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ABSTRACT 

Nucleosides are pervasive building blocks that are found throughout nature and used extensively 

in medicinal chemistry and biotechnology. However, the preparation of base-modified analogues 

using conventional synthetic methodology poses challenges in scale-up and purification. In this 

work, an integrated approach involving structural analysis, screening and reaction optimization, 

is established to prepare 2'-deoxyribonucleoside analogues catalysed by the Type II nucleoside 

2'-deoxyribosyltransferase from Lactobacillus leichmannii (LlNDT-2).  Structural analysis in 

combination with substrate profiling, identified the constraints on pyrimidine and purine acceptor 

bases by LlNDT2.  A solvent screen identifies pure water as a suitable solvent for the preparation 

of high value purine and pyrimidine 2'-deoxyribonucleoside analogues on a gram scale under 

optimized reaction conditions. This approach provides the basis to establish a convergent, step-

efficient chemoenzymatic platform for the preparation of high value 2'-deoxyribonucleosides. 
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This work details the scope and scalability of biocatalytic nucleoside synthesis by the Type II 

nucleoside 2'-deoxyribosyltransferase (LlNDT2) 
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INTRODUCTION 

Nucleosides are essential building blocks used throughout all forms of life.1 In addition, these 

analogues are used extensively in biotechnology and the pharmaceutical industry, serving as 

chemical probes when incorporated into oligodeoxyribonucleotides (ODNs) and genomic DNA,2-

7 as well as anticancer/antiviral therapeutics.8-11  Underpinning many aspects of their utility is the 

need to modify the nucleobase of the nucleoside scaffold (1-4, Figure 1A).12-14 Modifications range 

from the incorporation of bio-orthogonal reactive handles, modifications to enhance stability of the 

N-glycosidic linkage,15, 16 and the incorporation of isotopes to aid structural characterization.17-20 

The preparation of nucleobase-modified nucleosides typically requires a multi-step synthetic 

sequence ranging from the elaboration of the existing purine/pyrimidine nucleobase through to 

more extensive preparation of analogues via N-glycosylation.21, 22 Many of these synthetic steps 

to prepare 2'-deoxyribonucleosides by chemical synthesis require a series of 

protection/deprotection sequences, and in the context of N-glycosylation, produce regioisomeric 

and anomeric mixtures that can be challenging to purify. 

Enzymatic synthesis of nucleoside analogues potentially offers a sustainable, cost and step-

efficient alternative to purely chemical synthetic approaches. Of the various enzymes used in their 

biocatalytic synthesis,23 nucleoside phosphorylases (NPs) have been the most prominent (Figure 

1B).24, 25 NPs catalyze a ‘nucleobase swap’ where, typically, the nucleobase of a natural 

nucleoside feedstock is exchanged for a non-natural nucleobase.26, 27 Purine NPs show substrate 

tolerance for a range of purine nucleobases as well as a range of modifications to the ribosugar,25, 

28 whereas pyrimidine NPs can accept modifications to the pyrimidine nucleobase.29-31  

A mechanistic hallmark of NPs is that nucleobase exchange proceeds via a two-step process 

involving N-glycosidic cleavage of a requisite nucleoside 5 by phosphate, producing pentose-1-

phosphate 6 and a nucleobase.32 The formation of 7 then involves nucleophilic displacement of 
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the C1' phosphate in 6 with a nucleobase analogue, exclusively forming the desired -anomer 

(7). 
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Figure 1. (A) Examples of prominent nucleoside analogues used in the clinic and in biotechnology. (B) 

Overview of the utility of NPs as biocatalysts for the preparation of nucleoside analogues. (C) This work: 

establishing a structure-guided workflow for the optimization of the reaction conditions to prepare 

nucleoside analogues catalysed by LlNDT-2. 

