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ABSTRACT: The biotechnological production of uridine diphos-
phate-D-xylose (UDP-D-xylose), the glycosyl donor in enzymatic
for D-xylose, is an important precursor for advancing glycoengin-
eering research on biopharmaceuticals such as heparin and
glycosaminoglycans. Leveraging a recently discovered UDP-xylose
salvage pathway, we have engineered a series of bifunctional
chimeric biocatalysts derived from Solitalea canadensis galactoki-
nase/uridyltransferase, facilitating the conversion of D-xylose to
UDP-D-xylose. This study elucidates the novel assembly of eight
fusion protein constructs, differing in domain orientations and
linker peptide lengths, to investigate their functional expression in
Escherichia coli, resulting in the synthesis of the first bifunctional
enzyme that orchestrates a direct transformation from D-xylose to UDP-D-xylose. Fusion constructs with a NH2-GSGGGSGHM-
COOH peptide linker demonstrated the highest expression and catalytic tenacity. For the highest catalytic conversion from D-xylose
to UDP-D-xylose, we established an optimum pH of 7.0 and a temperature optimum of 30 °C, with an optimal fusion enzyme
concentration of 3.3 mg/mL for large-scale UDP-D-xylose production. Insights into ATP and ADP inhibition further helped to
optimize the reaction conditions. Testing various ratios of unfused galactokinase and uridyltransferase biocatalysts for UDP-xylose
synthesis from D-xylose revealed that a 1:1 ratio was optimal. The Kcat/Km value for the NH2-GSGGGSGHM-COOH peptide linker
showed a 10% improvement compared with the unfused counterparts. The strategic design of these fusion enzymes efficiently routes
for the convenient and efficient biocatalytic synthesis of xylosides in biotechnological and pharmaceutical applications.
KEYWORDS: UDP-D-xylose production, bifunctional enzyme, fusion proteins, synthetic biology, glycoengineering,
galactokinase/uridyltransferase chimera, peptide linkers

■ INTRODUCTION
Engineering new biocatalytic pathways to synthesize complex
biomolecules is a fundamental aspect of synthetic biology.
Among these biomolecules, UDP-D-xylose is an indispensable
glycosyl donor for the assembly of xylose-containing
glycosaminoglycans such as heparin and chondroitin sulfate.
These glycoconjugates are essential in numerous biological
processes and possess broad therapeutic applications.1,2

Current methods to procure such biomolecules rely heavily
on extraction from natural sources, which may raise concerns
regarding sustainability, safety, and scalability. Therefore,
establishing a straightforward and scalable synthesis for
UDP-D-xylose could transform glycosaminoglycan manufactur-
ing, shifting from the constraints of biological extraction to the
adaptability of modular synthetic biocatalytic pathways.3−5

The traditional de novo biosynthesis of UDP-D-xylose starts
from D-glucose and can be achieved by an enzymatic cascade
consisting of four biocatalysts (Supplementary Figure S1): In
the first step, D-glucose is phosphorylated by a hexokinase

using ATP, yielding glucose 6-phosphate, which is then
isomerized to glucose 1-phosphate by phosphoglucomutase.6

This product is then converted by glucose-1-phosphate
uridyltransferase to UDP-D-glucose, which is subsequently
oxidized by UDP-glucose 6-dehydrogenase to form UDP-
glucuronic acid.7,8 The final decarboxylation step which yields
UDP-xylose is mediated by UDP-glucuronate decarboxy-
lase.9,10 By contrast, a recently elucidated UDP-D-xylose
salvage pathway in certain bacteria begins directly with the
activation of xylose instead of glucose. A substrate-promiscu-
ous galactokinase first phosphorylates xylose in the anomeric
position, forming D-xylose 1-phosphate, which then is
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conjugated with UTP by an equally versatile glucose-1-
phosphate uridyltransferase to directly yield UDP-D-xylose.10

