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Abstract
Nucleoside analogs are commonly used drugs for the treatment of cancer and viral infections. Nucleoside Deoxyribosyltransferase 

(NDT) is one of the key enzymes required for the biosynthesis of deoxynucleotides. The feasibility of biochemical transformation processes 
is usually greatly dependent on the cost of biocatalysts. Therefore, immobilizing and reusing biocatalysts is an approach to be considered 
to bring biotransformations closer to industrial feasibility, since it not only allows enzymes to be reused but can also improve their stability 
under several reaction conditions. In this work, histidine tags have been successfully fused to a Nucleoside Deoxyribosyltransferase 
from Lactobacillus reuteri (LrDNT), which has been produced in a bench-scale reactor using a facile araBAD promoter-based protein 
expression system in an industrial microorganism, the E. coli BL21 (DE3) strain. The overexpressed LrNDT was bound to a nickel-
chelating agarose affinity chromatography medium via a one-step purification and immobilization process with a 99% yield, retaining 
about 97% of its initial activity. The optimal conditions for the immobilized LrNDT maintain high enzyme activity within the range of 
20°C-45°C and pH 6.0-7.5. Finally, the Immobilized Enzyme Reactor (IMER) of LrNDT was applied for the continuous-flow biosynthesis of 
2’-deoxyadenosine and retained 90% of its activity after 24 hours, providing a theoretical basis for the industrial production of nucleoside 
analogs.
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Introduction
Nucleoside compounds include natural nucleosides as well as 

nucleoside analogs modified at multiple positions on the sugar or base 
[1]. The structure of nucleoside compounds is highly variable, and 
most nucleoside drugs currently are chemically modified derivatives of 
natural nucleosides [2,3]. These modified nucleosides enter the human 
body and interact with viral polymerases or tumor cells’ nucleic acids, 
leading to mismatch formation and competitive inhibition, effectively 
inhibiting viral replication and interrupting tumor cell division and 
growth [4]. Particularly, following the global COVID-19 pandemic, the 
development and application of nucleoside compounds have become a 
significant focus of attention [5]. Non-natural nucleoside compounds 
are primarily synthesized through chemical methods involving 
base modification and protection, which can be intricate and lead to 
environmental pollution, and the synthesis efficiency is not ideal. 

Compared to organic synthesis, using enzyme-catalyzed reactions 
in nucleoside compound synthesis is not only environmentally 
friendly but also significantly enhances the reaction’s stereo-selectivity 
and regio-selectivity, providing multiple possibilities for efficient 
production [6-8]. Nucleoside Deoxyribosyltransferase (NDT), also 
known as deoxyribosyltransferase, is an enzyme that mediates ribose 
nucleobase transfers. It primarily exhibits two types of activities. Type 
I NDT specifically catalyzes the conversion between different purine 
bases on deoxyribose. Type II NDT has a broader catalytic range, as 
it can catalyze conversions between different purine bases, as well as 
between purine and pyrimidine bases [9,10]. These enzymes were first 
discovered in Lactobacillus strains. Other studies have shown that 
other types of Lactobacillus bacteria can also synthesize NDT, such as 
L. helveticus, L. leichmannii, L. fermentum, and L. reuteri, among others 
[11].

In biocatalytic processes, it is common to use immobilization 
methods to fix the target enzyme on a carrier, creating a bioreactor 

that minimizes enzyme damage and is easy to operate [12-14]. This 
method offers several advantages over batch-type enzymatic reactions. 
Immobilization allows for enzyme recovery and reuse, significantly 
improving enzyme stability in industrial production processes. It also 
meets the economic practicality required for industrial production, 
thereby reducing production costs. In recent years, Immobilized Metal 
Affinity Chromatography (IMAC) has gained widespread application 
as one of the directional immobilization methods. This technology 
is based on the highly specific interaction between tagged proteins 
and metals. The most common strategy involves immobilizing fusion 
proteins with a “His” tag onto a Ni2+ chelating scaffold [15]. This method 
preserves higher enzyme activity and can achieve one-step purification 
effects in industrial production.