 

One major challenge of NP-catalysed nucleobase swapping is that the synthesis of the desired 

nucleoside product (e.g., 7) is in equilibrium with the competitive formation of 6. As such, efforts 
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have focused on developing strategies to mitigate the undesirable reverse reactions by biasing 

the equilibrium towards formation of the desired nucleoside analogue,28, 33 building a feedstock of 

6,34 or through the application of flow-based synthetic routes.35-37 

An alternative to the use of NPs to prepare nucleoside analogues is to use nucleoside 2'-

deoxyribosyltransferases (NDTs).38, 39 Whilst these enzymes catalyse the formation of nucleoside 

analogues via an overall nucleobase exchange akin to NPs, NDTs form a covalent adduct within 

the active site, thus controlling stereoselective nucleophilic attack of the incoming nucleobase on 

the  face (Figure 1C). The mechanistic divergence of NDTs offers potential advantages over 

NPs as they do not form a phosphate intermediate such as 6.40, 41 

At present, in-depth knowledge of the substrate promiscuity of NDTs has yet to be established,40, 

42-46 particularly with respect to the ability of these enzymes to be used for scale-up.  Herein, we 

describe a workflow for the gram-scale preparation of nucleoside analogues catalyzed by a Type-

2 NDT derived from Lactobacillus leichmannii (LlNDT-2).47-49 Structural studies highlight potential 

sites where modification of the nucleobase are tolerated. We use this knowledge to map the 

substrate promiscuity of both purine and pyrimidine substrates. Finally, we use this knowledge to 

establish sustainable conditions for the cost-effective preparation of prominent nucleoside 

analogues. 

RESULTS AND DISCUSSION 

Solvent tolerance of transglycosylation catalyzed by LlNDT-2  

The first phase of establishing an optimization workflow was to survey reaction conditions for 

the synthesis of non-natural nucleosides (i.e., 7) where the higher value non-natural nucleobase 

is the limiting reagent. An excess (5 equiv.) of 2'-deoxycytidine (dC, 8, ~ £50 for 250mg, Merck) 

was used as the corresponding 2'-deoxyribosyl donor relative to 1 equiv. of a non-natural purine 

9 or pyrimidine 10 (Figure 2A).  Transglycosylation catalysed by LlNDT-2 showed remarkable 



 6

tolerance to a range of organic solvents (20% v/v) and even pure water, producing the desired 

purine 11 or pyrimidine 12 nucleosides in conversions of up to 98% (11) and 85% (12, Figure 2B).  

 

Figure 2. (A) Overview of the model reactions used to screen solvent dependency of transglycosylation 

catalysed by LlNDT-2. (B) % Conversion to nucleoside products 11 and 12 as a function of solvent. The % 

conversion was calculated by the ratio of the peak area of nucleobase to the peak area of the nucleoside 

product. (C) Optimization of the conversion of 3 (EdU) by surveying the number of equivalents of 2ʹ-

deoxyribosyl donor and LlNDT-2. General reaction conditions: 4 (5-20 equiv.), nucleobase (1 equiv.), 

solvent (EtOH:H2O,1:4), LlNDT-2 (2 to 20 µg.mL-1). (D) Scale up of pyrimidine nucleoside analogues. 
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Reaction conditions: 4 (3-10 equiv.), nucleobase (1 equiv.), solvent (H2O), LlNDT-2 (2 to 4 µg.mL-1), r.t or 

40 °C, 24 h.  

Based on the solvent screening we explored the further optimization of the synthesis of a high 

value pyrimidine nucleoside, 3. Nucleoside 3 (EdU, ~ £160 for 50 mg, Merck) is used extensively 

in cellular proliferation assays,4 as a Raman active reporter,50, 51 and as a bio-orthogonal reactive 

group for the synthesis of bioconjugates.52 When 5 equiv. of 8 were used as the 2'-deoxyribosyl 

donor, the transformation resulted in 53% conversion to 3 using 13 as the nucleobase (Entry 1, 

Figure 2C). Increasing the enzyme loading from 2 to 4 µg.mL-1 (from a 1 mg.mL-1 stock solution), 

increased the conversion to a maximum of 66 % (Entries 2-4). Critical to increasing the conversion 

of 3 was increasing the equivalents of 13 from 1 to 10 whilst maintaining the catalytic loading of 