This alternative route reduces the number of required
enzymatic reactions to only two steps and eliminates the
need for cofactor NAD+ while utilizing only ATP and UTP.
Therefore, this salvage pathway presents a more efficient and
cost-effective approach to the synthesis of UDP-D-xylose
(Figure 1a).
Our research direction has been influenced by the

understanding that the production of UDP-D-xylose neces-
sitates only two distinct enzymes. Examples of bifunctional
proteins are common in nature and incorporate two separate
catalytic activities within a single protein structure (Figure 1b).
They efficiently catalyze consecutive reactions, thereby
facilitating the transition from one reaction product to another.
For instance, the enzyme L-fucokinase/GDP-L-fucose pyro-
phosphorylase catalyzed both phosphorylation and pyrophos-
phorylase reactions to transform fucose into GDP-fucose in
one continuous process.11 Similarly, the enzyme pair
glucurono-kinase/UDP-glucuronate pyrophosphorylase effi-
ciently converts glucuronate to UDP-glucuronic acid.12

Extending this concept to synthetic biology, fusion proteins
have been successfully engineered, as exemplified by the
coupling of N-acetylhexosamine 1-kinase with a truncated
uridyltransferase to yield UDP-GlcNAc from GlcNAc.13 Such
engineered fusion enzymes not only underscore their potential
for large-scale production but also highlight their capacity for
synthesizing analogs and establishing novel metabolic pathways
to support glycosylation reactions. Crucial to the efficacy of
these chimeric proteins is the correct specification of the linker
peptides connecting the enzyme units�their type, length, and

amino acid composition being imperative factors in maintain-
ing both activity and stability.14,15

Nevertheless, to date, no single fusion protein or naturally
occurring bifunctional enzyme has been described for the
direct conversion of D-xylose to UDP-D-xylose (Figure 1c). In
the present study, we combined two assembly orientations and
four linker peptides with different lengths and compared the
catalytic performance of the eight resulting chimeric fusion
enzymes. These constructs were then assessed for their activity
to determine the most effective bifunctional enzyme
configuration for UDP-D-xylose synthesis.
The orientation and composition of the peptide linkers

greatly influenced the catalytic efficiency of our chimeric
enzymes. Constructs such as ScGalK-GSGGGSGHM-ScGPUT
(Linker 4) and ScGPUT-GSGGGSGHM-ScGalK (Linker 8)
demonstrated significant variations in activity due to differ-
ences in domain orientation and linker length. Linkers rich in
glycine and serine enhanced expression and solubility, thereby
increasing enzyme activity. Constructs with the pyrophosphor-
ylase domain at the N-terminus generally showed higher
product formation; however, an appropriate linker design can
mitigate orientation disadvantages. These findings underscore
the necessity of meticulous linker design in optimizing the
catalytic performance of bifunctional chimeric proteins. While
positioning the pyrophosphorylase domain at the N-terminus
generally showed higher product formation, our data indicate
that certain configurations with the kinase domain at the N-
terminus, notably Linker 4, also resulted in high product
formation. These findings show the necessity of a careful linker
to achieve the optimum catalytic performance of bifunctional
chimeric proteins.

Figure 1. (a) Salvage pathway for UDP-xylose biosynthesis from xylose by ScGalK/ScGPUT. (b) Examples of bifunctional enzyme fusions in
nature. (c) Model structure of fused ScGalK and ScGPUT.
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■ RESULTS AND DISCUSSION

Expression, Purification, and Activity Evaluation of
Bifunctional Enzyme Constructs
Expression, purification, and activity testing of various
constructs led to the generation of eight recombinant vectors,
each incorporating different linker peptides�NH2-HM-
COOH, NH2-GSGHM-COOH, NH2-GGGGSHM-COOH,
and NH2-GSGGGSGHM-COOH�and oriented in two
fusion configurations, one with Solitalea canadensis galactoki-
nase (ScGalK) on the N-terminus (ScGalK-linker-ScGPUT),
and one with Solitalea canadensis uridyltransferase (ScGPUT)
on the N-terminus (ScGPUT-linker-ScGalK, Figure 2). Linkers

are generally rich in small or polar amino acids such as glycine
and serine to provide good flexibility and solubility.16

Therefore, glycine and serine were used as linkers in various
fusion proteins,17 while histidine and methionine residues were
derived from ScGalK or ScGPUT. The choice of linker length
is supported by Argos’s work, which indicates that natural
linkers average 6.5 residues, predominantly consisting of Gly
and Ser for optimal flexibility and solubility.18

