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Abstract

D-Glucosamine is an industrially important amino sugar used in pharmaceuticals,
nutraceuticals, and functional materials, yet its production remains dominated by
chemical extraction from chitinous biomass, raising sustainability and allergen concerns.
Escherichia coli natively synthesizes D-glucosamine directly from D-glucose through
endogenous metabolism, revealing an underutilized amino sugar biosynthetic capability.
Building on this native pathway, D-glucosamine production was enhanced through
targeted genetic modifications and systematic optimization of nitrogen metabolism and
cultivation conditions, reaching 9.2 g L' under shake-flask conditions. This work
extends a phosphorylation—dephosphorylation strategy previously developed for neutral
rare sugars to amino sugar biosynthesis, demonstrating the broader applicability of this
metabolic design principle. Phosphatase identity emerged as a key control point for
product formation: YbiV was the most effective phosphatase for selective D-
glucosamine production, whereas alternative phosphatases redirected flux toward D-
sedoheptulose. This enzyme-dependent flux partitioning further enabled tunable co-
production of D-glucosamine and D-sedoheptulose. Native amino sugar biosynthesis in
E. coli provides a controllable framework for producing chemically distinct sugars
through endogenous metabolism and establishes a generalizable strategy for
engineering amino sugar and other nitrogen-containing metabolite biosynthesis.

Keywords: Rare sugars, D-Glucosamine, Metabolic Engineering
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Highlights

Escherichia coli natively synthesizes D-glucosamine from D-glucose
Endogenous amino sugar biosynthesis is uncovered and enhanced in E. coli
Phosphorylation—dephosphorylation enables amino sugar production

YbiV phosphatase enables selective D-glucosamine formation

Phosphatase identity enables tunable co-production with D-sedoheptulose
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1. Introduction

D-Glucosamine is a high-value amino sugar with broad applications in
pharmaceuticals, nutraceuticals, and functional materials (Protity and Zhou, 2025). It
serves as a key precursor for diverse bioactive compounds (Zhang et al., 2025) and
polymeric materials (Bordegé et al., 2011). It is also widely incorporated into dietary
supplements for both human and animal health, particularly in pet food and veterinary
formulations intended to support joint health and alleviate symptoms associated with
osteoarthritis (Bhathal et al., 2017). Beyond health-related applications, D-glucosamine
has attracted growing interest as a food-relevant ingredient because it participates in
Maillard reactions that generate flavor-active compounds and influence sensory
attributes such as sweetness and umami (Hong and Betti, 2016; Yu et al., 2022).
Reflecting its expanding range of applications, the global glucosamine market was
estimated at USD 1.10 billion in 2024 and is projected to grow at a compound annual
growth rate of 5.63% from 2025 to 2034 (“Glucosamine Market Size,” 2025). Despite its
widespread use, industrial production of D-glucosamine remains dominated by chemical
extraction from chitinous biomass derived from crustacean shells (Bertuzzi et al., 2018;
Zhang et al., 2025). This process has motivated interest in alternative production routes
that are scalable, sustainable, and independent of animal-derived feedstocks, while also
addressing concerns related to allergenicity and environmental impact (Ahuja et al.,
2025; Protity and Zhou, 2025).

Beyond extractive chemical routes, enzymatic approaches have also been
explored for D-glucosamine synthesis, typically relying on the amination of sugar

intermediates using nitrogen donors (Guan et al., 2024; Meng et al., 2020) or enzymatic
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hydrolysis of chitosan (Gao et al., 2023; Pan et al., 2011). While enzymatic methods
offer improved selectivity and milder reaction conditions relative to chemical extraction,
they often require high concentrations of ammonia to drive conversion, which introduces
challenges related to toxicity, corrosion, downstream separation, and environmental
impact (Guan et al., 2024; Meng et al., 2020). These limitations have hindered the
large-scale implementation of enzymatic D-glucosamine production and have motivated
interest in microbial production systems that generate D-glucosamine directly from
renewable carbon sources through cellular metabolism.

Microbial fermentation has emerged as a sustainable approach for chemical
production from renewable feedstocks (Cowan et al., 2023), motivating efforts to
produce D-glucosamine using engineered microorganisms. In Escherichia coli, early
strategies relied on overexpression of gimS encoding for L-glutamine—D-fructose-6-
phosphate aminotransferase to increase glucosamine-6-phosphate (GIcN6P) formation
from D-fructose-6-phosphate (F6P) (Deng et al., 2005; Teplyakov et al., 2002). Later
studies demonstrated that glucosamine accumulation is highly sensitive to cultivation
conditions, particularly oxygen availability, indicating a strong dependence on
respiratory and redox metabolism that complicates process robustness (Chen et al.,
2012). More extensive pathway engineering later combined deletion of D-glucosamine
and N-acetylglucosamine catabolic genes (nanE and murQ) (Plumbridge and Vimr,
1999; Uehara et al., 2006), reduction of GImU acetyltransferase activity (Mengin-
Lecreulx and van Heijenoort, 1994), and co-expression of gimS with gnat (Deng et al.,
2006b) to enhance extracellular D-glucosamine accumulation (Li et al., 2020). However,

these interventions perturbed UDP-GIcNAc homeostasis, leading to impaired cell-
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envelope biosynthesis, reduced growth, and diminished glucose uptake (Li et al., 2020).
Beyond bacterial systems, implementation of analogous biosynthetic pathways in
Saccharomyces cerevisiae further highlighted host-dependent constraints on
glucosamine production (Yang et al., 2025). Collectively, prior studies reveal persistent
challenges, including the absence of an identified phosphatase capable of efficiently
converting GIcNGP to free D-glucosamine, the tight coupling of amino sugar
biosynthesis with essential cell-envelope metabolism, and the chemical instability of D-
glucosamine in cultivation media. Consequently, many microbial production efforts have
shifted toward the more stable derivative N-acetyl-D-glucosamine rather than D-
glucosamine itself (Yang et al., 2025).

