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Nucleoside deoxyribosyltransferase II (NDT) catalyzes the transglycosylation reaction of the 2’'-deoxyribose moiety
between purine and/or pyrimidine bases and has been widely used in the synthesis of nucleoside analogs. The high
specificity of NDT for 2’-deoxyribose limits its applications. Because 2'C- and/or 3'C-modified nucleosides have been
widely used as antiviral or antitumour agents, improving the activity of NDT towards these modified nucleosides by
protein engineering is an area of interest to the pharmaceutical industry. NDT engineering is hindered by a lack of
effective screening methods. This study developed a high-throughput screening system, which was established by
nucleoside deoxyribosyltransferase II-cytidine deaminase co-expression, indophenol colorimetric assay and whole-cell
catalysis. A high-throughput screening system for NDT was established for the first time. This system can be applied to
detect NDT-specific activity for a variety of cytidine analogs with glycosyl and base modifications, such as 5-aza-2'-
deoxycytidine, 2',3' -dideoxycytidine, cytosine-p-p-arabinofuranoside. In this study, we adopted the semi-rational design
of NDT and constructed a mutant library of NDT from Lactobacillus helveticus (LANDT) by site-saturation mutagenesis.
Over 600 mutants were screened, and a variant with up to a 5.2-fold higher conversion rate of 2',3'-dideoxyinosine was

obtained.
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Nucleoside deoxyribosyltransferases (NDTs) (EC 2.4.2.6) play a
major role in the Lactobacillus salvage pathway (1). According to
their substrate specificity, NDTs can be divided into type I NDT
(PDT), which only catalyzes the transfer of the 2’-deoxyribose
moiety between purines, and type Il NDT (NDT), which catalyzes
the transfer of the 2’-deoxyribose moiety between purine and py-
rimidine (2). NDT presents a wide range of base recognition,
allowing it to identify a variety of natural and modified bases.
Therefore, NDT has been applied to the synthesis of a variety of 2/~
deoxynucleoside analogs, such as 5-trifluorothymidine (tri-
fluridine), 5-aza-2’-deoxycytidine (decitabine) (3) and 6-
chloropurine-2’-deoxyriboside (4). NDT is highly specific for 2’-
deoxynucleoside (5). Many antiviral nucleoside analogs, such as
zalcitabine (2',3’-dideoxycytidine), cytarabine (cytosine-p-p-arabi-
nofuranoside), stavudine (2/,3’-dihydro-2’,3'-deoxythymidine),
have deoxyribosyl modifications (6). NDT catalyzes the synthesis of
these products with very low efficiency, which limits the applica-
tion of NDT. Therefore, it is necessary to expand the substrate
recognition scope or alter the substrate specificity of NDT by pro-
tein engineering.

The NDT structures that have been reported are mainly homo-
hexamers (7—10), tetramers (11,12) and dimers (13,14). Previous
studies revealed that NDT monomer is a double-wound o/
domain. NDT active sites are formed by two adjacent subunits (7,8).
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According to the three-dimensional structure of NDT from Lacto-
bacillus leichmannii (LINDT), deoxyribosyl binding sites are
composed of Asp92, Glu98, and Asn123* (* adjacent subunit); base
binding sites are composed of Glu46, Asp72 and Tyr157* (* adjacent
subunit) (7). These binding sites are conserved in most type Il NDTs.
Previous studies reported that the transferase reaction follows the
Ping-Pong bi bi mechanism (15,16). In the first step, NDT cleaves the
C—N bond, releasing the nucleobase. In the second step, the
glycosyl intermediate can be attacked by a second nucleobase,
leading to a new 2’-deoxyribonucleoside. NDT is highly specific for
2'-deoxynucleoside because Glu98 of NDT forms a hydrogen bond
with 3'—OH of 2’-deoxynucleoside. When the sugar donor is a
ribonucleoside, Glu98 forms a hydrogen bond with 2'—OH of ribose
and the enzyme is inactive (17).