These constructs were expressed in BL21 (DE3) cells,
yielding the respective target protein with molecular weights of
approximately 70 kDa. While proteins with peptide linker 1
were primarily insoluble, the remaining fusion enzymes were
expressed in soluble form and subsequently purified using
nickel-affinity chromatography, as confirmed by distinct bands
observed on SDS-PAGE (Supplementary Figure S2). Observed
differences in expression levels were influenced by both the
peptide linker sequence and the orientation of the fusion, with
the longest linker peptide (NH2-GSGGGSGHM-COOH)
enhancing expression in both subunit orientations. However,
obtaining pure recombinant protein proved more challenging
for the ScGPUT-linker-ScGalK orientation (Figures 3a and
S3).
Activity assays for the fusion enzymes were conducted in the

presence of ATP and UTP, which assessed the biocatalytic
transformation of D-xylose to UDP-xylose (Figure 3b).
Techniques employed included thin-layer chromatography
(TLC) (Figures 3c and S4a) and liquid chromatography-
electrospray ionization-mass spectrometry (LC-ESI-MS) (Fig-

ure 3d,e), which confirmed that, except for constructs
containing peptide linkers 1 and 7, all enzymes successfully
synthesized UDP-xylose. In contrast, similar assays measuring
the conversion of D-xylose-1-phosphate to UDP-xylose
(Figures 3f and S4b) indicated that all but the peptide linker
7 constructs were effective.
These results suggest that the differences observed in Figure

3c,f might be due to the distinct roles of the phosphorylated
intermediates and their accessibility in the reaction. Specifi-
cally, the spatial orientation imposed by different peptide
linkers could influence the efficiency of the initial phosphor-
ylation step catalyzed by the kinase subunit. For instance,
constructs with peptide linkers 1 and 7 showed reduced
activity in the conversion of D-xylose (Figure 3c), which we
hypothesize is due to suboptimal spatial arrangement affecting
the kinase subunit’s access to D-xylose. Conversely, the
conversion of D-xylose-1-phosphate was less affected by linker
variability, except for linker 7, suggesting that once the sugar is
phosphorylated, additional constraints impact productivity.
Typically, positioning the pyrophosphorylase domain at the

N-terminus appears to be more favorable for product
formation. This orientation of subunits can also be observed
with previously reported natural and synthetically constructed
fucose and glucoronate salvage enzymes, which typically house
a kinase domain at the C-terminus and a pyrophosphorylase at
the N-terminus.11,12 While positioning the pyrophosphorylase
domain at the N-terminus generally showed higher product
formation, our data indicate that certain configurations with
the kinase domain at the N-terminus, notably Linker 4, also
resulted in high product formation. These findings show the
necessity of a careful linker design to achieve the optimum
catalytic performance of bifunctional chimeric proteins.
Biocatalytic Evaluation

SDS-PAGE analysis and activity tests were used to identify
fusion enzymes that demonstrated soluble expression and
functional catalytic activity. Specifically, constructs containing
peptide linkers 3, 4, 5, 6, and 8 showed robust expression and
catalytic activities. A 48 h time-course analysis using TLC and
LC-ESI-MS was employed to monitor the conversion of D-
xylose to UDP-D-xylose by these constructs (Figures 4a and
S4), revealing that the formation of UDP-D-xylose product
formation was observed within 8 h of incubation time. UDP-D-
xylose formation progressively increased with time, and after
48 h, the reactions catalyzed by the enzymes with peptide
linkers 4 and 8 yielded the highest levels of UDP-D-xylose (up
to approximately 100 and 89% conversion based on xylose),
suggesting that the extended length of peptide linker NH2-
GSGGGGSGHM-COOH facilitated a higher activity regard-
less of the fusion configuration.
Optimal catalytic conditions for the bifunctional fusion

enzymes were determined to be at pH 7.0 and 30 °C (Figures
4b,c and S7), mirroring the favorable reaction conditions for
the individual subunit ScGalK, which was previously reported
to work best at pH 7.0 and 30 °C.10 TLC analysis was also
utilized to ascertain the optimal enzyme concentration for the
synthesis of UDP-D-xylose (Figures 4e and S6). For an optimal
balance of cost-effectiveness and efficiency, a protein
concentration of 3.3 mg/mL was identified as suitable for
the large-scale production of UDP-D-xylose. Although these
experiments were not performed in the present study, this
concentration is based on methodologies described in the
recent literature,19 which suggests the feasibility of producing