In parallel, filamentous fungi have been explored as alternative hosts for D-
glucosamine production, where accumulation occurs predominantly as a biomass-
associated product rather than through targeted metabolic engineering (Hsieh et al.,
2007; Zhang et al., 2012). In these systems, D-glucosamine formation is closely linked
to fungal growth, cell-wall biosynthesis, and chitin or chitosan turnover, and production
is typically enhanced through process-level interventions such as dissolved oxygen
control and modulation of pellet morphology rather than through deliberate redistribution
of metabolic flux (Zhang et al., 2012). Comparative analyses across Aspergillus,
Monascus, and Rhizopus species further demonstrated that D-glucosamine productivity
correlates strongly with growth kinetics and biomass composition, with limited evidence
for selective enhancement of amino sugar biosynthesis independent of biomass
accumulation (Hsieh et al., 2007). While these fungal platforms can achieve high

apparent D-glucosamine accumulation, production remains intrinsically coupled to
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biomass formation, limiting opportunities for independent control of carbon partitioning,
product selectivity, and metabolic engineering.

In this study, we sought to establish a biosynthetic route for D-glucosamine
production in E. coli by leveraging endogenous metabolic capacity rather than
constructing heterologous pathways or perturbing essential cell-envelope metabolism.
We focused on identifying and amplifying native reactions linking central carbon
metabolism to amino sugar biosynthesis, with particular emphasis on controlling flux
through GIcNG6P formation and dephosphorylation. A key objective was to evaluate
endogenous sugar phosphatases as functional control points for directing product
formation despite their inherent promiscuity. We further investigated the role of nitrogen
assimilation in constraining amino sugar biosynthesis and developed strain engineering
strategies to alleviate these limitations. Together, these efforts establish a genetically
defined D-glucosamine production platform and provide new insights into the
endogenous metabolic network supporting amino sugar biosynthesis in E. coli. More
broadly, this work demonstrates how latent biosynthetic capabilities can be identified

and engineered to produce amino sugars and other nitrogen-containing metabolites.

2. Methods
2.1. Reagents

All enzymes involved in the molecular cloning experiments were purchased from
New England Biolabs (NEB). All synthetic oligonucleotides were synthesized by

Integrated DNA Technologies. Sanger Sequencing and whole plasmid sequencing was
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provided by Genewiz. D-Glucosamine and D-sedoheptulose were purchased from
Tokyo Chemical Industry. D-Glucose was purchased from Fisher Scientific.
2.2, Strains and Plasmids

All strains and plasmids used in this study are listed in Table 1 and 2,
respectively. All oligonucleotides are listed in Table S1. Plasmids were constructed
using sequence and ligation independent cloning (SLIC) (Li and Elledge, 2007). The
constructed plasmids were verified via sequencing. A guide to the construction of
plasmids used in this study is detailed in Table S2.

Genome modifications such as gene deletion and gene insertion were
constructed using CRISPR-Cas9-mediated homologous recombination (Jiang et al.,
2015). Linear DNA repair fragments for gene deletions and insertions were constructed
by amplifying genomic or plasmid DNA via PCR assembly (Xiong et al., 2004). Plasmids
encoding sgRNA for CRISPR-Cas9-mediated homologous recombination were
constructed using Q5 site-directed mutagenesis (New England Biolabs) using pTargetF
plasmid (Addgene #62226) as a template. All genomic modifications were verified via
sequencing. A guide to the CRISPR-Cas9-mediated gene modifications used in this
study is detailed in Table S3.

2.3. Culturing conditions

Overnight cultures were grown at 37 °C in 3 mL of Luria-Bertani (LB) medium
with appropriate antibiotics. Antibiotic concentrations were as follows: spectinomycin (50
ug mL-"), ampicillin (200 ug mL™"), kanamycin (50 ug mL"), gentamycin (15 yg mL™").
M9 minimal media consists of 33.7 mM Na2HPO4, 22 mM KH2POs4, 8.6 mM NaCl, 9.4

mM NH4Cl, 2 mM MgSQs4, 0.1 mM CaClz, A5 trace metals mix (2.86 mg I'' H3BOs3, 1.81



155  mg I MnCl2-4H20, 0.079 mg I"" CuSOa4-5H20, 49.4 pg I'' Co(NOs)2:6H20, 0.22 g I
156  ZnS04.7H20, 0.39 g I'' Na2Mo004.2H20), varying concentrations of glucose, and

157  appropriate antibiotics. MOP medium consists of M9 minimal medium supplemented
158  with 5 g L' of yeast extract and appropriate antibiotics. MOYT medium consists of M9
159  minimal medium supplemented with 6 g L-! casein digest peptone, 12 g L' yeast

160  extract, and appropriate antibiotics. The inducer used was isopropyl-3-D-1-

161  thiogalactopyranoside (IPTG) at 1 mM. The optical density at 600 nm (ODeoo) was

162  measured with a Synergy H1 hybrid plate reader (BioTek Instruments, Inc.).

163  2.4. D-glucosamine and D-sedoheptulose production experiments

164 For regular cell density production experiments, overnight cultures were

165 inoculated at 1% into 3 mL of MOP medium or MOYT medium as described. Cells were
166  grown at 37 °C until the ODeoo described, then induced with 1 mM IPTG if necessary,
167  and grown at 30 °C for 24 h.

