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I    Abstract 

Abstract 

D-D-pentofuranose-1-phosphate is a key molecule in the pentose 

phosphate pathway as well as in the nucleoside/nucleotide metabolic 

pathway. It is physiologically synthesized from D-pentoses by 

phosphopentomutase or from nucleosides by nucleoside phosphorylase. 

It is further used as a carbon and energy source via its utilization in 

glycolysis and/or re-entering the pentose phosphate pathway. 

Pentofuranose-1-phosphates are interesting precursors for the synthesis 

of natural and modified nucleosides. Additionally, for some 

pentofuranose-1-phosphates, it was shown that they inhibit the action of 

some nucleoside phosphorylases. 

Industrially, D-D-pentofuranose-1-phosphates are synthesized chemically 

by multi-step and laborious processes that result in a low final yield which 

is an anomeric mixture (D- and E-). This mixture is difficult to separate. 

Their use as a universal glycosylating agent for the synthesis of 

nucleosides and analogues thereof has been limited by their scarce 

availability that resulted from their tedious synthesis. Nucleosides and 

their analogues are clinically and biotechnologically important molecules 

that are used in diverse applications including chemotherapy, cell 

visualization and protein detection.  

The enzymatic synthesis of the D-D-pentofuranose-1-phosphates is an 

interesting alternative synthesis route. Five natural and modified 

D-D-pentofuranose-1-phosphates; D-D-ribofuranose-1-phosphate, 

2-deoxy-D-D-ribofuranose-1-phosphate, D-D-arabinofuranose-1-

phosphate, 2’-deoxy-2’-fluoro-D-D-arabinofuranose-1-phosphate, and 

2’-deoxy-2’-fluoro-D-D-ribofuranose-1-phosphate, were enzymatically 

synthesized by thermostable pyrimidine nucleoside phosphorylases as a 
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pure D-anomer. These pentose-1-phosphates were purified as their 

barium salts in gram scale with a purity > 95% and were applied for the 

enzymatic synthesis of eniluracil nucleoside derivatives.  

Using both; transglycosylation and direct glycosylation approaches, the 

synthesis of 5-ethynyl-deoxyuridine, (2′S)-2′-deoxy-2′-fluoro-5-

ethynyluridine, and 2’-deoxy-2′-fluoro-5-ethynyluridine was evaluated and 

their yields were compared. The direct glycosylation reaction showed a 

significantly higher yield for the synthesis of all the tested compounds. 

Thus, our results showed the selective enzymatic synthesis of the 

D-anomer of pentofuranose-1-phosphates with high purity and their 

superior use as precursors for the synthesis of modified by direct 

glycosylation reaction.     
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III  Zusammenfassung 

Zusammenfassung 

D-D-Pentofuranose-1-phosphat ist ein Schlüsselmolekül im Pentose-

Phosphat-Weg sowie im Nukleosid / Nukleotid-Stoffwechselweg. Es wird 

physiologisch synthetisiert aus D-Pentosen durch Phosphopentomutase 

oder aus Nukleosiden durch Nukleosidphosphorylasen. Es wird als 

Kohlenstoff- und Energieträger verwendet entweder direkt in der 

Glykolyse oder über den Pentose-Phosphat-Weg. Pentofuranose-1-

phosphate sind interessante Vorläufermoleküle für die Synthese von 

natürlichen und modifizierten Nukleosiden. Darüber hinaus wurde für 

einige Pentofuranose-1-phosphate gezeigt, dass sie die Wirkung einiger 

Nukleosid-Phosphorylasen hemmen. 

Industriell werden D-D-Pentofuranose-1-phosphate durch mehrstufige 

und langwierige chemische Verfahren synthetisiert. Dies führt zu einer 

geringen Endausbeute, da eine Mischung aus beiden anomeren Formen 

(D- und E-) entsteht, die nur schwer zu trennen sind. Ihre Verwendung als 

universelles Startmolekül für die Synthese von Nukleosiden bzw. 

Nukleosidanaloga war aufgrund der komplizierten Herstellung nur 

eingeschränkt möglich. Natürliche und modifizierte Nukleoside sind 

klinisch und biotechnologisch wichtige Moleküle, die in verschiedenen 

Anwendungen eingesetzt werden, u.a. in der Chemotherapie, bei der 

Zellvisualisierung und beim Proteinnachweis. 