Figure 2. Overview of constructing the recombinant ScGalK/
ScGPUT fusion proteins using different linkers.
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UDP-xylose on a gram- to multigram-scale using a laboratory
setup that incorporates shaking bottle fermentations for
recombinant protein production. This method proves to be
competitive with processes that use whole-cell biocatalysts for
production, showcasing the potential for economical scal-
ability.19 Moreover, the assay identified that high concen-
trations (10 mM) of ATP and ADP serve as inhibitors of the
catalytic activity of ScGPUT, reducing the conversion rate of
xylose-1-phosphate to UDP-xylose by over 50% (Figure 4d).
Similar observations were made for other nucleotide-utilizing
enzymes, such as kinases or pyrophosphorylases, where

inhibition by ATP and its hydrolysis product ADP is well-
documented.20 In the case of ADP specifically, its accumu-
lation as a byproduct can competitively hinder the binding of
ATP, thus diminishing the enzyme’s activity.21 This inhibitory
effect of ADP on the fusion enzyme’s activity should therefore
be optimized to minimize the reduction in reaction rates for
UDP-xylose synthesis. To evaluate the best molar ratio of
ScGPUT to ScGalK, various ratios of the unfused enzymes
were tested for the synthesis of UDP-xylose from D-xylose.
Figure 4f shows that the 1:1 ratio outperformed the other
tested ratios, confirming its effectiveness. However, alternative

Figure 3. Expression, purification, and activity assessment of the various constructs. (a) SDS-PAGE analysis of purified recombinant fusion
enzymes highlighted variations in linker peptides. (b) Enzymatic conversion of D-xylose to UDP-xylose by ScGalK/ScGPUT fusion enzymes. (c)
TLC analysis results of the ScGalK/ScGPUT enzymes reacting with D-xylose. The conversion rate of linker 8 mentioned in the text (89%) is based
on standardized conditions to match the enzyme concentration across different linkers. (d) LC-ESI-MS profile confirming the presence of UDP-
xylose in reaction mixtures containing ScGalK/ScGPUT fusion enzymes. (e) Mass spectrum at a retention time of 11.6 min, indicative of UDP-
xylose production. (f) TLC separation of products from the reaction of ScGalK/ScGPUT enzymes with D-xylose-1-phosphate.

Figure 4. Biocatalytic evaluation of the bifunctional fusion enzymes. (a) 40 h time-course LC-ESI-MS reaction profiling for D-xylose conversion.
(b) Optimal pH for the enzyme’s activity, derived from TLC analysis. (c) Determination of the enzyme’s optimum operating temperature. (d)
TLC analysis displaying inhibition by ATP and ADP. (e) TLC results were used for identifying the optimal enzyme concentration for UDP-D-
xylose enzymatic synthesis. (f) Determination of the enzymes’ optimum operating ratios of ScGalK/ScGPUT.
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strategies, like sugar nucleotide regeneration beads (Super-
beads),22 could be valuable for other optimal enzyme ratios.
Superbeads allow coimmobilization of enzymes at tailored
ratios, potentially enhancing catalytic efficiency by fine-tuning
the proportion of the biocatalyst, thereby improving practical
application and enzyme economy. To compare fusion
ScGPUT/ScGalK with unfusion ScGPUT/ScGalK, kinetic
analyses are shown in Supplementary Table S2. The Km
value of linker 8 for D-xylose to UDP-D-xylose was 0.9 ± 0.4
mM, Vmax was 99 ± 12 μM h−1, the kcat value was 3.0 × 10−12

min−1, and Km/kcat was 3.2 × 10−12. The Km/kcat value of
unfused ScGPUT and ScGalK was 2.9 × 10−12. This indicated
that the catalytic efficiency of NH2-GSGGGSGHM-COOH
peptide linker compared with unfused ScGPUT and ScGalK
improved by 10%.