168  2.5. Sugar Quantification

169 Analysis of D-glucose, D-glucosamine and D-sedoheptulose concentrations was
170  performed using High-Performance Anion-Exchange (HPAE) with Pulsed Amperometric
171 Detection (PAD) on an ICS-5000+ system with a CarboPac PA20 3x150mm (Thermo
172 Fisher) and Dionex™ AminoTrap Column (Thermo Fisher). The equilibrium phase was
173 comprised of 50 mM NaOH in degassed MilliQ water at a flow rate of 0.3 mL min-* for
174 10 min. Mobile phase was comprised of 50 mM NaOH in degassed MilliQ water at a
175  flow rate of 0.3 mL min-! for 20 min. Mobile phase was changed to 200 mM NaOH from

176  min 20-50 min. The column oven was maintained at 30 °C.
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To prepare samples for HPAE-PAD analysis, 300 uL of culture was centrifuged
at 17,000 g for 3 min. Supernatants were diluted 250-fold and applied to a 0.2 mm
PVDF hydrophilic membrane 96 well filter plate and centrifuged at 2,000 g for 5 min into
a polystyrene 96 well. Sugar concentrations were determined using external calibration
curves prepared from authentic standards.
2.6. Structure Prediction

Full-length GImS monomer structures (609 residues) were predicted for wild-
type, GImS54 (A38T, R249C, G471S), and GImS* (A38T, R249C) using ColabFold v1.5
(Mirdita et al., 2022) with AlphaFold2 (Jumper et al., 2021). Multiple sequence
alignments were generated using MMseqs2 against the ColabFold database. Five
models were generated per variant using AlphaFold2-multimer-v3 weights with 3
recycles, followed by AMBER force field relaxation. The top-ranked model for each
variant (by pLDDT) was selected for downstream analysis. Model quality was assessed
by mean pLDDT and pTM scores.
2.7. Rosetta Cartesian AAG Calculations

The effect of each mutation on protein thermodynamic stability was assessed
using the Rosetta Cartesian AAG protocol (Park et al., 2016). The best ColabFold
model for wild-type GImS was first refined using Rosetta FastRelax (Conway et al.,
2014) with coordinate constraints (ref2015 score function, 500 independent trajectories),
and the lowest-energy structure was selected as the reference. Cartesian AAG
calculations were performed using the ref2015_cart score function with 3 iterations per
mutation. Individual AAG values were computed for A38T, R249C, and G471S, as well

as combined AAG values for the double mutant (A38T/R249C) and triple mutant

10
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(A38T/R249C/G471S). Mutation files specified the wild-type and mutant residue
identities at each position, and combined variants included all constituent mutations
simultaneously. Stability effects were interpreted following the guidelines of Kellogg et
al. (2011), where AAG values < 5 REU are considered tolerable for protein function.
2.8. Protein—-Ligand Complex Modeling

Structures of each GImS variant in complex with GlcN-6-P were predicted using
Boltz-2 (Passaro et al., 2025). Input files specified the full-length protein sequence and
the GIcN-6-P ligand as a SMILES string
(N[C@H]1C(O)O[C@H](COP(=0)(0)0)[C@@H](O)[C@@H]10). Both monomer
(single chain + ligand) and homodimer (two identical chains + ligand per chain)
complexes were modeled. Multiple sequence alignments were generated using the
ColabFold MSA server. Structure prediction used the default Boltz-2 model with one
sample per input. Prediction confidence was assessed by the Boltz-2 confidence score,
ligand ipTM, and protein ipTM. Ligand binding pose analysis was performed by
measuring minimum interatomic distances between ligand heavy atoms and protein
residue heavy atoms using BioPython (Cock et al., 2009). Mutation-to-ligand distances
were measured in the same manner. Predicted aligned error (PAE) values for the
protein-ligand interface were extracted from the Boltz-2 output.
2.9. Statistical analysis

Data are presented as mean = standard deviation from three biological
replicates. Statistical analyses were performed using one-way analysis of variance
(ANOVA) followed by Dunnett's multiple comparisons test (two-sided). Statistical

significance was defined as P < 0.05.
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3. Results and Discussion
3.1. Native D-glucosamine production capability of E. coli

In prior work, AL4731 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtiD Table 1)
was developed to redirect carbon flux away from dominant glucose utilization pathways
and competing sugar products and was shown to accumulate D-sedoheptulose (Palur
et al., 2025). Upon re-examination of this strain grown on D-glucose, we detected
accumulation of D-glucosamine in addition to the expected D-sedoheptulose production
(Fig. 2a). AL4731 (Table 1) accumulated 0.2 g L-' D-glucosamine alongside 0.75 g L™’
D-sedoheptulose (Fig. 2a). The accumulation of D-glucosamine in the absence of
heterologous enzymes demonstrates that E. coli natively possesses the enzymatic
capacity to convert D-glucose to D-glucosamine. These results further demonstrate that
systematic elimination of competing carbon sinks can reveal latent biosynthetic activities
that are normally masked by dominant metabolic pathways.
3.2. Screening of phosphatases for D-glucosamine and D-sedoheptulose
production