Die enzymatische Synthese dieser potentiell wichtigen Moleküle ist daher 

zunehmend von großem Interesse. Fünf D-D-Pentofuranose-1-phosphate 

(D-D-Ribofuranose-1-phosphat, 2-Desoxy-D-D-ribofuranose-1-phosphat, 

D-D-arabinofuranose-1-phosphat, 2-desoxy-2-fluoro-D-D-

arabinofuranose-1-phosphat, 2-Desoxy-2-fluoro-D-D-ribofuranose-

1-phosphat) wurden in dieser Arbeit durch thermostabile
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Pyrimidinnukleosidphosphorylasen enzymatisch synthetisiert. Diese 

Pentose-1-phosphate wurden als ihre Bariumsalze im Grammmaßstab 

gereinigt und wurden für die enzymatische Synthese von Enyluracil-

Nukleosid-Derivaten verwendet. Unter Nutzung der 

Transglykosylierungsreaktion oder der direkten Glycosylierungsmethode 

wurden 5-Ethinyldeoxyuridin, (2'S)-2'-Desoxy-2'-fluoro-5-ethinyluridin und 

2'-Desoxy-2'-fluoro-5-ethinyluridin hergestellt. Die direkte 

Glycosylierungsreaktion zeigte für alle getesteten Verbindungen eine 

signifikant höhere Ausbeute. Es zeigte sich, dass die enzymatische 

Synthese modifizierter Pentofuranose-1-phosphate mit sehr hoher 

Reinheit (>95%, nur D-anomer) möglich war. Die produzierten 

Verbindungen waren sehr gut geeignet für die Synthese modifizierter 

Nukleoside in Glykosylierungsreaktionen.  
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1 Introduction 

The increasing interest in green chemistry approaches and sustainable 

processes has drawn much attention to biocatalysis. The use of naturally 

or engineered enzymes will allow a revolutionized synthesis of different 

pharmaceutically and technologically important compounds. With an 

increased application of sustainable enzymatic synthesis routes, the 

search for new enzymes and their implementation to produce different 

compounds is in continuous development. 

Among these compounds are the clinically important nucleosides and 

their core building blocks; the activated pentose moieties 

(pentofuranose-1-phosphates). Both compounds are mainly synthesized 

chemically. The chemical synthesis has some critical disadvantages 

including the long and tedious multi-step procedure that require several 

intermediate purification processes and result in an anomeric mixture that 

is hard to separate. Hence, the processes are mainly inefficient, costly and 

lead to low yields. Therefore, the wide application for functional, metabolic 

and therapeutic studies is hindered.  

The discovery of nucleoside phosphorylases and their later 

implementation for the synthesis of nucleoside analogues paved the way 

for a sustainable and environmentally-friendly process. These enzymes 

catalyze the reversible phosphorolytic cleavage of nucleosides to 

D-D-pentofuranose-1-phosphate and nucleobase. The use of mesophilic 

enzymes has shown a huge potential for the synthesis of nucleosides, 

however with the need to synthesize heavily modified nucleoside 

analogues and by looking forward to process-upscaling, more durable 

enzymes were needed. Thus, searching for and employing extremophilic 

enzymes came in focus. 
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Nucleosides and their analogues are well studied for their potential 

therapeutic and biotechnological applications. They are proven to be 

efficient anti-viral, anti-bacterial and chemotherapeutic agents. 

Additionally, their mechanisms of action are well understood and 

explained. Therefore, several approaches have been described for their 

enzymatic synthesis. On the other hand, pentoses and their phosphate 

derivatives were only poorly studied for their potential therapeutic, 

biotechnological and industrial application, although they are key 

molecules in many physiological pathways. This might be related to the 

difficulty of their chemical synthesis and purification especially their 

modified analogues.  

Therefore, in this work, five (natural and modified) D-D-pentofuranose-1-

phosphates were enzymatically synthesized in gram scale using 

thermostable nucleoside phosphorylases. To this end, three new 

nucleoside phosphorylase enzymes derived from three distinctive 

thermophilic organisms were characterized for their kinetic parameters. 

Additionally, their use in the enzymatic synthesis of Pentose-1P was 

evaluated. Moreover, the chemical and chromatographic purification of 

these five D-D-pentofuranose-1-phosphates are shown. Finally, their 

essential use in the synthesis of some biotechnologically important 

nucleoside analogues is shown as a track of their application and as an 

advancement in the enzymatic synthesis of nucleoside analogues. 
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2 Literature Review 

2.1 Pentose-1-phosphates in metabolism; synthesis 
and utilization 

Pentofuranose-1-phosphate (Pentose-1P) forms a family of 

five-membered heterocyclic oxygen containing sugars with a phosphate 

group at C1 position. D-D-ribofuranose-1-phosphate (Rib-1P) and 2-

deoxy-D-D-ribofuranose-1-phosphate (dRib-1P) are the two 

physiologically existing Pentose-1Ps (Giorgelli et al., 1997; Giannecchini 

et al., 2005; Tozzi et al., 2006). In connection to Pentose-1P metabolism, 

these molecules are synthesized from the phosphorylation of nucleosides 

by nucleoside phosphorylases (NPs) and/or by the interconversion of 

D-pentose-5-phosphate (Pentose-5P) by phosphopentomutase (PPM,

EC 5.4.2.8) (Figure 1) (Giorgelli et al., 1997; Tozzi et al., 2006).