■ CONCLUSIONS
In this study, we engineered bifunctional fusion enzymes by
combining two enzymes from the soil bacterium Solitalea
canadensis that exhibit promiscuity toward D-xylose. This feat
marks the first successful attempt to integrate the activities of
these enzymes. The evaluated fusion enzymes present a
promising biocatalytic tool for the cost-effective and efficient
production of UDP-D-xylose and xylose-containing conjugates.
Its development underscores the potential of such chimeric
proteins to revolutionize the production of essential glycosyl
donors, providing a sustainable alternative to traditional
extraction methods for biopharmaceutical applications. The
ScGalK/ScGPUT fusion enzyme, with its bifunctional
biocatalytic capabilities, is well-suited for large-scale synthesis
of UDP-D-xylose as well as for the production of various
xylose-based bioproducts. Its application in industrial settings
promises to enhance the efficiency and output of biochemical
manufacturing.

■ EXPERIMENTAL PROCEDURES

Construction of Fusion Genes
For the cloning of bifunctional fusion constructs, genes encoding
ScGalK and ScGPUT were cleaved from their pET30a vectors
(Merck) using NdeI and XhoI endonucleases. Subsequently, these
segments were inserted into pET28a vectors (Merck) already digested
with the corresponding restriction overhangs. The amplicons,
representing the full-length open reading frames of ScGalK and
ScGPUT (UniProt identifiers H8KL58 and H8KMA8), were
engineered to include a series of different linker peptides. The
DNA sequences for these constructs, detailed in Supplementary Table
S1, were amplified employing a polymerase chain reaction (PCR)
facilitated by Taq DNA polymerase (Takara Premix). The resulting
PCR products were then cloned directly into pGEM-T easy vectors
(Promega).
After the transformation and plasmid recovery from E. coli

transformants, the sequences encoding for ScGalK and ScGPUT,
now featuring various linker peptides, were released using NdeI and
NcoI restriction enzymes. These fragments were ligated into pET28a
vectors already containing DNA sequences encoding for either
ScGalK or ScGPUT and similarly pretreated with the analogous
restriction enzymes. This approach resulted in the assembly of a series
of bifunctional fusion enzyme expression vectors. Each of these
constructs was engineered to display a C-terminal hexahistidine tag to
facilitate subsequent purification steps.
Expression and Purification of Bifunctional Fusion
Enzymes
For the production of ScGalK/ScGPUT fusion proteins, E. coli BL21
(DE3) cells were transformed with the pET28a fusion constructs and

propagated in 400 mL cultures under shaking. These cultures were
incubated for 20 h at a suboptimal temperature of 18 °C to enhance
proper folding and solubility of the proteins. Cells were harvested
using centrifugation at 4000g for 10 min at 4 °C. The pelleted cells
were then resuspended in 10 mL of a cell lysis buffer (comprising 100
mM NaCl, 50 mM Tris−HCl, 1% (v/v) Triton X-100, and 1 mM
phenylmethylsulfonyl fluoride (PMSF), pH 8.0) and subjected to cell
disruption by sonication for a duration of 20 min.
Following the cell lysis, bacterial debris was sedimented by

centrifugation at 20,000g for 20 min at 4 °C. The clarified supernatant
containing soluble fusion proteins was applied to a Ni-NTA affinity
column (Qiagen, 2 mL bed volume). A washing step was conducted
using 20 mL of wash buffer (containing 50 mM NaCl and 50 mM
Tris−HCl, pH 8.0, adjusted with HCl), which served to elute
unbound proteins. The target fusion proteins, bound to the column
via their His-tags, were then eluted with an elution buffer (50 mM
NaCl, 50 mM Tris−HCl, and 500 mM imidazole, pH 8.0, adjusted
with HCl).
Elution fractions were analyzed via 12% SDS-PAGE followed by