We hypothesized that endogenous F6P is aminated to GIcN6P by GImS, coupled
to glutamine conversion to glutamate (Teplyakov et al., 2002), and that accumulation of
D-glucosamine requires subsequent dephosphorylation of GIcN-6P (Fig. 1). While the
amination step catalyzed by GImS is well established, the identity of native
phosphatases capable of efficiently converting GIcN6P to D-glucosamine is not obvious
and represents a critical unresolved step for endogenous amino sugar production. To
address this limitation, we selected a panel of promiscuous phosphatases (Kuznetsova

et al., 2006) and screened hexitol phosphatase B (HxpB), sugar phosphatase YbiV,

12
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268

sugar phosphatase YidA, hexitol phosphatase A (HxpA), a-D-glucose-1-phosphate
phosphatase YihX, phosphosugar phosphatase YigL, and fructose-1-phosphate
phosphatase YqaB by co-expressing each gene with gimS (pAL2937—pAL2943; Table
2) in strain AL4731 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtID, Table 1). In most
cases, this modification selectively increased D-sedoheptulose production without
enhancing D-glucosamine accumulation (Fig. 2a). Given their broad substrate
specificity, overexpression of these phosphatase genes may also affect cellular
physiology through activity toward other intracellular phosphorylated metabolites, and
such effects may contribute to differences in growth and production phenotypes (Fig. 2).
This outcome is consistent with feedback inhibition of GImS by GICN6P, whereby
inefficient dephosphorylation leads to intracellular GIcN6P buildup, suppressing further
amination of F6P and limiting flux toward D-glucosamine. These results indicate that
phosphatase activity alone is insufficient to enhance D-glucosamine production when
GImS remains subject to product inhibition and highlight phosphatase identity as a key
control point governing carbon flux distribution.

Previous studies have shown that mutations in GImS, namely GImS54 (A38T,
R249C, G471S), can relieve feedback inhibition by GIcN6P (Deng et al., 2006a). Based
on this, we next replaced wild-type gimS with gimS54 and co-expressed the same set of
native phosphatases (pAL2906, pAL2907, pAL2908, pAL2909, pAL2910, pAL2911,
pAL2912, Table 2) in AL4731 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtID, Table 1).
In contrast to the wild-type enzyme, expression of gimS54 resulted in substantially
increased D-glucosamine accumulation across multiple phosphatase backgrounds (Fig.

2b), indicating relief of feedback inhibition by GIcN6P and increased flux through the

13



269 GImS-catalyzed amination reaction (Deng et al., 2006a). Strikingly, the relative

270  distribution between D-glucosamine and D-sedoheptulose varied with the identity of the
271 co-expressed phosphatase, demonstrating that phosphatase substrate preference

272 functions as a dominant determinant of metabolic flux partitioning. Among the

273  phosphatases evaluated, additional expression of ybiV uniquely directed carbon flux
274  toward exclusive D-glucosamine production, yielding 3.07 g L-' D-glucosamine with no
275 detectable D-sedoheptulose formation (Fig. 2b). In contrast, all other phosphatases
276  supported varying degrees of D-sedoheptulose formation. This result identifies YbiV as
277  a selective phosphatase for endogenous D-glucosamine biosynthesis and establishes
278  phosphatase identity as a powerful control point for directing product specificity within
279  the platform.

280  3.3. Increased glucose uptake via alternate glucose transporter

281 In E. coli, accumulation of intracellular sugar phosphates induces glucose-

282  phosphate stress and suppresses glucose uptake through destabilization of ptsG

283 mRNA, which encodes the glucose-specific PTS transporter (Kessler et al., 2017;

284  Morita et al., 2003). To alleviate this limitation, we additionally expressed galP, encoding
285 a galactose-proton symporter (Macpherson et al., 1983), together with glk, encoding
286  glucokinase (pAL2264, Table 2). These modifications enable PTS-independent glucose
287  uptake via GalP and subsequent phosphorylation to glucose-6-phosphate by Glk

288  (Meyer et al., 1997).

289 Although this modification increased glucose uptake, it selectively enhanced D-
290 sedoheptulose production while reducing D-glucosamine titers, indicating that the

291 increased carbon flux was preferentially diverted toward D-sedoheptulose formation

14
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rather than amino sugar biosynthesis (Fig. 3). These results indicate that glucose
uptake is not the primary constraint on D-glucosamine production under these
conditions and that simply increasing carbon influx does not enhance flux through the
GImS-dependent pathway. In addition, all further experiments employed YbiV as the
phosphatase to maintain selective D-glucosamine production.

3.4. Eliminating futile cycling to enhance D-glucosamine production

In E. coli, NagB (GIcN6P deaminase) catalyzes the reverse of the GImS reaction,
converting GIcNGP back to F6P with concomitant release of ammonia (White and
Pasternak, 1967), thereby directly opposing net D-glucosamine biosynthesis (Fig. 1). To
eliminate this futile cycling and stabilize flux toward amino sugar formation, we deleted
nagB in AL4731, generating strain AL4974 (ApfkA Azwf AalsE AmanA Apgm AgatZ
AmtID AnagB, Table 1). When gimS54 and ybiV were co-expressed (pAL2908; Table
2) in this background, D-glucosamine production increased further, reaching 3.52 g L
(Fig. 4). These results demonstrate that removal of the NagB-mediated reverse reaction
is an effective strategy to reinforce forward flux through the endogenous glucosamine
biosynthetic pathway and improve overall D-glucosamine accumulation.

