5 mL/min by setting the recirculation rate over the membrane between 100 mL/min and 180 mL/min. A PES

cross-flow membrane with an MWCO of 10 kDa was used. T=37 °C.
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Fig. 4. Elongated run of the continuous reactor for the synthesis of UDP-GalNAc. d1: The feed solution contained 21 mM ATP, 21 mM UTP, 22 mM MgCl,, 21 mM
GalNAc, and 100 mM HEPES pH 8. 2 U/mL BINahK, 10 U/mL HsAGX1 and 1 U/mL PPase (yeast) were used in the reactor chamber. d2: The feed solution was
prepared with 21 mM ATP, 21 mM UTP, 22 mM MgCl,, 21 mM GalNAc, and 100 mM HEPES pH 8. The reactor chamber was supplemented with 50 U BINahK and
250 U HsAGX1, and the chamber volume was reduced to 50 mL, resulting in a final enzyme concentration of 2 U/mL BINahK and 10 U/mL HsAGX1. The flow rate for
both production days was set between feed (Qgeeq) and filtrate (Qgijirate) at 1.6 mL/min by setting the recirculation rate over the membrane between 120 mL/min and
140 mL/min. A PES cross-flow membrane with an MWCO of 10 kDa was used. T= 37 °C.

time to 17 min leading to a decreased substrate conversion (Fig. 4, d1).
The adjustment of the flow rate to reach a Qpjirate Of approximately
2.3 mL/min elongated the residence time to approximately 22 min and
enabled the synthesis to continue over a longer duration. Despite the
high initial flow rate, a steady state was reached between 3h and 6 h
with product concentrations between 14.8 mM (3 h) and 15.8 mM (6 h)
(Fig. 4, d1). The production performed exceptionally well, producing a
final product amount of 6.2 g UDP-GalNAc in 6 h (13.5 mM, 68 % yield)
(Table S8). Although substrates were not fully converted, the reactor
still reached a high productivity of 1.1 g/h and an excellent average STY
of 8.4 g*L™'h™! with a TTN of 93 gp/gg.

To continue with the production, the enzyme-containing reactor
vessel from d1 was stored overnight at 4°C for subsequent use (Fig. 4,
d2). On d2, the reactor was supplemented with 50 U BINahK and 250 U
HsAGX1, to an overall biocatalytic load of 163 mg (for details see sup-
plementary information). Additionally, overnight storage ensured that
the remaining substrate from the first production (d1) was converted
entirely, resulting in an initial product concentration of 20.4 mM on d2.
The concentration of UDP-GalNAc remained between 18.8 mM and
21 mM for 7.4 h during the production on d2. Furthermore, a lower flow
rate of 1.6 mL/min was used and was stable over the production period
with only minor fluctuations between 2 h and 3 h (Fig. S12C). With the
elongation of the production time and a higher biocatalyst load, 8.4 g of
UDP-GalNAc (Table S8) was synthesized. Compared to the production
on d1, the STY effectively doubled to 11.5 g*L."h~!. Moreover, a pro-
ductivity of 1.14 g/h demonstrates a significant enhancement of the
reactor set-up.

3.7. Production of GDP-Man

Enzyme cascades for the synthesis of GDP-Man are well established.
The most common cascade is deducted from the de novo pathway, which
starts with the formation of Man-6-P by hexokinase and is followed by
isomerization to Man-1-P by a phosphomannomutase (ManB) and the
nucleotide sugar synthesis by a GDP-Mannose pyrophosphorylase
(ManC) (Elling et al., 1996; Frohnmeyer and Elling, 2023; Mahour et al.,
2021; Rexer et al., 2018). An alternative route exploits the promiscuity
of BINahK to phosphorylate Man at the C1 position using ATP or GTP

and the pyrophosphorylase ManC from Pyrococcus furiosus (Li et al.,
2013, 2021; Wang et al.,, 2022). We used the BINahK and a
GDP-Mannose pyrophosphorylase from Salmonella entericia (SeManC),
which was also utilized for continuous production in a previous study
(Fey et al., 1997) and established a cascade that used ATP as the primary
phosphate donor and GTP for the sugar activation (Scheme S5). Kinetic
experiments revealed a low affinity of BINahK for mannose (Table S3)
and, therefore, the necessity for high mannose concentrations in batch
experiments. The activity of BINahK is significantly enhanced by the
high excess of Man (Fig. S13), which was also beneficial for the one-pot
batch synthesis of GDP-Man (Fig. S14).