This study utilizes the principle of specific binding between nickel 
chelating agarose affinity chromatography medium and Nucleoside 
deoxyribosyltransferase (referred to as LrNDT) with histidine tags. 
This forms an Immobilized Enzyme Reactor (IMER) and conducts 
a comparative study of the immobilized enzyme’s properties. The 
N-Deoxyribose Transferase derived from Lactobacillus reuteri (LrNDT) 
demonstrates high catalytic activity towards deoxyribose compounds. 
To firmly attach the target protein to the immobilized carrier, the 
N-Deoxyribose Transferase gene from the Lactobacillus reuteri strain 
was recombinantly modified with a 6 × His tag. Subsequently, it was 
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covalently linked to Ni2+ chelating agarose affinity chromatography 
medium (Ni2+-Nitrilotriacetic Acid (NTA)) with immobilized 
imidazole groups on the “His” tag, resulting in a stable covalent bond. 
This process is used to prepare an efficient, simple, and recyclable 
Immobilized Enzyme Reactor (IMER) for the enzymatic synthesis of 
nucleoside precursor compounds with therapeutic value. The study 
then explores the impact of temperature, pH, and reusability on the 
relative activity of immobilized LrNDT in catalyzing the production 
of 2’-deoxyribonucleoside. This research provides a preliminary 
method for preparing highly active immobilized LrNDT and lays 
the groundwork for practical industrial applications of Nucleoside 
deoxyribosyltransferase (Figure 1).

Figure 1: The reaction scheme of 2’-Deoxytheymidine catalyzed by LrNDT 
(R1=Thy, R2=Ade/Ura/Cyt).

Materials and Methods
Strain and culture media

Recombinant Escherichia coli TOP10/pBAD/His-A, carrying 
a recombinant plasmid pBAD/His-A. This plasmid contains the 
coding gene for N-Deoxyribose Transferase (LrNDT) derived from 
Lactobacillus reuteri strain, which was constructed in our laboratory as 
shown in Figure 2a. Seed liquid culture medium and liquid fermentation 
medium; LB medium (Tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 
g/L, pH 7.0), sterilized, and then supplemented with ampicillin to a 
final concentration of 50 µg/ml.

Reagents and equipment

Nickel chelating agarose chromatography medium (Ni2+-NTA) 
was purchased from Jiangsu Qian Chun Biotech Co., Ltd. Nucleoside 
compounds were obtained from Wuhu Huaren Technology Co., Ltd. 
Other common reagents were of analytical grade and purchased from 
Shanghai. The high-performance liquid chromatography detector used 
was from Shimadzu (model DGU-20A3R).

Cultivation conditions

Seed cultivation: Take 10 µl of the stored culture at 4°C and 
inoculate it into 10 mL of seed liquid culture medium. Incubate at 37°C 
with agitation at 200 rpm for 14 hours.

Fermentation cultivation: Transfer the seed culture into a 1 L 
Erlenmeyer flask containing 500 mL of fermentation medium. Incubate 
at 37°C with agitation at 200 rpm.

Enzyme expression and purification

When the fermentation culture reaches an OD600 of 0.6-0.8, induce 
with a final concentration of 20% L-arabinose. Continue cultivation at 
28°C for an additional 12 hours. After induction, collect the cells by 
centrifugation at 8000 rpm for 5 minutes. Resuspend the cell pellet 
in phosphate buffer (50 mmol/L, pH 6.5). Disrupt the re-suspended 
cells using a high-pressure cell disruptor. Centrifuge at 20,000 rpm 
for 30 minutes and retain the supernatant. Purify the enzyme using 
a His-Trap HP column, followed by overnight dialysis in phosphate 
buffer containing 1 mol/L NaCl. Measure protein concentration using 
a microspectrophotometer. Samples are collected before and after 
induction and analyzed using SDS-PAGE to confirm the successful 

expression of the target protein. A 15% Sodium Dodecyl Sulphate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE) gel is used for this 
purpose.