LlNDT-2 at 4 µg.mL-1 (Entries 5-6). A further increase to 20 equiv. of 13 resulted in 90% 

conversion to 3 (Entry 8). The scope of these optimized conditions was used to scale up the 

synthesis of pyrimidine nucleoside analogues modified at the 5-position (Figure 2D). 5-modified 

nucleosides were then prepared on millimole scale to demonstrate the scalability of this 

biocatalytic reaction.  In this way, 3 and 12 were prepared on 1 mmol. scale in 52% (132 mg) and 

55% (137 mg) yields respectively. Preparation of 14 and 15 was also demonstrated affording the 

desired products in 56% (840 mg) and 31% (53 mg), respectively.  

Structural basis for superior acceptance of purine nucleobases 

A consistent observation that emerged from the solvent screen was that higher conversions 

resulted when purine 9 was used as the nucleobase ‘acceptor’ relative to pyrimidine 10. Although 

previous studies have reported lower transglycosylation conversions when pyrimidine 

nucleobases were used as acceptors,42, 53, 54 a structural basis for this has not been explored. We 

surmised that the generally lower conversions to non-natural pyrimidine nucleoside products is 

due to the reduced residence time of the smaller pyrimidine nucleobase relative to a larger purine 

analogue in the active site of LlNDT-2, which in turn could lead to competing hydrolysis.38, 54-57 
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Indeed, a recent study of the reaction kinetics of a related NDT derived from Chroococcidiopsis 

thermalis (CtNDT) revealed preference for purine nucleobase donors, which was largely driven 

by the KM.58 

 

Figure 3. (A) Formation of a covalent LlNDT-2 complex containing the 2ʹ-deoxyribosyl intermediate in the 

active site (from Dataset #2). (B) Schematic depiction of the covalent complex 16 and the nucleobase 17. 

(C) LlNDT-2 in complex with 8 (dC). ‘A’ monomer from Dataset #3. (D) LlNDT-2 in complex with 2ʹ-

deoxyribosyl intermediate and 16. ‘B’ monomer from Dataset #3. Monomers ‘A’ and ‘B’ are presented with 

carbon atoms in blue and gold, respectively.  Electron density in blue and green corresponds to the 2Fo-Fc and 

Fo-Fc (omit) maps at levels of 1 and 3.  The maps were obtained before the refinement of the ligand atoms in 

each case.  Selected interactions are illustrated by black dashed lines with distances in Å. 

 

To shed further light on the substrate scope of LlNDT-2, we sought to obtain structures of the 

enzyme in complex with 2ʹ-deoxyribonucleosides.  The structure of WT-LlNDT-2 (EC 2.4.2.6) in 
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complex with the C-nucleoside 5-methyl-2'-deoxypseudouridine (PDB: 1F8Y), which cannot 

undergo transglycosylation, was previously determined by Ealick and co-workers.39 Although that 

report also featured details of a complex of LlNDT with 2ʹ-deoxyadenosine, no coordinate file for 

this complex is available in the PDB, so a reconsideration of complex interactions is timely. 

Three datasets were obtained from crystals prepared under different substrate soak conditions.  

Each structure was obtained in the I213 space group and featured two monomers of LlNDT-2 in 

the asymmetric unit. We first obtained an apo structure of LlNDT-2, which had not been soaked 

with substrate ligands, and featured no ligand density in the active sites. The second structure 

was obtained from crystals soaked with 3 (EdU).  Both active sites featured density between the 

side chains of E98 and D92 in a ‘closed’ conformation of the enzyme corresponding to that 

observed previously (Figure 3A).39  This density was modelled as the covalent 2'-deoxyribosyl 

enzyme complex 16, evidenced by continuous density from the side chain of E98 to the C1ʹ atom 

of the deoxyribose sugar. Although crystallographic evidence for this intermediate in DRTase-I 

Class enzymes has previously been reported,59 the structure of a covalent 2'-deoxyribosyl adduct 

(Figure 3B) has not been observed in a Class II enzyme. Additional density adjacent to the C-

terminus of Y157 was not sufficiently large to model as a base.  