The synthesized Pentose-1P is further used for down-stream cellular 

processes (Figure 1): i. They are used as carbon and energy source 

through their utilization in the pentose phosphate pathway (PPP) or in 

glycolysis, thus, leading to the production of ATP (Giannecchini et al., 

2005; Tozzi et al., 2006). ii. They are involved in de-novo and salvage 

nucleotide synthesis (Berg et al., 2015). iii. Rib-1P is recycled for the 

synthesis of xanthosine and inosine monophosphate (Giorgelli et al., 

1997; Kilstrup et al., 2005). iv. Rib-1P is used for the direct ribosylation of 

uracil (Ura) to uridine (Urd) by uridine phosphorylase (UP) (EC 2.4.2.3) 

through a process called Rib-1P-dependent pyrimidine salvage, which 

was found to be predominant in normal rat tissues (Mascia et al., 1999; 

Tozzi et al., 2006). The formed uridine undergoes phosphorylation by 

kinases to produce the respective nucleotide (Mascia et al., 2000). In 

addition to their physiological role, Rib-1P is involved in the metabolism of 
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some drugs such as fluoro-uracil, (E)-5-(2-bromovinyl)uracil and others, 

thus activating and improving their therapeutic effect (Cao et al., 2004; 

Mikhailopulo et al., 2011). Although involved in different crucial cellular 

functions, dRib-1P and its dephosphorylated form 2-deoxyribose were 

reported to be involved in cancer development by promoting angiogenesis 

(Nakajima et al., 2009; Elamin et al., 2016). 

Pentose-1Ps are central molecules that stand in the middle of three 

principal physiological pathways, the PPP and glycolysis on one hand and 

the nucleosides/nucleotides metabolism and interconversion pathway on 

the other hand (Figure 2). The complexity of the nucleoside metabolism 

pathway and its diversity among different organisms and even between 

different tissues within the same organism renders it difficult to have a 

generalized mechanism that considers all the possibilities. However, 

these differences might be a strong base for drug development and 

targeted therapy (Mascia et al., 2000). For example, some enzymes are 

only present in microorganisms compared to mammals as inosine and 

guanosine kinase and adenosine phosphorylase. PPP is a well-studied 

pathway since the 1930’s (Stincone et al., 2015), it’s an essential pathway 

that is involved in many regulatory and biochemical processes, within this 

pathway Pentose-5P is a pivotal molecule.   

Figure 1. An overview of the Pentose-1P metabolic synthesis and 
utilization. PPM: phosphopentomutase; NP: nucleoside phosphorylase; 

Rib-1P: D-D-ribofuranose-1-phosphate; dRib-1P: 2-deoxy-D-D-ribofuranose-1-

phosphate. 
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Pentose-5P, a substrate for Pentose-1P synthesis, is synthesized by 

different pathways (Figure 2) (Tozzi et al., 2006; Stincone et al., 2015). 

Mainly, it is produced in the PPP particularly in its oxidative branch which 

link the PPP to the glycolysis. Furthermore, it is formed as an intermediate 

in the non-oxidative branch of PPP by the interconversion of 

sedoheptulose-7-phosphate and glyceraldehyde-3-phosphate (Gly-3P) 

by the enzyme transketolase (EC 2.2.1.1). This reaction again links the 

PPP to glycolysis as glyceraldehyde-3-phosphate is supplied to and from 

the glycolysis. Pentose-5Ps can also be synthesized by the 

phosphorylation of D-pentoses by ribokinases (RK, EC 2.7.1.15). 

Pentose-5P serves as a precursor for the enzymatic synthesis of 

5-phosphoribosyl-1-pyrophosphate (PRPP), the latter is the building block 

for nucleotide de-novo and salvage synthesis pathways (Kilstrup et al., 

2005; Jiménez et al., 2008; Berg et al., 2015).  

Most of the reactions in the Pentose-1P metabolism are reversible. Only 

due to several intracellular factors, reactions’ equilibrium is shifted either 

toward the anabolic or the catabolic utilization of the Pentose-1P. As 

mentioned earlier and elaborated in Figure 2, Rib-1P and dRib-1P are 

synthesized through the reversible phosphorolytic cleavage of ribo- and 

deoxyribo-nucleosides by NPs, respectively. Nucleosides are supplied 

externally or by the degradation of nucleic acids. There are two different 

kinds of nucleosides: purines and pyrimidines. Purine nucleosides’ 

metabolism is mediated by purine nucleoside phosphorylase (PNP, EC 

2.4.2.1), while pyrimidine nucleosides’ metabolism is mediated by 

pyrimidine nucleoside phosphorylase (PyNP, EC 2.4.2.2), UP or 

thymidine phosphorylase (TP, EC 2.4.2.4). 
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Figure 2. Detailed illustration of the synthesis and utilization of Pentose-1P 
as a central molecule between pentose phosphate pathway and 
nucleotide/nucleoside metabolism. HK: Hexose kinase; 

Gly-3P: glyceraldehyde-3-phosphate; DHAP: dihydroxyacetone phosphate; 

TKL: transketolase; RPI: Ribose-5-Phosphate isomerase; RK: ribose kinase; 