LrNDT enzyme activity assay

Dissolve 2’-deoxyribonucleoside at a concentration of 6 mmol/L 
and adenine at a concentration of 9 mmol/L in phosphate buffer (50 
mmol/L, pH 6.5). Add 500 µl of purified enzyme and prepare a 3 mL 
reaction system. Place it in a 40°C shaking incubator for 20 minutes. 
After the reaction, heat the reaction mixture in an 85°C metal bath for 
20 minutes to inactivate the enzyme. Cool to room temperature, filter 
the reaction mixture through a 0.22 µm microfilter membrane, and 
dilute the supernatant for High-Performance Liquid Chromatography 
(HPLC) analysis. HPLC conditions; Ultimate XB-C18 (4.6 × 250 mm, 5 
µm) column, with Acetonitrile/TEAA (5/95, V/V) as the mobile phase, 
a flow rate of 1 mL/min, column temperature at 40°C, and detection at 
254 nm. Enzyme activity is defined as the amount of enzyme required 
to convert 1 mmol of substrate into product in one unit of time (1U). 
The formula for calculating enzyme activity (U) is as follows:

1 (%)
2

C V relative activityU
T V

× ×
=

×                            (1)

In the formula;

-C represents the concentration of the substrate 
2’-deoxyribonucleoside (mmol/L).

-V1 is the volume of the reaction system (mL).

-V2 is the volume of enzyme added (mL).

-T is the reaction time (min).

The calculation method for relative activity (Relative activity%) is 
as follows:
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1 3
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× ×             (2)

In the formula;

-P1 represents the peak area of the substrate 2’-deoxyribonucleoside 
after the reaction.

-C represents the peak area of the substrate 2’-deoxyribonucleoside 
in the standard.

-M1 and M2 are the dilution factors for the substrate (dNTP) 
standard during sample preparation.

-V3 and V4 are the respective volumes for sample injection (mL). 

Immobilization condition

1 mL of activated Ni2+-NTA affinity chromatography medium is 
packed into a 10 mL gravity column. Mix it with 3 mL of crude LrNDT 
enzyme solution in immobilization buffer (50 mmol/L PBS buffer). 
Incubate gently on a shaker at 4°C for 1 hour to allow better binding 
of the enzyme to the carrier. After incubation, collect the flow-through 
liquid. Check if the carrier is saturated with the enzyme using SDS-
PAGE. Wash off other non-specific proteins on the carrier with a 1 
mol/L NaCl solution, and then wash the immobilized enzyme with 
immobilization buffer three times to remove loosely bound target 
proteins. Store the immobilized enzyme at 4°C.

Measurement of immobilized LrNDT activity

Using the detection conditions mentioned above, add 3 mL of 
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“His”-tagged LrNDT was activated and expanded at 37°C with shaking 
at 220 rpm (Figure 2a). When the OD600 of the bacterial culture was 
between 0.6-0.8, induction was carried out using 20% L-arabinose as 
an inducer at 28°C with shaking at 220 rpm overnight. This resulted in 
the successful expression of the target gene (Figure 2b). After an initial 
centrifugation at 8000 rpm for 5 minutes, the cells were re-suspended 
in 50 mmol/L pH 7.0 phosphate buffer. The resuspended cells were 
then disrupted under high pressure (1000 bar), followed by a second 
centrifugation at 20,000 rpm for 30 minutes, and the supernatant was 
retained. The Ni-NTA agarose medium in the protein purification Ni 
column chelated with Ni2+ ions. 

These chelated Ni2+ ions could bind to the imidazole ring on the 
histidine residues in the supernatant. A gradient elution was performed 
using imidazole solutions ranging from 0.02 to 1 mol/L. Lower 
concentration imidazole 0.02 to 0.05 mol/L was used for washing 
to remove weakly bound target proteins and impurities from the 
supernatant, while the target proteins were subsequently eluted with 
500 mmol/L imidazole. The order of elution was related to the protein 
binding capacity. Samples were collected from induced pre-culture, 
initial centrifugation supernatant, and post-centrifugation precipitate. 
Samples were also taken from the flow-through during the purification 
process after binding to the Ni resin and the elution with 500 mmol/L 
imidazole. 