A third structure was obtained by soaking the enzyme with nucleoside 50 (Figure 3C, Figure 

5A).  This structure contained one active site in the closed conformation containing 8 (dC). The 

non-covalent interactions with active site residues in this complex largely align with the previously 

reported 5-methyl-2'-deoxyuridine complex (PDB: 1F8Y).39 The exocyclic amine of 8 forms a non-

covalent interaction with the C-terminus of Y157, whereas the endocyclic N3 forms a hydrogen 

bond with the side chain of Q46. Finally, hydrogen bond interactions were observed between O2 

of 8 and both Q46 and D72 side chains.  

The other enzyme monomer was observed in an ‘open’ conformation with the side chain of Q46 

displaced because of a movement of the protein backbone between residues L43 and Y58. This 

active site featured electron density consistent with the covalent 2ʹ-deoxyribosyl intermediate 
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attached via an ester linkage from E98, and also two molecules of the nucleobase 17 in 

overlapping locations in a purine binding site (Figure 3D).  The purine interactions within the active 

site side chains are similar to those previously reported in the paper by Ealick et al., however no 

coordinates are available in the PDB for a thorough comparison.39 For the molecule of 17 situated 

closest to the 2’-deoxyribosyl adduct, N9 is 3.9 Å from the C1ʹ of the sugar, to which it would be 

bonded in an intact nucleoside; the N7 atom is 3.0 Å from the C-terminus of Y157, and N3 is 3.0 

Å from the side-chain of D72.  Another molecule of 17 is also present in the active site and is 

accommodated by movement of the Q46 side chain, forming a non-covalent interaction with the 

bromine atom at C6. 

Taken collectively, our structural analyses suggest that the residence time of purine 

nucleobases within the active site of LlNDT-2 is greater than that observed for pyrimidine 

nucleobases. This is consistent with previous reaction kinetics analysis of LlNDT-2 where the 

equilibrium is biased towards complexation of a purine nucleobase within the active site.38, 54  

 

Substrate mapping defines the scope of the transglycosylation catalysed by LlNDT-2 

With the structural information in hand, we then sought to construct a detailed molecular map 

defining the substrate scope of non-natural nucleoside synthesis using the optimised 

biotransformation conditions as a basis (Figure 4). Using either 8 (dC) or thymidine as the 2'-

deoxyribosyl donor, the scope of nucleobase acceptance was explored using a range of 

pyrimidine analogues modified at the 5-position (18-22, Figure 4).  Our structures of LlNDT-2 

suggest that the active site can accommodate substituents at this position as they project into a 

space between the side chains of Y157, F13 and N123. Unexpectedly, the lack of substituents in 

the 4-position (23) and nucleobase modifications to the 2- (26-27), 3- (24) and 4-positions (25-27) 

were also tolerated. However, an acceptor nucleobase with a substituent at position 6 (30) was 

not tolerated as this may clash with the side chain of N123.  Nucleobases such as triazine (28),60 

hydrogen bond donor groups in the 2-position (29) or pyridine (31) were not substrates, confirming 
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that the N3 is essential.61 This is presumably due to the need for the nucleophilic nitrogen to be 

adjacent to a tautomeric oxygen.61  

The acceptance of purine nucleobase analogues by LlNDT-2 was far more extensive. Purines 

with modifications at all carbon positions were tolerated, producing non-natural nucleosides 32-

51 with moderate to high conversions (Figure 5A). Purine acceptors with a range of modifications 

at both C2 and C6 positions (32-40) were accepted, including precursors for the preparation of 6-

thioguanosine (36), a known DNA damage adduct O6-methyl guanosine 37, and those including 

protecting groups used for solid phase DNA synthesis (e.g., 38).  

The active site of LlNDT-2 in complex with the nucleobase 17 revealed that the mobility of the 

loop bearing Q46 permits the accommodation of a range of modifications at the C2 and C6 

positions (e.g., 41-44).  

 

Figure 4. Substrate scope of transglycosylation using pyrimidine nucleobases. General reaction conditions: 

8 (dC) or Thymidine (5-10 equiv.), nucleobase (1 equiv.), solvent (organic:H2O,1:4), LlNDT-2 (2 to 4 µg.mL-

1), 40 °C, 24h. a Not accepted correlates to < 10% conversion. 