Site-saturation mutagenesis (SSM) is one of the techniques
commonly used in the semi-rational design of enzymes. SSM sub-
stitutes the amino acid at the particular site to all 20 amino acids
based on prior knowledge of the wild-type enzyme (18). SSM has
been applied to enhance different catalytic properties, including
ligand binding, catalytic activity (19), substrate acceptance (20) and
enantioselectivity (21). In this study, we established an SSM library
for LhNDT by analyzing the enzyme-substrate interactions and
amino acids near the NDT substrate-binding sites. Although the
mutant library constructed by SSM has a smaller capacity than the
library constructed by random mutagenesis, establishing a high-
throughput screening method is still the key step to improving
the efficiency of enzyme engineering. Therefore, we developed a
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high-throughput screening system, which involves NDT-cytidine
deaminase co-expression and indophenol colorimetric assay. The
screening process can be achieved by whole-cell catalysis in 96-
well plates.

Cytidine deaminase (CDA, EC 3.5.4.5) catalyzes the irreversible
deamination of cytidine to uridine and ammonia (22). CDA has a
broad range of substrate acceptance and can catalyze the deami-
nation of a variety of cytidine analogs. The indophenol method has
been widely used for ammonia assays in environmental and med-
ical fields (23). Under the catalysis of sodium nitroprusside dehy-
drate, ammonia reacts with sodium hypochlorite and phenol to
form indophenol, which has a maximum absorbance at 630 nm. In
this study, uracil-p-p-arabinofuranoside and 2’,3’-dideoxyinosine
were used as the sugar moiety donor and cytosine was used as the
base acceptor. The catalytic activity of NDT mutants to these
nucleoside analogs can be determined by measuring the absor-
bance of the reaction solution at 630 nm. The scheme of the
enzyme-coupled colorimetric assay is shown in Fig. 1.

MATERIALS AND METHODS

Chemicals  2’-Deoxythymidine (dT), 5-aza-2’-deoxycytidine (5-aza-dC),
2',3’-dideoxyinosine (ddr), 2',3’-dideoxycytidine (ddC), uracil-p-o-
arabinofuranoside (ara-U), cytosine-p-p-arabinofuranoside (ara-C), cytosine (C)
and 5-aza-cytosine (5-aza-C) were purchased from Dibo Chemicals (Shanghai,
China).

Construction of NDT-CDA co-expression strain  The pET-28a(+)-ndt and
pET-28a(+)-cda plasmids were previously constructed in our laboratory. ndt gene
(GenBank accession number AY064167) and cda gene (GenBank accession number
X63144) were co-expressed in pET-28a(+) using the ClonExpress Il recombinant
cloning kit (Vazyme Biotech, Nanjing, China). To ensure the expression of the two
genes was comparable, both genes were cloned with an individual T7 promoter.
The co-expression plasmid was constructed as reported (24). The primers used in
the plasmid construction are listed in Table S1. Escherichia coli BL21(DE3) cells
(Tiangen Biotech, Beijing, China) were transformed with recombinant plasmid
pET-28a(+)-ndt-cda and pET-28a(+)-cda to form recombinant cell pNC and pC.

These recombinant cells were cultivated in Luria—Bertani medium (LB medium,
1% tryptone, 0.5% yeast extract, 1% NaCl) at 37°C for 12 h. The bacterial suspensions
were then inoculated in ZYM-Fe-5052 medium (25) (1% tryptone, 0.5% yeast extract,
25 mM NayHPOy4, 25 mM KH;PO4, 5 mM NaySO4, 2 mM MgSO4, 100 uM FeCls, 0.5%
glycerol, 0.05% glucose, 0.2% lactose) and cultured at 37°C for 12 h. Both media were
supplemented with 100 mg/L kanamycin.