Coomassie Brilliant Blue G-250 staining to verify the protein purity.
The Bradford protein assay (Sangon Biotech), benchmarked against
BSA standards, was used to quantify the protein concentrations in the
eluted fractions, enabling a precise determination of the yields for
subsequent biochemical assays.
Activity Assays for ScGalK/ScGPUT Fusion Enzymes
To evaluate the catalytic function of the ScGalK/ScGPUT fusion
enzymes, two sets of reactions were prepared for analysis using TLC.
The first reaction mixture comprised 50 μL of D-xylose (1 mM), ATP
(2 mM), UTP (3 mM), MgCl2 (2 mM), and the reaction buffer (100
mM Tris−HCl, pH 7.5). The second set of reactions had a similar
composition with the substitution of 1 mM D-xylose-1-phosphate in
place of D-xylose. Both reactions included one of the eight varied
fusion enzyme constructs and were incubated at 30 °C for an
extensive period of 48 h to facilitate the synthesis of UDP-xylose.
Various ratios of ScGalK to ScGPUT (1:1, 1:2, 1:3, 2:1, and 3:1) were
tested based on their respective molarities.10

The enzymatic reactions were terminated by denaturing the
samples at 95 °C for 5 min. The samples were then centrifuged at
20,000g for 5 min to remove any insoluble material. A volume of 1 μL
from the clear supernatant of each sample was applied to silica gel 60
F254 TLC sheets (Supelco). The chromatographic separation was
achieved with the mobile phase consisting of n-butanol, ethanol, and
water in a volumetric ratio of 5:3:2, respectively.
To visualize the separated products, TLC sheets were developed

using an orcinol staining solution prepared by dissolving 40 mg of
orcinol monohydrate in 20 mL of 3.6 M sulfuric acid, followed by
heating until the detection of spots.
Quantitative densitometry was conducted using ImageJ software to

analyze the intensity of the UDP-xylose spots captured on the TLC
plates.23 The relative activity and expression level of each fusion
enzyme were calculated by comparing the grayscale intensity values of
each UDP-xylose spot to the highest intensity value recorded among
the samples, enabling a comparative evaluation of the catalytic
efficiency across the fusion enzyme variants. To determine the kinetic
parameters of the linker 8 fusion enzymes and the unfused ScGalK/
ScGPUT enzymes, various concentrations of D-xylose (ranging from
0.1 to 10 mM) were tested. The values for Vmax, Km, kcat, and Km/kcat
were calculated using nonlinear regression analysis with GraphPad
Prism (version 9.5) software.
Mass Spectrometric Analysis of Reaction Products
The enzymatic products resulting from the activity of the ScGalK/
ScGPUT fusion enzymes were analyzed through LC-ESI-MS by
employing a Shimadzu LCMS 8040 system. The system configuration
included an LC-30AD pump, featuring a low-pressure gradient mixing
unit, and a SIL-30AC autosampler seamlessly integrated with an ESI
mass detector. For the analysis, 5 μL of the clarified reaction
supernatant was diluted with 10 μL of water and 35 μL of acetonitrile.
A 10 μL aliquot of the resultant solution was introduced into the LC-
ESI-MS for chromatographic separation.
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The separation was executed on a hydrophilic interaction liquid
chromatography (HILIC) ethylene bridged hybrid (BEH) UPLC
column (Waters Acquity glycan column, 1.7 μm particle size, 2.1 mm
internal diameter × 150 mm length) maintained at 60 °C. With a
solvent flow rate set at 0.5 mL/min, the mobile phase consisted of an
ammonium formate buffer (50 mM, pH 4.5, referred to as solvent A)
and acetonitrile (referred to as solvent B), initially mixed in a 5:95 (v/
v) proportion. Over a linear gradient of 14.5 min, solvent B was raised
from 5 to 60%, resulting in the elution of UDP-D-xylose at 11.6 min
into the run.
Mass spectrometric data was collected in scan mode, covering a

mass range from 150 to 700 m/z. This range was specifically chosen
to target UDP-D-xylose, and the analysis was conducted using negative
ion mode. The settings included a capillary voltage of −3.5 kV and a
scan duration of 500 ms per cycle. The desolvation temperature was
set to 250 °C, and a nitrogen gas flow rate was sustained at 900 L/h to
ensure proper ionization of the analytes.
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