These samples were processed and subjected to analysis via 15% SDS-
PAGE. As shown in Figure 1b, there was a noticeable difference in band 
patterns around 55 kDa, indicating significant expression of LrNDT 
after induction in the E. coli TOP10 host strain (Figure 2b). According 
to the literature, the monomeric size of N-Deoxyribosyltransferase II is 
approximately 20 kDa. The sample after heated at 85°C showed similar 
sizes to the expected LrNDT. The intensity of the target band in Line 
5 significantly decreased compared to Line 3, demonstrating that the 
His-tagged LrNDT was bound to the Ni resin. Line 6 indicates that the 
elution with 500 mmol/L imidazole showed a prominent band at 55 
kDa, similar to the heated sample in Line 4, confirming the presence 
of a soluble expression of LrNDT in E. coli in this concentration of 
imidazole elution (Figure 2).

reaction solution to the immobilized carrier with LrNDT. Place it 
on a shaker at 40°C with gentle shaking for 10 minutes to allow the 
reaction to proceedfully. The activity of immobilized enzyme units 
(U) is defined as the amount of enzyme required to produce 1 mmol 
of 2’-deoxyadenosine from 1 mmol of 2’-deoxyribonucleoside under 
reaction conditions in 1 minute (mL). Use the formula from section 
3 to calculate immobilized enzyme activity and further determine the 
comparison of enzyme activity before and after immobilization.

Effect of temperature on immobilized LrNDT activity

In 2 mL of immobilized enzyme, add 6 mmol 2’-deoxyribonucleoside 
and 9 mmol adenine as substrate. Add 50 mmol/L Phosphate-Buffered 
Saline PBS buffer to the reaction system. Place the reaction systems in 
parallel on a shaker at 20°C, 25°C, 30°C, 35°C, 40°C, and 45°C, and 
shake gently for 20 minutes. Then, take the supernatant for HPLC 
analysis to check the synthesis of the product, 2’-deoxyadenosine.

Effect of pH on immobilized LrNDT activity

With the same reaction concentrations as mentioned above, after 
adding 50 mmol/L PBS buffer, adjust the pH of the reaction systems to 
6.0, 6.5, 7.0, and 7.5. Place them on a shaker at 40°C and shake gently 
for 10 minutes. Analyze the results using HPLC.

Reusability of immobilized LrNDT

Prepare a reaction solution containing 6 mmol 
2’-deoxyribonucleoside and 9 mmol adenine in pH 6.0 PBS buffer. The 
biocatalysis reaction was performed at 40°C, and the enzyme activity 
was measured for 24 h with a continuous flow rate of 1 mL/min and 
a column reactor volume of 20 mL and a column residence time of 
20 minutes. Collect the reaction buffer each 100 minutes, dilute, and 
monitor the results using High-Performance Liquid Chromatography 
(HPLC).

Results
Characterization and identification of LrNDT

The E. coli pBAD (TOP10) strain containing the recombinant 

Figure 2: Construction of LrNDT vector, expression and purification. (a) Construction of LrNDT expression vector (b) Expression of LrNDT, 1. Protein marker (BL712A); 
2. Pre-induction solution of pBAD-LrNDT; 3. Supernatant samples in the cell lysates of pBAD-LrNDT; 4. SDS+3 with heated at 85°C; 5. Supernatant samples in the 
cell lysates of pBAD-LrNDT with flow-through solution after Ni column purification; 6. Purified supernatant samples in the cell lysates of pBAD-LrNDT after dialysis; 
7. Line6+SDS with heated at 85°C. (c) Immobilization effect of free LrNDT; 1. Protein marker (BL712A); 2. Free LrNDT; 3. Immobilization of E. coli pBAD-LrNDT with 
flow-through solution.
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Previous research has shown that LrNDT is sensitive to the pH of 
the reaction environment, with the highest activity observed at pH 7.1 
[23,24]. The optimum reaction pH value and pH stability of free and 
immobilized LrNDT were determined. The pH of buffer too high or 
too low may lead to changes in spatial structure of the enzyme, thus 
reducing its catalytic activity. We conducted experiments in four 
different pH buffer environments ranging from pH 6.0 to pH 7.5. As 
shown in Figure 4, the immobilized LrNDT remained above 90% 
activity from pH 6.0 to pH 7.5. The pH stability of immobilized LrNDT 
was better than that of the free enzyme as reported. It also showed that 
immobilized LrNDT retained 97% of its enzyme activity at pH 6.0 with 
a reaction time of 20 minutes.