During strain construction and screening, we observed that certain colonies
consistently outperformed others despite having identical intended genotypes.
Sequencing of the plasmid isolated from these high-performing strains revealed a
modified gImS containing two amino acid substitutions (A38T, R249C; pAL3004, Table
2) relative to GImS54. While prior studies have characterized the functional impact of
each individual mutation present in GImS54, the combined contribution of all three

substitutions has not been directly compared with intermediate mutant variants (Deng et

15
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al., 2006a). Expression of the double-mutant GImS* (A38T, R249C) gene produced
4.01 g L' D-glucosamine, which was not significantly different from that obtained with
GImS54 (Fig. 4). This observation indicates that the A38T and R249C substitutions are
sufficient to reproduce the enhanced production phenotype associated with GImS54
under the conditions examined here. Consequently, all subsequent experiments
employed the double-mutant GImS* variant. While G471S has been reported to
influence GImS activity when evaluated individually (Deng et al., 2006a), our results
suggest that this substitution is not required to achieve improved D-glucosamine
production in the presence of A38T and R249C.
3.5. Structural and thermodynamic analysis of GImS variants

Feedback-insensitive variants of GImS have previously been identified through
directed evolution, including the triple mutant GImS54 (A38T, R249C, G471S), which
exhibits reduced sensitivity to product inhibition by GlcN-6-P and enhanced
glucosamine production (Deng et al., 2006a). Specifically, GImS54 displays a Ki for
GIcN-6-P of 2.5 mM compared to 0.56 mM for the wild-type enzyme (Deng et al.,
2006a). However, mapping these substitutions onto the crystal structure of the GImS
isomerase domain (PDB: 1MOQ) (Teplyakov et al., 1998) revealed that all three
mutated residues are located more than 16 A from the GIcN-6-P binding site, providing
no obvious structural explanation for the reduced product inhibition.

We identified a double mutant GImS* (A38T, R249C) that performed comparably
to the triple mutant GImS54 in D-glucosamine production (Fig. 4), suggesting that the
G471S substitution does not substantially contribute to the improved phenotype under

our experimental conditions. To determine whether the similar performance of GImS
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and GImS54 could be associated with readily apparent structural differences, we
compared computational models of the wild-type and variant GImS proteins. Full-length
GImS structures for the wild-type enzyme, GImS54 (A38T, R249C, G471S), and GImS*
(A38T, R249C) were predicted using LocalColabFold (Mirdita et al., 2022) with
AlphaFold2 (Jumper et al., 2021), followed by AMBER relaxation. All models were
generated with high confidence, with mean pLDDT scores ranging from 92.5 to 92.8.
Structural superposition revealed highly similar overall conformations across all
variants, with no apparent structural rearrangements at or proximal to the mutation
sites.

To quantitatively assess the impact of each mutation on protein thermodynamic
stability, Rosetta Cartesian AAG calculations were performed using the ref2015_cart
score function (Park et al., 2016). The lowest-energy relaxed wild-type structure was
used as the reference state. All mutations were predicted to be neutral to mildly
destabilizing (Tables S4 and S5). The calculated cumulative AAG for the double mutant
(+1.7 REU) was lower than that of the triple mutant (+4.9 REU), indicating that the
G471S substitution introduces an additional stability penalty. Given that both values fall
within the range generally considered compatible with preserved protein function (AAG
< 5 REU) (Kellogg et al., 2011), these results suggest that the mutations do not
substantially compromise overall structural integrity. Thus, the computational analyses
did not identify an apparent structural or thermodynamic feature that would explain an
additional contribution of G471S under the conditions examined.

To determine whether the mutations influence the GIcN-6-P binding site or alter

ligand interaction geometry, structures of each variant in complex with GIcN-6-P were
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predicted using Boltz-2 (Passaro et al., 2025). Both monomeric and homodimeric
complexes were modeled for the wild-type enzyme, GImS54, and GImS*. In all cases,
GIcN-6-P was predicted to occupy the same active-site pocket, engaging an identical
set of interacting residues (Thr353, Ser304, GIn349, Ser350, and Thr303), each located
within 2.5-2.8 A of the ligand (Fig. S$1). The mutation sites were spatially distant from
the bound product: A38 is approximately 38 A from the nearest ligand atom, whereas
R249C and G4718S are approximately 18 A and 19 A away, respectively, within the
same protomer. These structural predictions indicate that the substitutions do not
directly perturb the active site or product-binding interactions.

Collectively, these computational analyses indicate that the A38T, R249C, and
G471S substitutions do not alter the global fold of GImS, substantially compromise
thermodynamic stability, or modify the geometry of the GIcN-6-P binding pocket. The
predicted structures are virtually superimposable in the active-site region across all
variants. All three mutation sites are located on the solvent-exposed surface of the
enzyme and are spatially distant from the ligand-binding pocket (Fig. S1): A38 is
approximately 38 A from the nearest ligand atom, R249 approximately 18 A, and G471
approximately 19 A. Rosetta Cartesian AAG calculations predicted each substitution to
be neutral to mildly destabilizing (A38T: +0.0 REU; R249C: +2.7 REU; G471S: +2.8
REU), with cumulative AAG values of +1.7 REU for the double mutant GImS* and +4.9
REU for the triple mutant GImS54, both within the range generally compatible with
preserved protein function. These findings are consistent with previous structural
analyses showing that the mutated residues lie more than 16 A from the active site

(Deng et al., 2006a).
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384 While these computational analyses provide a consistent structural and

385 thermodynamic framework for interpreting the effects of the GImS mutations, they are
386 not directly validated by experimental measurements of protein structure or dynamics.
387 Therefore, the conclusions drawn here should be considered as hypotheses that

388 complement the observed phenotypic data rather than definitive mechanistic

389 explanations. In particular, potential effects on conformational dynamics, allosteric
390 communication, or catalytic kinetics cannot be resolved by static structure prediction
391  and require further experimental investigation.

392 3.6. Reducing glucosamine assimilation

393 To further minimize product loss through reuptake, we next targeted native

394 glucosamine assimilation pathways in E. coli. Glucosamine is primarily imported via the
395 NagE PTS transporter (John Rogers et al., 1988) and, to a lesser extent, through the
396 mannose-family PTS encoded by ManXYZ (Erni and Zanolari, 1985). To reduce

397 glucosamine uptake during production, we constructed strains carrying deletions of
398 nagE in AL4974, resulting in AL4959 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtID
399 AnagB AnagE, Table 1) and manXYZ, resulting in AL4980 (ApfkA Azwf AalsE AmanA
400 Apgm AgatZ AmtID AnagB AnagE AmanXYZ, Table 1). In both strains, glucosamine
401  consumption remained largely unchanged after 24 h, suggesting that additional

402 transport systems may contribute to glucosamine uptake under these conditions (Fig.
403  S2a).