Continuous production with 50 mM Man and 10 mM ATP in the
substrate feed solution resulted in a low yield of 45 %, an inefficient TTN
of 4 gp/gg, and a low productivity of 0.13 g/h (Fig. S15 and Table S9).
Given the inefficiency, a new approach for the GDP-Man production was
implemented (Fig. 5). The reactor chamber was set up to contain 50 mM
Man 10 mM MgCl,, and enzymes. The substrate feed solution contained
50 mM Man, 5 mM ATP, 6 mM GTP, and 10 mM MgCl,.

With this experimental design high excess of Man to ATP was
maintained in the reaction chamber, promoting the BINahK reaction and
supporting the reaction in the GDP-Man synthesis direction. Most
importantly, full conversion of the substrates ATP and GTP was observed
in the reaction chamber, an outcome not reflected in the filtrate. Here,
the steady state was reached at concentrations of 3.3 mM, which
reached a final concentration of 3.8 mM after 6 h (Fig. 5). Fluctuations
in the flow rate (QFiitrate) are noticeable, however, without a significant
impact on the enzyme cascade reactions. A total biocatalyst load of
160 mg resulted in a final yield of 63 % and a TTN of 8.8 gp/gg. The final
amount of 1.4 g GDP-Man is translated to a productivity of 0.22 g/h and
STY of 2.4 g*L’lh’1 (Table 1) exceeding the first production (Fig. S15,
Table S9). In summary, the continuous fed-batch membrane reactor
allows the application of an enzyme cascade with an unnatural substrate
in high concentration. However, the economic feasibility depends on the
product, and GDP-Mannose may not be economically compelling
enough for this production mode. Further optimization of BINahK,
particularly regarding Ky values and specific activity towards Man, is
demanding to enhance the gram-scale production of GDP-Man. The
presented GDP-Man synthesis expands the product range of the reactor



H. Frohnmeyer et al.

¢ GDP-Man [mM]

Journal of Biotechnology 395 (2024) 1-11

- 1.6
L 1.4
- 1.2
- 1

- 0.8
- 0.6
- 0.4
- 0.2

m GDP-Man [g]

0.00 . T .

0 1 2 3

0

4 5 6 7

Time [h]

—x— Reactor

—e—Filtrate

—e— Product formation

Fig. 5. Continuous production of GDP-Man with high Mannose excess. The reactor chamber contained 50 mM Man, 2.5 mg/mL BINahK (0.7 Upn/mL), 1.5 U/mL
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HCI pH 8. The filtrate (QFiltrate) flow rate was adjusted to the feed (QFeed) flow rate, corresponding to values between 2.5 mL/min to 1.6 mL/min. T=37 °C.

Table 1
Nucleotide sugar production in the continuous fed-batch membrane reactor.

Nucleotide Yield STY? Product TTN Productivity
sugar [%] [g*L'h~ 1] [g] 5% [g/h]
8kl

CMP-Neu5Ac 80 4.6 8.2 91 0.57

(CMP)
UDP-GlcA 76 5.3 14.8 493 0.54
UDP-Gal 84 4.9 2.5 28 0.39
UDP- 68 8.4 6.2 93 1.08

GalNAc” 88 11.5 8.4 72 1.14
GDP-Man 63 2.4 1.4 9 0.22

2 : Values depict the median value.
b . the production parameters for d1 and d2 (Fig. 4, Table S8).

system and demonstrates its flexibility.

3.8. Comparison of the continuous fed-batch membrane reactor with
other enzymatic production processes

The continuous fed-batch membrane reactor demonstrates high
performance for nucleotide sugar production (Table 1). Previous studies
report batch and continuous processes displaying distinct productivities,
STYs, and TTNs (Frohnmeyer and Elling, 202.3).