 



 12

Substrate mapping also identified tolerance for modifications at the N1-position. For example, 

transglycosylation using 1-deaza acceptors were tolerated (45-47) as well as modifications at the 

C8 (48-50) and C6 positions (51). Surprisingly, a trifluoromethyl substituent in the C8 position 

forms nucleoside 49, where N3 is the glycosylated position instead of N9.62 Another unexpected 

observation was the low conversion in the synthesis of 8-aza nucleoside 50, which was formed 

with 11% conversion. Nitrogen atoms at both N3 and N7 positions were essential for acceptor 

recognition, as the corresponding deaza-purine analogues were not transformed to the desired 

nucleoside products (52-56). This is presumably due to the removal of specific interactions with 

the C-terminal carboxylate of Y157 and the side chain of D72 respectively. 

Having established the broader substrate specificity of LlNDT, we were able to scale up several 

syntheses of purine nucleoside analogues using our optimised reactions conditions (Figure 5C).  

In this way, nucleosides 32, 36, 42, 45 and 51 were prepared on 0.6-6.5 mmol. scale, affording 

products ranging from 90 mg-1.37 g.  Finally, to demonstrate the wider applicability of this 

enzymatic transglycosylation approach for the preparation of high value nucleoside building 

blocks, we sought to prepare the 15N-labelled nucleoside 58 starting from 51 (Figure 5C). 15N-

labelled nucleosides are used extensively in structural biology and as chemical probes to explore 

their enzymatic incorporation into DNA.19, 63-66  The incorporation of 15N building blocks bearing 

non-natural nucleobases typically involve the incorporation of the 15N label, followed by a 

glycosylation step. Glycosylation is achieved enzymatically using a NP,67 or via a synthetic 

glycosylation step (e.g., Vorbrüggen)68, 69 to prepare the final nucleoside.65  Accordingly, we 

prepared the novel 15N-labelled nucleoside 58 in two steps starting from 51. Acetyl protection of 

the hydroxyl groups afforded 57 in 90% yield, which was necessary to solubilise the nucleoside 

for the Pd-catalysed cross coupling with 15N-labelled benzoyl amide. The cross coupling and 

acetyl deprotection were performed in one-pot on a 0.3 mmol. scale, affording 58 in 45% yield (48 

mg). 
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CONCLUSIONS  

The promiscuity of LlNDT-2-catalysed transglycosylations using non-natural nucleobases has 

been demonstrated using either 2ʹ-deoxycytidine (8) or thymidine as the corresponding 2’-

deoxyribosyl donor. Structural analysis of LlNDT-2 provided insight into the determinants of 

acceptor specificity by LlNDT, and thus the generally lower conversion to pyrimidine 2ʹ-

deoxyribonucleosides compared with purine analogues using equivalent stoichiometry. These 

transglycosylation reactions are inherently scalable, thus providing an alternative to the use of 

NPs, which can suffer from the need to prepare a pentose-1-phosphate (6) to drive the equilibrium 

to completion.70, 71 This work highlights a workflow to prepare a wider range of nucleoside 

analogues with sugar modifications typically found in, for example, therapeutic oligonucleotides 

and nucleoside drugs.72-74 Future work will explore the potential to use engineered LlNDT-2 

enzymes to enhance substrate scope for acceptors with modifications at the 2′-position44, 75 and 

the subsequent potential to prepare nucleosides on scale.35, 53 
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Figure 5. (A) Substrate scope of transglycosylation using purine nucleobases. General reaction conditions: 

8 (dC) or Thymidine (5-10 equiv.), nucleobase (1 equiv.), solvent (organic:H2O,1:4), LlNDT-2 (0.2% v/v to 
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0.4% v/v, 2 to 4 µL), 40° C, 24h. (B) Scale up representative purine nucleosides. (C) Application of LlNDT-

2-mediated transglycosylation for the synthesis of the15N labelled nucleoside 53. a Not accepted is <10% 

conversion.  
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