404 When these transporter-deficient strains (AL4959 and AL4980, Table 1) were
405 evaluated under D-glucosamine production conditions with the production plasmid

406  pAL3004 (PgadB:gimS*(A38T, R249C)-ybiV, Table 2), both deletions resulted in
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reduced D-glucosamine production relative to the parent strain (Fig. S2b). Thus,
although nagE and manXYZ were targeted to reduce D-glucosamine reuptake,
disruption of these transport systems did not improve extracellular D-glucosamine
accumulation and instead negatively affected production under the conditions
examined. The physiological basis for this effect remains unclear, as PTS transport
systems can influence broader cellular metabolic and regulatory functions beyond
substrate uptake (Commichau et al., 2006; Doucette et al., 2011; Vastermark and Saier,
2014). Based on these results, subsequent engineering efforts were conducted using
AL4974 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtlD AnagB, Table 1).
3.7. Modulating ammonia assimilation to increase glutamine availability

In E. coli, intracellular glutamine levels are tightly controlled by the glutamine
synthetase—glutamate synthase (GS—GOGAT) cycle, which serves as the primary route
for ammonia assimilation under both nitrogen-limited and nitrogen-replete conditions
(Miyakoshi, 2024). GS, encoded by gInA, catalyzes the ATP-dependent conversion of
glutamate and ammonia to glutamine (Niranda-Rjos et al., 1987), while GOGAT,
encoded by gltBD, transfers the amide nitrogen of glutamine to a-ketoglutarate to
regenerate glutamate (Fig. 1) (Goss et al., 2001). Flux through this cycle is stringently
regulated through covalent adenylylation of GS by the bifunctional
adenylyltransferase/adenylyl-removing enzyme GInE and by transcriptional control
mediated by the Ntr regulatory system, thereby preventing excessive glutamine
accumulation (Miyakoshi, 2024; Reitzer, 2003).

To increase intracellular glutamine availability for the GImS-catalyzed amination

step, we systematically disrupted key regulatory and consumption nodes within the GS—
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GOGAT network. First, deletion of ginE in AL4974 (Table 1) was expected to reduce
GS adenylylation and promote glutamine synthesis, yielding strain AL5035 (ApfkA Azwf
AalsE AmanA Apgm AgatZ AmtID AnagB AgInE, Table 1). To further reduce glutamine
consumption, gltBD was deleted to block glutamine-dependent glutamate regeneration,
generating AL5038 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtID AnagB AglitBD,
Table 1). Combined deletion of g/inE and gltBD produced AL5039 (ApfkA Azwf AalsE
AmanA Apgm AgatZ AmtlD AnagB AgInE AgitBD, Table 1). In addition, the production
medium was supplemented with tryptone to provide readily assimilable amino acids and
peptides that could contribute directly to intracellular glutamine pools.

AL4974, AL5035, AL5038, and AL5039 harboring pAL3004 and pAL2264 (Table
2) produced 4.5, 5.2, 4.7, and 5.5 g L' D-glucosamine, respectively (Fig. 5). Disruption
of the GS—GOGAT system resulted in modest increases in D-glucosamine production.
The relatively small improvements suggest that glutamine availability is only one of
several factors influencing flux through the GImS-catalyzed reaction and that additional
regulatory constraints remain (Woolfolk and Stadtman, 1967). Nevertheless, the highest
titers were observed in AL5039 (Ag/lnE AgltBD, Table 1), indicating that simultaneous
relief of GS regulation and suppression of glutamine consumption provide additive
benefits for D-glucosamine production.
3.8. Enhancing nitrogen assimilation capacity to support D-glucosamine
biosynthesis

Because glutamine serves as the direct nitrogen donor for the GImS-catalyzed
conversion of F6P to GIcNG6P, we next sought to increase intracellular glutamine

availability by additionally expressing glnA, which encodes GS (Niranda-Rjos et al.,

21



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

1987). GS catalyzes the ATP-dependent assimilation of ammonia into glutamate to form
glutamine and constitutes the primary entry point of inorganic nitrogen into cellular
metabolism (Fig. 1) (Miyakoshi, 2024 ). Under native conditions, GS activity is
stringently regulated at both transcriptional and post-translational levels to maintain low
steady-state glutamine pools, thereby constraining flux through glutamine-dependent
biosynthetic reactions (Woolfolk and Stadtman, 1967). We therefore hypothesized that
direct amplification of GS expression would increase glutamine biosynthetic capacity
and enhance D-glucosamine production through the GImS-catalyzed reaction.
Consistent with this hypothesis, additional expression of ginA had a positive effect on D-
glucosamine production across all strain backgrounds tested (Fig. 5b). The highest D-
glucosamine titer of 9.2 g L-' was obtained with AL5035 harboring pAL3004 and
pAL2920 (Fig. 5b). Co-expression of glhA (pAL2920, Table 2) with the glucosamine
production plasmid (pAL3004, Table 2) increased D-glucosamine production (Fig. 5b).
In contrast, deletion of gInE or gltBD alone yielded only modest improvements (Fig. 5a).
Together, these results demonstrate that increasing glutamine biosynthetic capacity
through additional expression of ginA can enhance D-glucosamine production and
identify glutamine biosynthesis as an important metabolic control point in this production
system.