In this study, the production of CMP-Neu5Ac from CMP was very
robust over three consecutive days with a final product amount of 8.2 g
after 14 h with a reasonable TTN of 91 gp/gg and a productivity of
0.57 g/h. A previous study demonstrated the continuous synthesis of
CMP-Neu5Ac in an enzyme membrane reactor by feeding the substrate
CTP over 40 h. This approach reached multi-gram amounts of the
nucleotide sugar with an STY of 10.6 g L' h™! and an overall conver-
sion of 78 % (Kragl et al., 1996).

The continuous synthesis of UDP-GIcA yielded the highest product
amount (14.8 g) with the best TTN (493 g,/gg) (Table 1). A production
protocol for UDP-GlcA was reported, employing UDP-Glc dehydroge-
nase starting from UDP-Glc and an NAD™ cofactor regeneration system.
In a single-batch reaction, 2.76 g of UDP-GlcA was produced (87 %
yield) on a 500 mL scale (Wang et al., 2022). The batch production
resulted in an average productivity of 0.23 g/h for an overnight incu-
bation. In the continuous fed-batch process, it is possible to produce
UDP-GlcA with a productivity of 0.54 g/h to 0.6 g/h (Table 1). In
contrast, the single-batch reaction had to be scaled threefold to remain

competitive and would entail a significant increase in the demand for
biocatalyst and UDP-Glc (Wang et al., 2022).

For UDP-GalNAc, we achieved productivity of over 1 gproduct/h,
underscoring the high performance of the reactor system (Table 1). The
continuous production was scaled up to higher initial substrate con-
centrations (20 mM), however, being limited by precipitation of
magnesium-phosphate. Most interestingly, two consecutive runs of the
reactor demonstrate the robustness of the reactor and membrane mod-
ule. In comparison to the established repetitive (rep.)-batch synthesis of
UDP-GalNAc (Fischoder et al., 2019), lower STYs and TTNs are reached.
However, these values are not easily comparable since substrate con-
centrations of 20 mM were not applied in the rep.-batch production. The
rep.-batch mode mainly depends on the proportionality of time and
conversion efficiency. Increasing the substrate concentration at a con-
stant catalytic load will prolong the synthesis time to a full conversion.
Additionally, the process time for the repetitive filtration steps has to be
considered leading to a decrease in productivity.

UDP-Gal production in the continuous fed-batch membrane reactor
falls firmly behind the rep.-batch synthesis (TTN of 494 gp/gg., 0.64 g/h
productivity) (Fischoder et al., 2019). However, including a processing
time of 30 min for each centrifugation step the overall production time
reaches 60 min for each batch and drops productivity to 0.32 g/h. With
this parameter included, continuous production becomes comparable to
the rep.-batch. Another study reports the UDP-Gal synthesis with crude
extracts which contained up to five enzymes and an ATP regeneration
system with polyphosphate. In a 1 L-batch reactor 23.4 g of UDP-Gal
were produced in 24 h with a TTN of 20 gp/gg (Mahour et al., 2022).
In comparison, the TTN of the continuous reactor system turns out to be
slightly more effective.

The synthesis of GDP-Man proved to be the most challenging. The
continuous reactor system was adjustable for the conversion of an un-
natural substrate and reached reasonable productivity Table 1. In
comparison, it is still better, when compared to a continuous production
in an EMR on a gram scale reaching an STY of 1.17 g*L " h™! (Fey et al.,
1997).

The cascade for producing CMP-Neu5Ac included cost-effective in-
situ synthesis of CTP from CMP, but we opted against in-situ UTP pro-
duction from UMP. Although EcCMPK and ScCDPK can theoretically
produce UTP with ATP, their efficiency is lower (Jeudy et al., 2006,
2009). Implementing an ATP regeneration system using PPKs and pol-
yphosphate is another option (Mahour et al., 2022, 2021), but high
polyphosphate concentrations cause membrane blockage and hamper
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nucleotide sugar purification (Kulmer et al., 2017). In-situ ATP synthesis
was not considered due to its low cost, but removing inhibitors like ADP
could improve synthesis efficiency (Frohnmeyer et al., 2022, 2024).