The cell culture was centrifuged (3000 x g, 2 min, 4°C) and the cell pellets were
suspended with potassium phosphate buffer (50 mM, pH 6.0). The resuspended cells
were lysed with sonication (100 x 5 s, interval of 10 s) in ice-water bath. Precipi-
tation and supernatant of recombinant cells were separated by centrifugation
(12,000 x g, 5 min, 4°C). The expression of NDT and CDA in precipitation and su-
pernatant of recombinant cells was detected by sodium dodecyl sulphate-
polyacrylamide gel electrophoretic (SDS-PAGE).

Enzyme activity assay of NDT and CDA  Enzyme activity of NDT and CDA
from pNC cells was detected with pNC crude enzyme or pNC whole cells. The crude
enzyme was prepared as reported previously (26). The NDT activity assay was
performed by incubating 1 mg pNC wet cell or pNC 20 pL crude enzyme with
10 mM 2’-dT and 15 mM 5-aza-C in 50 mM, pH 6.0 potassium phosphate buffer.
The CDA activity assay was performed by incubating 0.2 mg pNC wet cell or 4 pL
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pNC crude enzyme with 10 mM 5-aza-dC. The CDA substrate specificity assay
used 10 mM dC, ara-C, 5-aza-dC and ddC as the substrate and was performed
with CDA crude enzyme. The CDA crude enzyme was prepared with pC cells.

Specific activity of mutant NDT was detected with purified enzyme. Purification
of wild-type and mutant NDT was performed as described previously (27). The NDT
specific activity assay was performed by incubating 2 pL purified NDT or mutant NDT
purified enzyme with 10 mM 2’,3/-dideoxyinosine and 15 mM C in 50 mM, pH 6.0
potassium phosphate buffer.

These reaction mixtures were incubated at 37°C from 5 min to 3 h in volumes of
1 mL and the reactions were then terminated by heating at 100°C for 5 min. The
samples were diluted 20-fold with water. The products were detected by high-
performance liquid chromatography (Waters 600 HPLC series, Waters Corporation,
Milford, MA, USA) with an UV detector at 245 nm. The column was Diamonsil C18
(5 pm, 250 x 4.6 mm) with the column temperature at 25°C. The mobile phase was
15% methanol and 85% water and the flow rate was 1 mL/min.

The protein concentration was detected by the bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific, Shanghai, China) using bovine serum albumin
(BSA) as the standard. One unit (U) of NDT or CDA activity was defined as the amount
of enzyme required for the synthesis of 1 pumol product within 1 min. The specific
activity was defined as the amount of enzyme (mg) producing 1 pmoL/min (U) of
product.

Determination of ammonium ion by indophenol colorimetric assay = The
standard curve of the indophenol assay was generated with NH4 standard solution
within a concentration range of 0.156—30 mM. Indophenol colorimetric assay was
performed as described previously (28). The proportions of components in the
indophenol reaction mixture were adjusted in our study. The reaction mixture
contained the following components: NH4 standard solution (0.156—30 mM) or
catalytic mixture with pNC cells 10 pL, HO 100 pL, reagent A 50 pL (20 mL/L
phenol and 1 g/L sodium nitroprusside), and reagent B 50 uL (12.5 g/L sodium
hydroxide and 30 mL/L sodium hypochlorite). Reactions were performed at 37°C
for 20 min, and reaction mixtures were measured at 630 nm using a microplate
reader.

Sensitivity and accuracy of the high-throughput screening system To
evaluate the sensitivity of the high-throughput screening system, pNC cells, E. coli
BL21 cells transformed with an empty pET-28a vector (E28a cells) were cultivated
and induced. The culture conditions are described in the mutant screening
section. Then, 0.1—-3 mg wet cell weight of pNC cells were added to 1 mL standard
reaction solution containing 10 mM 2’-dT and 15 mM 5-aza-C in 50 mM, pH 6.0
potassium phosphate buffer. The reactions were performed at 37°C for 1 h in a
96-deep-well plate. Two controls were also performed. One control added E28a
cells to the potassium phosphate buffer without substrate (background), and the
other added E28a cells to the standard reaction solution (negative control). The
concentration of NHf were detected by the indophenol method. The absorbance
was measured by a microplate reader.