Figure 4: The effect of pH value on the catalytic reaction of immobilized 
enzymes. Note: 6.0 ( ); 6.5 ( ); 7.0 ( ); 7.5 ( ). 

Reusability of immobilized LrNDT

Although the immobilized LrNDT enzyme has improved 
temperature tolerance and pH stability compared with the free enzyme, 
the current immobilization mode uses the LrNDT enzyme for batch 
production, and the immobilized enzyme still encounters problems 
such as inefficient catalysis and intermediate degradation in batch 
production [25]. Here, we made a Packed-bed Bioreactor (PBR), which 
is composed by the immobilized LrNDT as IMER-LrNDT (Figure 
5a). The biocatalysis reaction was performed at 40°C, and enzyme 
activity was measured for 24 h with a continuous flow rate of 1 mL/
min and a column reactor volume of 20 mL and a column residence 
time of 20 min. As shown in Figure 5, the PBR reactor remains above 
90% activity after 24 h (Figure 5b). The IMER-LrNDT enzyme also has 
good operational stability and reusability, and can still maintain a high 
activity level after a long time, which has good potential for industrial 
application.

Evaluation of immobilization effect

Free LrNDT enzyme activity can be determined by a reaction 
involving the exchange of bases between 2’-deoxyribosylthymidine and 
adenine [16]. In this study, we first tested the immobilization capacity 
of Ni2+-NTA resin for free LrNDT. A 1 mL Ni2+-NTA carrier was placed 
in a gravity flow column for protein purification. Then, 3 mL of crude 
enzyme was slowly shaken with the carrier at 4°C for 1 hour to facilitate 
better binding of the carrier to the enzyme. The solution obtained 
after binding was collected and analyzed by SDS-PAGE. The results 
showed a clear target protein band in the crude enzyme solution at 55 
kDa. Contrarily, the LrNDT protein band of the flow-through after 
immobilization compared to the non-immobilized sample indicated 
a significant binding capacity of free LrNDT with the immobilized 
carrier of Ni2+-NTA resin (Figure 1c). The immobilized LrNDT using 
Ni2+-NTA reached a concentration of 2 mg/mL and had an enzyme 
activity of approximately 235 U/mL, also retaining about of 97% of 
initial activity with a 99% yield (Table 1). 

Enzymes Carrier Immobilization 
(%)

Recovery 
(%) Reference

BpNDT PEI-agarose 100 100 [17]

TbPDT Ni2+-Fe2O3 99 ± 1 56 [18]

LdNDT SiGPEI1200-1300 100 97 [19]

LrNDT Ni2+-NTA 99 97 this study

Table 1: The effect of immobilization Nucleoside Deoxyribosyltransferase (NDT) 
with different carriers.

These results proved that free nickel chelating agarose affinity 
chromatography medium for LrNDT achieved one-step purification 
and immobilization process [17-19]. The effect of temperature on 
enzyme activity is relatively straightforward. Higher temperatures can 
increase the efficiency of enzyme-catalyzed reactions but may also 
alter the spatial conformation of the enzyme, potentially leading to 
reduced enzyme activity. Immobilized enzyme on a carrier can also 
affect its temperature tolerance to some extent [20-22]. To estimate the 
thermostability, the immobilized LrNDT were incubated at various 
temperatures for 10 minutes, 20 minutes, 40 minutes, and 60 minutes, 
and then, the residual enzyme activity was determined. As shown in 
Figure 3, immobilized LrNDT had good temperature tolerance of in 
the temperature range of 20°C-45°C with above 95% activity remained. 
The best reaction temperature of immobilized LrNDT was at 40°C, 
remaining 97% of its relative activity.