PRPP: phosphoribosyl pyrophosphate; PPM: phosphopentomutase; PNP: purine 

nucleoside phosphorylase; HPRT: hypoxanthine-guanine phosphoribosyl 

transferase; NMP: nucleoside monophosphate; PyNP: pyrimidine nucleoside 

phosphorylase; UP: uridine phosphorylase; TP; thymidine phosphorylase.  
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PNP mediated pathway favors the catabolic reaction i.e. the synthesis of 

the Pentose-1P, this could be explained by several reasons (Tozzi et al., 

2006). First, the high intracellular phosphate concentration compared to 

that of the nucleoside.  Additionally, the absence of inosine and guanosine 

kinase in mammals thus both nucleosides are not consumed in another 

pathway (Mascia et al., 2000). Moreover, particularly with inosine and 

guanosine metabolism, the formed bases (guanine and hypoxanthine) are 

irreversibly attached to PRPP for the salvage synthesis of inosine and 

guanosine monophosphate by the enzyme hypoxanthine-guanine 

phosphoribosyl transferase (HPRT) (EC 2.4.2.8). Furthermore, the formed 

Pentose-1P is used as a carbon and energy source (Giannecchini et al., 

2005). Finally, the formed Pentose-1P is used for pyrimidine salvage 

synthesis. 

On contrary, UP, TP or PyNP mediated metabolic pathway favor the 

anabolic reaction (Mascia et al., 2000; Tozzi et al., 2006; Mikhailopulo et 

al., 2011), meaning, the utilization of Pentose-1P and the synthesis of 

nucleoside as demonstrated in rat brain. This equilibrium shift is supported 

by the continuous phosphorylation of the pyrimidine nucleoside to 

nucleoside mono-, di- and tri-phosphate. Additionally, the absence of 

uracil phosphoribosyl transferase in mammals and the absence of uracil 

degradation to E-alanine particularly in the CNS. The latter two reasons 

together with the continuous supply of Pentose-1P from purine nucleoside 

metabolism lead to the accumulation of the reactant thus shifting the 

reaction towards the nucleoside formation. It is established that the Rib-1P 

links the purine and the pyrimidine salvage pathways, and that the 

catalytic activity of both enzymes (PNP and UP) results in the transfer of 

ribose from a purine to a pyrimidine nucleoside (Cappiello et al., 1998). 

One possibility of the pyrimidine salvage synthesis is the direct 

ribosylation of uracil and thymine using Rib-1P and dRib-1P, respectively. 

On contrary, it has been reported that purine salvage is entirely dependent 
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on the formation PRPP (Mascia et al., 2000). However, evidences of the 

utilization of Rib-1P for the synthesis of a purine nucleoside from another 

purine nucleoside (Rib-1P recycling or the Rib-1P shuttle) using 

nucleoside phosphorylases have been reported too (Giorgelli et al., 1997; 

Mascia et al., 2000). In this case, the phosphorylase is coupled with an 

additional deaminating enzyme (Figure 3). It is believed that Rib-1P 

recycling is the biological way to overcome the lack of some enzymes in 

certain organisms or tissues. This mechanism has been reported for 

mammals as well as bacteria. 

The synthesis of xanthosine from guanosine by PNP and guanase (EC 

3.5.4.3) was reported in rat liver. Guanosine is phosphorolytically cleaved 

by PNP to produce Rib-1P and guanine base. The produced guanine is 

deaminated by the enzyme guanase to xanthine. The latter is then 

reattached to Rib-1P produced in the first reaction giving xanthosine 

(Figure 3A). This cascade reaction is necessary to overcome the absence 

of guanosine deaminase (EC 3.5.4.15) in mammals which is responsible 

for the direct conversion of guanosine to xanthosine (Giorgelli et al., 1997). 

The same mechanism was observed in B. cereus, L. lactis and E. coli, to 

overcome the absence of adenosine deaminase (EC 3.5.4.4). In this case, 

the cell resort to Rib-1P recycling to convert adenine to hypoxanthine by 

the consecutive action of adenosine phosphorylase, adenine deaminase 

(EC 3.5.4.2) and PNP (Figure 3B). Additionally, L. lactis and E.coli utilize 

the formed hypoxanthine for the subsequent synthesis of inosine- and 

guanosine- monophosphate (Giorgelli et al., 1997; Kilstrup et al., 2005; 

Tozzi et al., 2006).  

Pentose-1Ps are key molecules in different biological processes like 

nucleotides synthesis which are the building blocks for the molecules of 

life (DNA and RNA). They are as well consumed in PPP for energy and 

carbon expenditure. Thus, the availability of these Pentose-1P is valuable 

for metabolic and therapeutic studies.  
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2.2 Nucleoside phosphorylases as valuable 
biocatalysts 

2.2.1 Nucleoside phosphorylases 

Understanding the natural physiological pathways provides innovative 

solutions for in-vitro applications. By looking into the above discussed 

pathway(s), NPs are shown to be interesting enzymes in the metabolism 

of both Pentose-1P and nucleoside. Thus, they have been studied for 

more than 100 years form different aspects; including physiological, 

clinical and catalytical properties (Levene et al., 1911; Jensen et al., 1975; 

Pugmire et al., 1998; Bzowska et al., 2000; Larson et al., 2010). Several 

nucleoside phosphorylases have been identified, isolated and 

Figure 3. Rib-1P recycling for the synthesis of purine nucleosides. 