To evaluated accuracy of this screening system, the conversion rate of 5-aza-C in
the above reaction was determined by high-performance liquid chromatography
(HPLC) analysis and compared with conversion rate calculated from the indophenol
method. Accuracy of this screening system was further evaluated by incubating 4 uL
pNC crude enzyme with 1 mL 5-aza-dC standard solution (0.3—10 mM). After re-
action at 37°C for 1 h, the correlation between 5-aza-dC added in reaction mixture
and that detected by the enzyme assay was obtained.

Homologous modeling and ligand interaction analysis The protein
structure of LhNDT was constructed by an online homology-modeling server SWISS-
MODEL (https://swissmodel.expasy.org) by submitting the three-dimensional
structure of LINDT (PDB code 1F8X). Interactions of LINDT and its ligand (PDB
code 1F8Y) were analyzed by Discovery Studio Visualizer 1.6. The amino acids
within 6 A of 2/C and 3/C in the substrate sugar moiety were analyzed. The
mutability of amino acids in LhNDT were analyzed by an online sever HotSpot
Wizard 2.0 (https://loschmidt.chemi.muni.cz/hotspotwizard/) (29). Mutability
scores are predicted by the HotSpot Wizard based on the conservation of amino
acid sites and the protein structural information. Sites with high mutability scores
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FIG. 1. Principle of nucleoside deoxyribosyltransferase II-cytidine deaminase coupled colorimetric assay. NDT, nucleoside deoxyribosyltransferase (EC 2.4.2.6); CDA, cytidine

deaminase (EC 3.5.4.5).
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FIG. 2. SDS-PAGE analysis of NDT and CDA. Lane M, molecular weight marker; lanes 1
and 2, sonicated supernatant of recombined pET-ndt cells; lanes 3 and 4, sonicated
supernatant of recombined pET-cda cells; lanes 5 and 6, sonicated supernatant of
recombined pNC; lane 7, precipitation of recombined pNC.

are more suitable for mutagenesis. The sites for saturation mutagenesis were
selected based on the above analysis results.

Construction of the NDT mutant library The Gly10, Alall and Leu96
mutant library was constructed using a QuickChange site-directed mutagenesis kit
(Agilent, Beijing, China). pET-28a (+)-ndt-cda plasmids were used as a template.
The degenerate primers are listed in Table S1. The mutant plasmids were
transformed into E. coli BL21(DE3) cells, and the mutant strains were grown on an
LB agar plate supplemented with 100 mg/L kanamycin.

Mutant screening with recombinant pNC whole cells Mutant NDT
screenings with 2’,3’-dideoxynucleoside and arabinofuranoside were performed
with pNC whole cells. The E. coli BL21 cells transformed with pET-28a vectors were
used as the negative control. Randomly picked mutant strains and negative control
strains were cultured in 96-deep-well plates containing 500 pL LB medium at 37°C
for 12 h. The bacterial suspensions were then inoculated in 96-deep-well plates
containing 200 pL ZYM-Fe-5052 medium and cultured at 37°C for 12 h. The
induced cells were added to the buffer containing 10 mM ddI and 15 mM C or
10 mM ara-U and 15 mM C (wet cell weight 2 mg/mL). The reactions were
performed at 37°C for 1-12 h. The concentration of NHf was detected by
indophenol colorimetric assay and then mutants were screened by a microplate
reader. The reaction mixture with high absorbance was screened out and the
products in the reaction mixture were further detected by HPLC. Compared with
the negative control group, the group with higher conversion rate was selected
and the mutant enzyme activity was determined.

RESULTS

Co-expression of NDT and CDA As shown in Fig. 2, CDA
exhibited high expression in both pET-cda recombinant cells and
PNC cells. NDT exhibited high expression in pET-ndt recombinant
cells but relatively low expression in pNC cells. The absence of
protein in the precipitation of pNC cells proved that the decrease
of NDT expression was not caused by inclusion body formation.
The cda gene was cloned from E. coli BL21 genomic DNA, but ndt
is an exogenous gene to E. coli; thus, it is possible that the cda
gene has an expression advantage over the ndt gene in E. coli.