In parallel, we examined whether additional nitrogen supplementation at the
medium level could further enhance D-glucosamine production. To probe potential
nitrogen limitation under both medium backgrounds, urea, ammonium chloride, and L-
glutamine were supplemented at concentrations of 1, 2, 5, and 10 g L' (Fig. 6). Urea

was evaluated as a slowly metabolized nitrogen source capable of sustaining
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intracellular ammonia availability (Mobley and Hausinger, 1989), ammonium chloride as
a readily assimilable inorganic nitrogen source directly supporting glutamine synthetase
activity (Vo et al., 2013), and L-glutamine as an organic nitrogen source and immediate
precursor for glucosamine biosynthesis. Across all tested conditions, supplementation
with these nitrogen sources did not further increase D-glucosamine titers (Fig. 6). These
results indicate that complex nitrogen sources already provide sufficient assimilable
nitrogen to support glucosamine biosynthesis and that further increasing extracellular
nitrogen availability does not confer additional benefit under these conditions.
4. Concluding Remarks

This study establishes E. coli as a viable platform for D-glucosamine production
by revealing and exploiting a native metabolic route that connects central carbon
metabolism to amino sugar biosynthesis. We show that increasing glucose uptake alone
does not enhance D-glucosamine production, whereas modulation of nitrogen
metabolism, particularly glutamine biosynthesis, can substantially improve production.

By combining a feedback-insensitive GImS variant with selective endogenous
phosphatase activity, we demonstrate tunable flux partitioning between D-glucosamine
and D-sedoheptulose, with YbiV enabling selective D-glucosamine production. Removal
of futile reactions and targeted enhancement of glutamine biosynthesis further improved
production, highlighting the importance of coordinating carbon and nitrogen metabolism.

Overall, this work demonstrates that amplification and redirection of endogenous
metabolic capacity, rather than heterologous pathway engineering, provides an effective
strategy for microbial D-glucosamine production. Beyond establishing a genetically

defined D-glucosamine production pathway and strain platform, this study identifies key
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metabolic control points governing amino sugar biosynthesis, providing a foundation for
future optimization under industrially relevant cultivation conditions. Further
improvement in D-glucosamine titer will require both continued strain engineering and
optimization of cultivation conditions, particularly given the chemical instability of D-
glucosamine in cultivation media. Evaluation of industrial performance will require
bioreactor studies under application-specific process conditions, including medium
formulation, substrate selection, and feeding strategies. Because the objective of this
work was pathway discovery and strain development, such process optimization was
beyond the scope of the present study.

An advantage of this strategy is that D-glucosamine production is achieved by
redirecting endogenous E. coli metabolism rather than introducing a heterologous
biosynthetic pathway, while phosphatase selection provides control over product
specificity. A current limitation is that production performance has been evaluated under
small-scale cultivation conditions designed primarily for pathway construction and strain
development. Further strain engineering and optimization under application-relevant
cultivation conditions will be important for evaluating and improving the production

potential of this platform.
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Table 1 Strains used in this study.

Strain Genotype Source
MG1655 F- lambda- ilvG- rfb-50 rph-1 (Baba et al., 2006)
AL1050 MG1655 with attB::lac/? tetR spec® (Yoneda et al., 2014)
ALAT31 AL1050 with ApfkA Azwf AmanA AalsE
Apgm AgatZ AmtID (Palur et al., 2025)
AL4959 AL4731 with AnagB AnagE This study
AL4974 AL4731 with AnagB This study
AL4980 AL4959 with AmanXYZ This study
AL5035 AL4974 with AginE This study
AL5038 AL4974 with AgltBD This study
AL5039 AL5035 with AgltBD This study
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Table 2 Plasmids used in this study

Plasmid Description Source

pAL2001 Puaco1:alsE-hxpB, amp®, ColE1 (Taylor et al., 2023)
pAL2264 Puaco1:galP-glk, gent®, p15A (Luu et al., 2025)
pAL2333 Placo1:9/mS-hxpB, ampR, ColE1 This study
pAL2344 Pliaco1:gImS, amp®, ColE1 This study
pAL2353 Pliaco1:9/mS(A38T), amp®, ColE1 This study
pAL2354 Pliaco1:9/mMS(A38T, R249C), amp®, ColE1 This study
pAL2355 Placo1:9/mS(A38T, R249C, G471S), ampF, ColE1l This study
pAL2434 pTargetF-nagB, amp®, ColE1 This study
pAL2645 pTargetF-manXYZ, amp®, ColE1 This study
pAL2816 Puaco1:Sfgfp, kan®, ColA This study
pAL2937 Pgads:gImS-hxpB, ampF, ColE1 This study
pAL2938 Pgads:gImS-hxpA*, amp®, ColE1 This study
pAL2939 Pgads:gImS-ybiV, ampR, ColE1 This study
pAL2940 Pgads:gimS-yqaB, amp®, ColE1 This study
pAL2941 Pgads:gImS-yidA, ampR, ColE1 This study
pAL2942 Pgads:glmS-yigL, amp®, ColE1 This study
pAL2943 Pgads:gImS-yihX, amp®, ColE1 This study
pAL2906 Pgads:gImS(A38T, R249C, G471S)-hxpB, ampR, ColE1 This study
pAL2907 Pgads:gImS(A38T, R249C, G471S)-hxpA*(1G>A), ampr, ColE1 This study
pAL2908 Pgaas:gImS(A38T, R249C, G471S)-ybiV, ampr, ColE1 This study
pAL2909 Pgads:gImS(A38T, R249C, G471S)-yqaB, amp®, ColE1 This study
pAL2910 Pgads:gImS(A38T, R249C, G471S)-yidA, ampf, ColE1 This study
pPAL2911 Pgads:gImS(A38T, R249C, G471S)-yigL, amp®, ColE1l This study
pAL2912 Pgads:gImS(A38T, R249C, G471S)-yihX, ampR, ColE1 This study
pAL2920 Puaco1:g/nA, kan®, ColA This study
pAL2998 pTargetF-glnE, ampR, ColE1 This study
pAL3004 Pgads:gImS(A38T, R249C)-ybiV, ampR, ColE1 This study
pAL3005 pTargetF-g/tBD, ampF, ColE1 This study
pAL3085 Pgads:gImS, ampR, ColE1l This study