GDA: guanosine deaminase; PNP: purine nucleoside phosphorylase; 

ADA: adenine deaminase; AP: adenosine phosphorylase; ADase: adenine 

deaminase. Absent reactions due to the lack of some enzymes are 

demonstrated by red crosses. 
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characterized from many organisms and were applied as efficient 

biocatalysts. Crystallographic studies were conducted on nucleoside 

phosphorylases to understand their 3D structures and correlate them to 

their substrate spectrum (Pugmire et al., 1998, 2002; Norman et al., 2004; 

Larson et al., 2010; Prokofev et al., 2018). A comprehensive description 

on nucleoside phosphorylases’ classification, mechanism of action, active 

site residues, substrate spectrum, as well as their applications in 

producing pharmaceutically active compounds, are discussed in detail in 
Paper I and Sections 1.2 and 1.7 in Paper II. 

As mentioned earlier, NPs catalyze the reversible phosphorolysis of 

nucleosides into their respective nucleobase and Pentose-1P in the 

presence of inorganic phosphate (Pi). They are classified based on their 

structure into two families; NP-I and NP-II. NPs are also classified 

according to their substrate spectrum into a different category and are 

accordingly, given different enzyme commission (EC) numbers (Bzowska 

et al., 2000; Pugmire et al., 2002). NP-I family members catalyze reactions 

with purine nucleosides/bases and uridine/uracil and includes PNP, 

S-methylthioadenosine phosphorylase (MTAP) and UP. NP-II family 

members are specific for pyrimidine nucleosides/bases and includes TP 

and PyNP. From the structural point of view, UP is categorized as NP-I 

member, however, from the catalytic point of view it is well accepted and 

generally described with other PyNPs (Del Arco et al., 2018).  

2.2.1.1 Thermophilic nucleoside phosphorylases 

NPs were primarily identified and characterized from mesophilic 

organisms as E. coli (Panova et al., 2007), S. typhimurium (Blank et al., 

1975), B. subtilis (Gao et al., 2006), M. hyorhinis (Voorde et al., 2012) and 

others. However, mesophilic enzymes interfered with the wide spread of 

the enzymatic synthesis approaches and their industrial application (Del 

Arco et al., 2018). This is because mesophilic enzymes have short 
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lifespan, as well as being unstable in organic solvents. These are 

sometimes necessary for the solubility of the nucleoside or the 

nucleobase. Moreover, their purification costs are high. Finally, they have 

a limited substrate spectrum. These limitations derived the attention to 

exploring extremophilic environments. Extremophiles are those 

organisms living in environment with extreme conditions like high 

temperature or high pressure, as well as high concentrations of salts, 

heavy metals, and/or organic solvents. Thus, enzymes from these 

organisms are considered valuable biocatalysts (Hussein et al., 2011; Del 

Arco et al., 2018) as they have a wider substrate spectrum. They are, 

additionally, highly stereo- and regioselective and have minimal or no side 

reactions. Moreover, they are stable under harsh reaction conditions as 

high temperature, high pressure, long reaction time and/or organic 

solvents.  Furthermore, they could be easily purified. A huge focus was 

given to thermophilic enzymes that are stable at high temperatures 

ranging from 45°C to 100°C. Some NPs were identified, expressed and 

characterized from thermophilic microorganisms, including Geobacillus 

stearothermophilus, Thermus thermophilus and Geobacillus 

thermoglucosidasius (Carteni’-Farina et al., 1979; Hamamoto et al., 1996; 

Almendros et al., 2012; Szeker et al., 2012; Zhou et al., 2013; Bagarolo et 

al., 2015).  

2.2.2 Nucleoside phosphorylases in the synthesis of 
Pentose-1Ps  

The utilization of NPs for the enzymatic synthesis of Pentose-1Ps was first 

introduced during the earlier attempts to identify and characterize NPs 

from different organisms (Kalckar, 1947; Friedkin, 1950). Using NPs from 

rat and calf liver, Rib-1P and dRib-1P were synthesized in a mg-scale. 

More details on the enzymatic synthesis of Pentose-1P are found in 

section 2.4.2.  



Enzymatic Synthesis of Pentose-1-Phosphate                                 Sarah Kamel                                                                                                                                                                                                                            
                                
 

28                                                                                   Literature Review                                                                                                                                                                

2.2.3 Nucleoside phosphorylases in the synthesis of 
nucleosides and their analogues 

2.2.3.1 Nucleosides and nucleoside analogues 

NPs are employed in the synthesis of nucleosides and their analogues. 