Enzyme activity assay of NDT and CDA The NDT specific
activity of the pNC crude enzyme was 47.8 U/mg, and the CDA
specific activity of the pNC crude enzyme was 720.2 U/mg. The NDT
specific activity of the pNC whole cell was 0.258 U/mg, and the CDA
specific activity of the pNC whole cell was 3.74 U/mg.

The CDA form E. coli has been reported to have the deamination
activity to the following compounds: 2’-deoxycytidine, 2’-fluoro-
2'-deoxycytidine, 5-methyl-2’-deoxycytidine, cytidine, and cyto-
sine-B-p-arabinofuranoside (30). We further determined the
deamination activity of CDA to cytosine-f-p-arabinofuranoside and
2',3’-dideoxycytidine with CDA crude enzyme (Table 1). The pNC
cells (1 mg/mL) can completely catalyze the deamination of the 2’-
deoxycytidine analogs (10 mM) listed in Table 1 to ammine after
reaction for 1 h. Therefore, by measuring the amount of ammonia

J. Biosct. Bioenc.,

TABLE 1. Substrate specificity of the CDA.

Substrate (10 mM) Specific activity (U/mg)  Relative activity (%)

2’'-Deoxycytidine 1760.8 100
5-Aza-2'-deoxycytidine 816.3 46
Cytosine-B-p-arabinofuranoside 1058.4 60
2',3'-Dideoxycytidine 72.34 4

generated by the NDT-CDA coupled reaction, the conversion rate of
NDT can be calculated.

Determination of ammonium ion by indophenol
colorimetric assay The indophenol colorimetric reaction sys-
tem was optimized according to the substrate concentration of the
NDT standard reaction. When the concentration of NHf was be-
tween 0.156 and 10 mM, the NHj concentration exhibited high
linearity with the absorbance at 630 nm (Fig. 3A).

Sensitivity and accuracy of the high-throughput screening
system The catalytic activity of NDT to 2’,3’-dideoxynucleoside
and arabinofuranoside is extremely low; thus, these two substrates
are not suitable for the construction of colorimetric assays. 5-aza-
dC was used as a feature product of NDT to detect the sensitivity
and accuracy of the high-throughput screening method.

We compared the absorbance differences among the recombi-
nant strain pNC, and the two controls after the indophenol assay.
The absorbance of pNC reaction mixture (2 mg/mL cell concentra-
tion) was 20 times higher than that of the background control and
negative control (Fig. 3B). Therefore, the screening method exhibits
low level of background coloration. The background interference
was caused by ammonia produced by E. coli fermentation and
endogenous deaminase. To ensure accuracy, background control
has been done in the following experiment.

To confirm the sensitivity of the screening system, 0.1—3 mg/mL
PNC cells were added to the reaction mixture and the conversion
rate of 5-aza-C was determined by indophenol method. The con-
version rate was calculated from the standard curve of indophenol
method. When the concentration of pNC cells was between 0.1 and
3 mg/mL, the background had small interference on the results and
the absorbance and conversion rate had good correlations. This
system showed high sensitivity with visible color changes at con-
version rate from 2.5% to 32.4% (Fig. 3C).

To confirm the accuracy of the screening system, conversion rate
of 5-aza-C was also determined by HPLC. When the conversion rate
was form 2.5%—32.5%, a good correlation between the colorimetric
assay and HPLC was observed (Fig. 3C). The concentration of 5-aza-
dC added to the reaction mixture showed high linearity
(R? = 0.9998) with the concentration of 5-aza-dC determined by
CDA and the indophenol method (Fig. 3D).