Figure 3: The effect of temperature on the catalytic Incubation of immobilized 
enzymes. Note: 20ºC ( ); 25ºC ( ); 30ºC ( ); 35ºC ( ); 40ºC ( ); 45ºC ( ).

Figure 5: The effect of reaction time on the catalytic reaction of IMER-LrNDT. 
(a) Packed-bed Bioreactor (PBR), which is composed by the immobilized 
LrNDT as IMER-LrNDT. (b) The PBR reactor remains above 90% activity after 
24 h.
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the application of other enzyme immobilization methods. Through 
immobilization technology, we can achieve efficient utilization and 
improved stability of enzymes, thus promoting the industrialization of 
biocatalytic reactions. Looking forward to the future, we have reason 
to believe that with the continuous development and improvement 
of immobilization technology, more enzymes will be successfully 
immobilized and applied in industrial production, making greater 
contributions to the sustainable development of human society.
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Discussion
The research on nucleoside drugs is gaining widespread attention 

as enzymatic synthesis of these drugs is not only more cost-effective 
but also environmentally friendly [26-28]. Nucleoside Diphosphate 
Transferase II (NDT) has drawn interest due to its broad base 
recognition range and high catalytic efficiency, making it suitable 
for catalyzing various nucleoside substrates in a one-step reaction to 
produce target compounds. Although NDT has tremendous potential 
for producing nucleoside analogs, most current enzyme application 
methods are limited to batch production, increasing the costs associated 
with industrial-scale production and limiting enzyme utility.

 Employing immobilization in enzyme production not only 
simplifies the purification process but also allows for enzyme reuse, 
greatly enhancing the efficiency of enzyme utilization [29]. In this 
study, we expressed NDT from Lactobacillus reuteri and utilized nickel-
chelating agarose gel as the immobilization resin. The specific binding 
between NDT and amino acids carrying imidazole rings on the matrix 
served the dual purpose of immobilization and purification, which 
achieved one-step purification and immobilization of free LrNDT. 

We investigated the enzymatic properties of the immobilized LrNDT 
at different temperatures and pH levels. Using 2’-deoxythymidine and 
adenine as substrates, the immobilized LrNDT exhibited a relative 
activity of over 90% under the conditions of 40°C and pH 6.0, retaining 
over 97% of its original activity. This significant improvement in the 
reusability of the packed-bed reactor with immobilized LrNDT reduces 
the cost associated with using the free enzyme and enables more 
environmentally friendly and energy-efficient biocatalysis.

In previous papers, different types of carriers for NDT 
immobilization were compared. The use of Ni-NTA as a metal-
chelating matrix preparation framework enriched the immobilization 
sites, ensuring a strong bond with the enzyme fusion tag. The 
immobilized enzyme exhibited high stability, requiring the use of high-
concentration imidazole solutions for successful elution. Furthermore, 
the nickel in the Ni2+-NTA medium, after elution, could be removed 
by Ethylenediaminetetraacetic acid (EDTA) and then regenerated using 
nickel sulfate, serving the purpose of immobilized matrix recycling and 
reducing the enzyme production costs.

Conclusion
In summary, this article successfully achieved the immobilization 

of LrDNT enzyme, which not only achieved purification and efficient 
reuse of the enzyme, but also significantly improved its stability, enabling 
it to maintain excellent performance under various reaction conditions. 
By introducing the histidine tag, we successfully combined the LrDNT 
enzyme with the nickel chelated agarose affinity gel medium. Through 
the one-step purification and immobilization process, we achieved 
an enzyme recovery rate of up to 99%, while retaining about 97% of 
the initial enzyme activity, opening up a new way for the synthesis 
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