Nucleosides are biochemical molecules composed of two main parts; a 

nucleobase attached to a pentofuranose moiety by an N-glycosidic bond 

(Figure 4). Nucleosides can be classified into naturally occurring and 

synthetic one. Naturally occurring are either unmodified nucleosides 

(canonical nucleosides) or modified (non-canonical). Canonical 

nucleosides are uridine, cytidine and thymidine (Thd) (pyrimidines) or 

guanosine and adenosine (purines). They are the structural subunits of 

DNA and RNA and are involved in several cellular and metabolic 

processes (Savić et al., 2015). Non-canonical nucleosides are parts of 

tRNA and are important for RNA processing (Agris, 2015). Synthetic 

nucleosides are those with different modifications on the pentose, the 

nucleobase or both moieties (Figure 4). They are used for clinical and 

biotechnological applications (Galmarini et al., 2002; Neef et al., 2011; 

Jordheim et al., 2013). Detailed descriptions of nucleosides and their 

analogues are mentioned in Paper II-Section 1.1. 

Nucleoside analogues (NAs) have been of increasing interest for more 

than 50 years due to their therapeutic and biotechnological applications. 

Because of their ability to integrate in DNA and RNA strands, they are 

labelled and used for cellular visualization (Neef et al., 2011). 

Therapeutically, nucleoside analogues are used for the treatment of 

infections with different viruses like Hepatitis C and B viruses (HCV, HBV), 

herpes simplex virus (HSV), and human immune deficiency virus (HIV). 

They are, additionally, used as chemotherapeutic agents for the treatment 

of different types of cancers as kidney, breast, bladder and pancreatic 

cancer or hematological malignancies (Galmarini et al., 2002; Lapponi et 
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al., 2016). Due to their structural similarities with natural nucleosides, they 

can be integrated into the DNA or RNA strands and stall their further 

elongation. Another mechanism of action is the inhibition of essential 

cellular enzymes as DNA or RNA polymerases (Galmarini et al., 2002;  

Jordheim et al., 2013). 

The chemical synthesis of NAs has been extensively studied and many 

approaches have been developed over the past decades. Several 

chemical methods were reported (Liu et al., 2008; Peng, 2013). The most 

effective method require the initial presence of glycosyl-1-phosphates 

which are usually quite expensive and rarely available commercially 

(Zamyatina et al., 2009). Despite the enormous advances made in this 

field it still holds several disadvantages. The chemical synthesis requires 

several protection and deprotection steps. It’s final yield is a mixture of 

both D- and E- anomers which render the purification process very difficult. 

Moreover, the harsh reaction conditions including low pH, lots of harmful 

organic solvents, long reaction duration and high temperatures 

contributed to the notion of exploring alternative synthesis approaches. 

Figure 4. Structure of pyrimidine and purine nucleosides. Possible 

modifications of the sugar and the base moieties are shown. Marked in blue and 

green are the possible modifications on both the base and the sugar moieties. 

respectively.   
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With the uprising of green chemistry and the new advancements of 

enzyme technologies; new trends to enzymatically synthesize nucleoside 

analogues have been investigated and reported in several reviews 

(Mikhailopulo et al., 2013; Lapponi et al., 2016; Pérez et al., 2018). The 

application of NPs in the synthesis of nucleoside analogues has spread 

vastly because of their high regio- and sterio-selectivity, their wide range 

of substrates acceptance, and their abundance in almost all living 

organisms. These factors render nucleoside phosphorylases a valuable 

biocatalyst for the synthesis of nucleoside analogues (Cattaneo et al., 

2017). Advances in nucleoside analogues synthesis and upscaling 

production approaches are presented in detail in Paper I and Section 1.3 
of Paper II. 

2.2.3.2 Transglycosylation reaction as an enzymatic synthesis 

approach of nucleoside analogues 

One of the most well studied and reported approach employing NPs as a 

biocatalyst is the one-pot two steps transglycosylation reaction. 

Transglycosylation reactions offer an easy one step synthesis where an 

exchange of nucleobase over a pentose-sugar moiety takes place in the 

presence of inorganic phosphate. The reaction is catalyzed by nucleoside 

phosphorylases forming Pentose-1P as an intermediate (Figure 5). It is 

more common that NPs in one-pot two-steps transglycosylation reaction 

catalyze the reversible transfer of the sugar moiety from a pyrimidine 

nucleoside (sugar donor) to a purine base (sugar acceptor). This is 

attributed to relative uncomplicated chemical synthesis routes available 

for pyrimidine nucleosides (Mikhailopulo et al., 2011). Using mesophilic 

and thermophilic NPs, transglycosylation reactions were used for the 

synthesis of natural and modified purine nucleosides which are reviewed 

in (Mikhailopulo, 2007; Mikhailopulo et al., 2010; Lapponi et al., 2016) and 

summarized in Table 1.   
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As mentioned earlier, transglycosylation reactions have several 

advantages, however, there are still some challenges in the synthesis of 

some highly modified nucleoside analogues, especially those with C2’ 

modifications and/or large group modifications on the base moiety 

(Mikhailopulo et al., 2011). This was manifested during the synthesis of 

6-amino-9-(2-deoxy-2-fluoro-E-D-ribofuranosyl)purine and 

2,6-diamino-9-(2-deoxy-2-fluoro-E-D-ribofuranosyl)purine by 

transglycosylation. 2’-deoxy-2’-fluoro-E-D-ribofuranosyluracil (2FRibo-U) 

was used as a sugar donor and the corresponding base as the sugar 

acceptor. While, 2FRibo-U was not phosphorolyzed by E. coli UP, E. coli 

TP showed very low activity. Enormous amounts of E. coli TP (2400 U - 

42000 U) and PNP (3900U – 84000U) were used and the reaction took 

place over a course of  2- 17 days (Tuttle et al., 1993).  