Structure prediction and mutation site selection Sequence
alignment showed that the sequence similarity of LiNDT and LINDT
reached 88%. The substrate-binding sites of LiNDT were consistent
with the sites reported in LINDT. The structure of LINDT and its
binding ligand 5-methyl-2’-deoxypseudouridine was analyzed,
and the key sites involving enzyme-substrate interactions were
obtained (Fig. 4A). Compared with 2’-deoxyribose, arabinose has
modifications at 2'C and 2’,3’-deoxyribose has modifications at
3/C. Therefore, we analyzed the amino acids within 6 A of 2'C and
3'C in 5-methyl-2’-deoxypseudouridine (Fig. 4B). There are fifteen
amino acids within 6 A of 2'C and 3'C, nine of which were
conserved sites. Among the remaining six amino acids, Gly9,
Alal0 and Leu95 participate in enzyme-substrate interactions.
The homologous sites in LhNDT are Gly10, Alall and Leu96.
Therefore, these three sites were selected to construct the mutant
library.
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FIG. 3. Construction of the high-throughput screening method. (A) Standard curve of indophenol method. The linear rage is 0.156—10 mM. (B) Background of the high-throughput
screening method. Wet cell weight added in reaction mixture is 2 mg/mL pNC: pET-28a(+)-ndt-cda recombinant cells; negative control (NC), E. coli BL21 cells transformed with pET-
28a vector; background: E. coli BL21 cells transformed with pET-28a vector, added to pH 6.0 potassium phosphate buffer. (C) Sensitivity of the high-throughput screening method.
Wet cell weight of pNC cells added in reaction mixture is 0.1—-3 mg/mL. Shaded bars, colorimetric assay; open bars, HPLC assay. (D) Accuracy of the high-throughput screening
method. The correlation between concentration of 5-aza-dC added in reaction mixture and that determined by CDA and the indophenol method. (B, C) The standard reaction
condition: 10 mM 2’-dT and 15 mM 5-aza-C in 50 mM, pH 6.0 potassium phosphate buffer, performed at 37°C for 1 h. Theses assays were performed in triplicates.

Mutant screening with the recombinant pNC whole
cells For 95% library coverage targeting one amino acid, the
screening of 96 samples was required in the case of the NNK
degenerate codon (31). In this study, approximately 600 mutants
were screened with 2’ ,3'-dideoxynucleoside and
arabinofuranoside as substrates. After 12 h of reaction with pNC
cells, the concentration of NHj were detected by the indophenol
method. In the 2’,3’-dideoxynucleoside reaction mixture, four
mutants with a 4.1-fold increase in absorbance and two mutants
with a 1.7-fold increase in absorbance were screened out. DNA
sequencing of these mutants showed that the former four
mutants were Gly10Ser mutations, and the latter two mutants
were Gly10Thr mutations.

Specific activity of wild-type NDT and NDT G10S The
enzyme activity of wild-type and mutant NDT was determined
with 2/,3’-dideoxyinosine. NDT G10S display improved activity for
dideoxynucleoside. The specific activity of NDT G10S is 0.86 U/
mg. The specific activity of NDT is 0.13 U/mg. After 12 h of
reaction, the conversion rate of 2/,3’-dideoxyinosine catalyzed by
NDT G10S can reach 11.9%, which is 5.2-fold higher than that of
the wild-type NDT (Fig. S1B and C). As the reaction time
increases, ammonia increases in the side reaction, leading to
reduced consistency of the conversion rate and absorbance.
However, the high-throughput screening system can still
accurately screen active mutants.

DISCUSSION

NDT has been reported to have a strict substrate specificity for
the 2’-deoxynucleoside. The activity of NDT is generally low to-
wards nucleoside analogs presenting modifications on their 2’-
deoxyribose moieties. LINDT can transfer the sugar moiety from 2’-
deoxy-2’-fluorouridine to 1,2,4-triazole-3-carboxamide within 14
days (32). Only NDT from Lactobacillus reuteri (LrNDT) has been
reported to have relatively moderate catalytic activity for arabino-
nucleosides, which can catalyze the synthesis of cytosine-8-p-ara-
binofuranoside within 1 day (9). Thus, genetic engineering is
needed to improve the substrate specificity of NDT.