In summary, the continuous fed-batch reactor showcased a versatile
applicability to most of the previously described enzyme cascades. The
relatively simple setup of the reactor system enabled us to produce gram
amounts of nucleotide sugars on the lab scale. We see great potential for
enhanced nucleotide sugar production with further refinement of the
reactor system.

3.9. Purification of nucleotide sugars

Enzymatic nucleotide sugar productions are primarily conducted in
diluted solutions where the product is accumulated in substantial vol-
umes. However, the product separation from highly diluted solutions is a
great concern. Especially in the case of nucleotide sugars, since the
purification by chromatography can be labor- and energy-intensive.
Furthermore, a nucleotide sugar solution has to be separated from
spent nucleotides deriving from the anomeric phosphorylation step.
Additionally, some nucleotide sugars are unstable in diluted mixtures
and the presence of metal ions. However, efficient strategies for nucle-
otide sugar purification have been developed in recent years
(Frohnmeyer and Elling, 2023).

The most classical way for nucleotide sugar purification was already
described 20 years ago for the purification of CMP-Neu5Ac, which
included the combination of anion exchange (AEC) and size exclusion
chromatography (SEC), directly followed by lyophilization (Kragl et al.,
1996; Lemmerer et al., 2016; Song et al., 2003). However, with
multi-gram amounts of nucleotide sugars, protocols have to be adapted.
The purification of UDP-Glc included the precipitation of the nucleotide
sugar by adding EtOH and monovalent ions to the fraction from AEC
separation (Lemmerer et al., 2016). Product purities between 81 % and
95 % were reached (Lemmerer et al., 2016). We used an extended pu-
rification protocol to purify GDP-Fuc, including dephosphorylation of
nucleoside mono-, di- and triphosphates by adding alkaline phosphatase
(AP) to an enzyme-free product solution. After the removal of AP by
ultrafiltration, the nucleotide sugar solution was supplemented with
Mg?t and >95 % of orthophosphate, and was then precipitated by
adding 2-propanol. Increasing the 2-propanol in the supernatant finally
precipitated GDP-Fuc with a product recovery of 77 % (Frohnmeyer
et al., 2022). For UDP-6-azido-GalNAc, we reached an HPLC purity of
99.5 % by AP treatment and AEC (Frohnmeyer et al., 2024). Further fine
purification by medium-pressure liquid chromatography (MPLC), cation
exchange  chromatography, and evaporation gave 2.1¢g
UDP-6-azdio-GalNAc (81 % recovery) with a final HPLC purity of
99.96 % (Frohnmeyer et al., 2024). Further purification methods
included the purification of GDP-Gal by establishing a precipitation
protocol of GDP-Gal, which conclusively gained a recovery of 92.0 %
and a purity of 99.9 % (Ohashi et al., 2017). AEC purification proced-
ures were applied to product solutions containing GDP-Fuc or UDP-Gal
and polyphosphate giving product purities of >90 % HPLC purity
(Mahour et al., 2022, 2021). For the nucleotide sugar solutions of this
study, purification protocols, including AP treatment, precipitation, and
chromatographic steps, were established by our industrial partner as
previously described (Frohnmeyer et al., 2024).

4. Conclusion

We established an effective laboratory process for producing nucle-
otide sugars on a multi-gram scale in a continuous fed-batch membrane
reactor. The robustness of the continuous process allows maintenance of
the steady state for an extended operation over several hours. Addi-
tionally, the process indicated the potential for even longer process
durations for most enzyme cascades. However, the reactor remains most
effective for rapid synthesis reactions, and optimizing the enzyme cas-
cades for maximal productivity is crucial. The developed reactor system
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has the potential to accommodate a broader range of nucleotide sugars.
Compared to single-batch processes commonly used for gram-scale
nucleotide sugar production, the continuous fed-batch membrane
reactor achieved similar productivities with a reduced biocatalyst load.
Operating in a steady state through constant substrate feeding and
product removal, the reactor benefits from optimal enzyme kinetics.
Therefore, introducing new and more potent engineered enzymes with
optimized kinetics shall be the next step for improved enzyme and
reactor performance. In summary, continuous production represents a
potent technology for established nucleotide sugar enzyme cascades.
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