Limitations of the transglycosylation reaction could be correlated to the 

strengthened N-glycosidic bond by the action of C2’ modifications. Thus, 

the nucleoside cleavage to form the intermediate Pentose-1P is harder; 

hence, longer reaction duration is needed. Additional limitation is the 

Figure 5. Transglycosylation reaction. PyNP: pyrimidine nucleoside 

phosphorylase; TP: thymidine phosphorylase; UP: uridine 

phosphorylase; PNP: Purine nucleoside phosphorylase. 
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decreased affinity of the employed enzyme to some substrates due to the 

bulkiness of the modifications. Thus, stalling the formation of the second 

nucleoside. Moreover, the differences in the reaction dynamics between 

the nucleoside cleavage and the nucleoside formation reactions would as 

well stop the reaction from proceeding forward. Transglycosylation 

reaction comprises two steps; the first step is the phosphorolytic cleavage 

of a nucleoside (sugar donor). This is driven by high concentrations of the 

phosphate, whereas, the second step, the glycosylation of the second 

nucleobase (sugar acceptor), is hindered by the presence of phosphate. 

In a given reaction where the nucleoside cleavage and the nucleoside 

formation take place simultaneously, the reaction proceeds smoothly, and 

up to 90% product formation is achieved as shown in Table 1. However, 

for the above-mentioned cases (C2’ and/or bulky base modifications), the 

product formation might be minimal to none (Mikhailopulo et al., 2011; 

Serra et al., 2013). Accordingly, to overcome difficulties in the synthesis 

of NAs by transglycosylation reactions, several approaches were explored 

and developed as a practical alternative and others were developed to 

manipulate the transglycosylation reaction itself.  

Among the recent approaches to modulate the transglycosylation reaction 

is creating a dynamic mathematical model that was developed for both 

steps of the transglycosylation reaction (Wilms et al., 2017). By defining 

most of the reaction variables, a mathematical model that consider the 

different kinetic parameters (Km and Kcat), enzyme optimum temperature 

and the solubility of the reactants and the products was built. This model 

would latter serve as a valuable tool to choose the best reaction conditions 

to maximize the product yield with the minimum possible production costs. 

Suitable enzymatic approaches, that can serve as alternative, are further 

elaborated in Paper I in Section 1.3. In short, these approaches are, the 

direct   glycosylation of nucleobases by Pentose-1P using NP enzyme. 

Another approach is the one pot transformation of D-pentoses to 
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nucleosides using RK, PPM and NP enzymes sequentially. The last 

approach is the transformation of D-glyceraldyde-3-phosphate to 

nucleoside using D-2-deoxyribose-5-phosphate aldolase (DERA)/triose 

phosphate isomerase (TPI), PPM and NP enzymes successively (Figure 
6). This work is focused on the first enzymatic approach, the application 

of Pentose-1Ps as a universal glycosylating agent. 

2.3 Pentose-1Ps as precursors in nucleoside 
synthesis 

The use of Pentose-1P as a universal glycosylating agent for nucleoside 

synthesis has been of increasing interest. It provides a practical 

alternative for the transglycosylation reaction. The direct condensation of 

the Pentose-1P moiety with a nucleobase in the presence of nucleoside 

phosphorylases was first introduced upon the discovery of nucleoside 

phosphorylases, when Friedkin and co-workers (Friedkin, 1950; Friedkin 

et al., 1950, 1954) studied the catalysis of deoxyribonucleoside by 

nucleoside phosphorylases isolated from calf liver. dRib-1P was isolated 

as cyclohexylammonium salt and applied for the glycosylation of several 

pyrimidine nucleosides. Since then, this approach has been successfully 

Figure 6. Alternative enzymatic synthesis way to transglycosylation 
reaction. Gly-3P: glyceraldhyde-3-phosphate; DHAP: dihydroxyacetone 
phosphate; DERA: deoxyribose phosphate aldolase; TRI: triose phosphate 
isomerase; PPM: phosphopentomutase; PNP: purine nucleoside phosphorylase 
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used for the synthesis of several clinically important nucleosides like 