There have been two reports to date on the genetic engineering
of NDTs. Kaminski et al. (33) adopted a directed evolution method
to obtain NDT mutants with improved 2’,3’-dideoxyribosyl-
transferase activity. Two mutants, LINDT G9S and LfNDT A15T, were
obtained through random mutagenesis and selection by the uracil
auxotrophic strain (33). In their later studies, LINDT mutants with
dNMP, dNDP and dNTP catalytic activity were obtained by rational
design and site-directed mutagenesis (34).

In this study, we applied a semi-rational design to LhNDT. The
combination of SSM and an enzyme-coupled colorimetric assay is
labor-saving, and no detailed protein structure information is
required. A variant LhNDT G10S with up to a 6.6-fold higher specific
activity for 2’,3’-dideoxyinosine was obtained. LhNDT Gly10 is the
homologous site to LINDT Gly9 identified by Kaminski et al. (33). By
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FIG. 4. Model of active sites involved in the enzyme-substrate interaction. (A) Interactions of LINDT and ligand 5-methyl-2’-deoxypseudouridine on a two-dimensional diagram. (B)
The chain A is shown in blue, chain B is shown in green. The amino acids within 6 A of 2/C and 3'C in substrate sugar moiety are indicated in black. Structure of LINDT and its ligand

(PDB code 1F8Y) were analyzed by Discovery Studio.

SSM, we further confirmed that G10S has the highest activity for
2',3'-dideoxyinosine among other mutations at Gly10.

The hydrogen bond between 3'—0OH of 2’-deoxynucleoside and
Glu98 of LINDT is essential for substrate orientation. The activity of
wild-type NDT to the 3'—OH deleted or substituted nucleoside is
very low (8). Structure prediction of LhNDT showed that Gly10 is
within 6 A of 3'C in the substrate sugar moiety and Gly10 may
interact with 3'—OH of the substrate. Thus, we speculated that the
activity for 2’,3’-dideoxynucleosides is improved because the
3'—0H of Ser10 compensates for the missing 3'—OH group in 2/,3’-
dideoxynucleosides and interacts with Glu99 of LhNDT. LrNDT is
the only NDT among all those reported with relatively strong cat-
alytic activity for arabinonucleosides. Moreover, among the three
sites we considered, the homologous sites of Gly10 and Leu96 in
LrNDT are Cys12 and Met98. However, we did not obtain mutants
with increased arabinonucleoside activity in the mutant library
that we constructed. We inferred that similar to ribonucleoside,
2'—0H in arabinose forms a hydrogen bond with LhNDT Glu99. The
specificity of NDT for arabinonucleosides may be coordinated by
multiple amino acids. The combinatorial site saturation mutagen-
esis should be applied in subsequent studies.

A high-throughput screening method for the NDT mutant was
reported for the first time. The screening method was set up with
low background, high sensitivity and high accuracy. As the nucle-
osides and bases are free to enter and exit cell membranes, the
screening procedure was greatly simplified by enzyme co-
expression and whole-cell catalysis. The endogenous enzymes
such as deaminases and nucleoside phosphorylases in E. coli may
act on the substrates and products in whole-cell catalysis, thus
increasing background in the screening method. A negative control
was performed in the screening process showing that the back-
ground is relatively low. Selection by an auxotrophic strain used in
previous studies is only suitable for NDT with a low initial catalytic
activity. Compared with auxotrophic selection, the colorimetric
assay used in our study has a broader dynamic range and a better
linear relationship. Successful screening of G10S mutants proved

the reliability of this screening method. This method can also be
applied to screen NDT-specific activity to other modified 2’-deox-
ynucleosides, such as 2,3'-didehydro-2’,3’-dideoxynucleosides and
2'-deoxy-2'-fluororibonucleosides, which lays the foundation for
the directed evolution of NDT.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.01.002.
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