pCas Peas:€aS9 Parag:red lacl® Pic:sgRNA pMB1 repA101(Ts) kanf addgene #62225
pTargetF PJ23119:sgRNA-pMB1, spec®, pMB1 addgene #62226

*hxpA carries an engineered ATG start codon (G2 A substitution at the first nucleotide).
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764 Figure 1 Phosphorylation-dephosphorylation-based biosynthesis of D-glucosamine and D-
765 sedoheptulose.

766 Enzymes encoded by deleted genes are shown in blue. Enzymes encoded by additionally expressed
767  genes are shown in red. Dotted arrowheads indicate multiple reaction steps. D-Glucosamine and
768 D-sedoheptulose are highlighted in green.
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Figure 2. Native D-glucosamine productionin E. coli enabled by elimination of competing
pathways and selective phosphatase activity

Cells were grown in MOP medium containing 30 g L' glucose at 37 °C to ODeoo ® 1, followed by
incubation at 30 °C for 24 h. D-Glucosamine and D-sedoheptulose production was evaluated in
AL4731 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtlD, Table 1) harboring plasmids encoding
selected endogenous sugar phosphatases together with either (a) wild-type glmS or (b) glmS
encoding feedback-insensitive GImS54 (A38T, R249C, G471S). ODgoo values correspond to
measurements at 24 h. Error bars indicate standard deviation (n = 3 biological replicates).
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Figure 3. Effect of galP and glk additional expression on D-glucosamine Production

Cells were grown in MOP medium containing 30 g L™ glucose at 37 °C to ODeoo = 1, followed by
incubation at 30 °C for 24 h. At ODeo = 1, IPTG was added to a final concentration of 1 mM when
required. D-Glucosamine and D-sedoheptulose production were evaluated in AL4731 (ApfkA Azwf
AalsE AmanA Apgm AgatZ AmtlD, Table 1) harboring plasmids encoding selected sugar
phosphatase genes together with glmS encoding GImS54 (A38T, R249C, G471S) and the galP-glk
expression plasmid (pAL2264, Table 2). OD¢ values correspond to measurements at 24 h. Error
bars indicate s.d. (h = 3 biological replicates).
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Figure 4. Effect of deletion of nagB and overexpression of glmS* on D-glucosamine production.
Cells were grown in MO9P medium with 30 g L™ glucose at 37 °C to ODso ~1, then grown at 30 °C for
24 h. At ODgoo ~1, 1 mM IPTG was added. D-glucosamine production was evaluated in AL4731
(ApfkA Azwf AalsE AmanA Apgm AgatZ AmtlD, Table 1) or ALA974 (ApfkA Azwf AalsE AmanA Apgm
AgatZ AmtlD AnagB, Table 1) harboring plasmids encoding either gimS (GlmS54; A38T, R249C,
G471S; pAL2908) or glmS (GImS*; A38T, R249C; pAL3004) (Table 2). ODeqo values correspond to
measurements at 24 h. Error bars indicate s.d. (n = 3 biological replicates). One-way ANOVA with
Dunnett’s multiple comparisons test (two-sided) was used. n.s., P >0.05; *P < 0.05; **P < 0.01.
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Figure 5. Modulation of the GS-GOGAT network and glutamine biosynthesis for enhanced D-
glucosamine production

Cells were grown in MOYT medium containing 30 g L™ glucose at 37 °C to ODsy = 1, followed by
incubation at 30 °C for 24 h. At ODey = 1, IPTG was added to a final concentration of 1 mM. D-
Glucosamine production was evaluated in AL4974 (ApfkA Azwf AalsE AmanA Apgm AgatZ AmtlD
AnagB), AL5035 (AL4974 AglnE), AL5038 (AL4974 AgltBD), and AL5039 (AL4974 AglnE AgltBD)
(Table 1). (a) Effect of GS—-GOGAT disruption. Strains harbor pAL3004 and pAL2264 (Table 2).

(b) Effect of glnA additional expression. Strains harbor pAL3004 and pAL2920 (Table 2). ODggo
values correspond to measurements at 24 h. Error bars indicate standard deviation (n = 3 biological
replicates). One-way ANOVA with Dunnett’s multiple comparisons test (two-sided) was used. n.s.,
P>0.05; *P < 0.05; **P < 0.01.
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Figure 6. Effect of nitrogen supplementation on D-glucosamine production

Cells were grown in MOYT medium containing 30 g L™ glucose supplemented with urea or
ammonium chloride at the indicated concentrations. Cultures were incubated at 37 °C to ODgpo® 1,
followed by incubation at 30 °C for 24 h. At ODeo = 1, IPTG was added to a final concentration of 1
mM. D-Glucosamine production was evaluated in AL5039 (ApfkA Azwf AalsE AmanA Apgm AgatZ
AmtlD AnagB AglnE AgltBD, Table 1) harboring pAL3004 and pAL2920 (Table 2). ODgoo values
correspond to measurements at 24 h. Error bars indicate standard deviation (n = 3 biological
replicates).
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