Cladribine and Vidarabine (Table 2, Lapponi et al., 2016). This approach 

amends some of the above-mentioned limitations of the transglycosylation 

reaction. It permits simpler optimization for the reaction-conditions 

including enzyme choice, reaction temperature and concentration of the 

reactants. First, the choice of the applied enzyme is very crucial for the 

synthesis. Using the direct glycosylation approach, the differences 

between the sugar-donor’s and the sugar-acceptor’s solubility and stability 

will not affect the enzyme choice. Additionally, the reaction temperature 

will only depend on the stability of one reactant and one product. Which is 

in contrary to transglycosylation, where the stability of the four reaction’s 

components (sugar donor, sugar acceptor, intermediate Pentose-1P and 

the product) must be taken into consideration. Furthermore, the 

optimization of the substrate and the phosphate concentration. As 

mentioned earlier the high phosphate concentration shifts the reaction 

towards the cleavage of the nucleoside; thus, increasing the phosphate 

concentration might be needed for the cleavage reaction and the 

formation of the intermediate. However, for the transglycosylation reaction 

the high phosphate concentration hinders the second reaction (nucleoside 

formation). Additional advantage of the direct glycosylation approach, 

Pentose-1P acts as a substrate for both PyNPs and PNPs with no 

discrimination.  This is different from the transglycosylation reaction where 

the choice of the sugar donor is dependent on the enzyme activity. 

Nonetheless, the unavailability and tedious synthesis and purification of 

the Pentose-1P remains the bottleneck of this approach. Although, 

different chemical and enzymatic synthesis approaches have been 

reported, yet, only few are of practical application (Mikhailopulo, 2007; 

Mikhailopulo et al., 2010, 2011). 
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2.4 D-D-Pentofuranose-1-phosphate synthesis  

With the discovery of different physiological sugar phosphates and the 

crucial role they play in several metabolic pathways, both chemical and 

enzymatic approaches have been developed. However, the lack of proper 

biotechnological tools back then hindered the wide spread application of 

the enzymatic synthesis. Thus, up to now the vast majority of the sugar 

phosphates are synthesized chemically.  

2.4.1 Chemical synthesis of D-D-pentofuranose-1-phosphate  

Two major categories of the chemical synthesis are described so far 

(Florkin et al., 1963; Zamyatina et al., 2009). In the first one, the 

phosphorylating agent is phosphoric acid and it takes place when the 

electron rich nucleophile (phosphoric acid) attack the electrophilic 

anomeric carbon of the sugar. Glucose-6-phosphate is an example of 

sugar phosphates synthesized using this strategy. In the second category 

the anomeric hydroxyl group act as a nucleophile and attack a phosphite 

group as in phosphoramidite. In approaches of the second category 

phosphoric acid cannot be used because of the high electron density. 

Thus, other phosphate containing molecules as phosphorylchloride, 

tetrabenzylpyrophosphate or imidazoylphosphites are used. There have 

been several described methods for the chemical synthesis of sugar 

phosphates as well as their halogenated analogues (Cori et al., 1937; 

Colowick, 1938; MacDonald, 1962; Chittenden, 1972; Penglis, 1981; 

Tsuchiya, 1990), almost all of them were described earlier during the 20th 

century (Mikhailopulo, 2007; Mikhailopulo et al., 2010). Despite the 

several chemical methods described for the synthesis of sugar 

phosphates, only few were specific for the synthesis of pentose-1Ps 

(Table 3). 



En
zy

m
at

ic
 S

yn
th

es
is

 o
f P

en
to

se
-1

-P
ho

sp
ha

te
 

   
Sa

ra
h 

K
am

el
 

37
  

 L
ite

ra
tu

re
 R

ev
ie

w
 

Ta
bl

e 
2.

 C
lin

ic
al

ly
 im

po
rta

nt
 n

uc
le

os
id

es
 a

na
lo

gu
es

 s
yn

th
es

iz
ed

 b
y 

di
re

ct
 g

ly
co

sy
la

tio
n.

 R
ea

ct
io

n 
co

nd
iti

on
s 

an
d 

ob
ta

in
ed

 y
ie

ld
s 

ar
e 

su
m

m
ar

iz
ed

 

a  P
en

to
se

-1
P 

w
er

e 
sy

nt
he

si
ze

d 
in

 a
 c

he
m

ic
al

 p
ro

ce
ss

. 
b  Y

ie
ld

 is
 b

as
ed

 o
n 

bi
oc

on
ve

rs
io

n.
 

c  Y
ie

ld
 is

 b
as

ed
 o

n 
is

ol
at

ed
 p

ro
du

ct
.  

*
m

ol
ar

 ra
tio

 is
 n

ot
 m

en
tio

ne
d.

N
uc

le
os

id
e 

B
io

ca
ta

ly
st

 
P

en
to

se
-1

P
 a
 

[P
en

to
se

-1
P

: B
as

e]
 

R
ea

ct
io

n 
m

ed
iu

m
 

R
ea

ct
io

n 
tim

e/
 

re
ac

tio
n 

te
m

pe
ra

tu
re

 [°
C

] 

Yi
el

d 
[%

] 
R

ef
er

en
ce

 

2-
ch

lo
ro

de
ox

y-
ad

en
os

in
e

[C
la

dr
ib

in
e]

 
E

.c
ol

i P
N

P
dR

ib
-1

P
: 2

C
A

* 
H

2O
 

45
°C

 
98

%
b  /

 
88

%
c  

K
om

at
su

 e
t a

l.,
 

20
05

 

(9
-(

2-
de

ox
y-

2-
flu

or
o-
D

-d
-

ar
ab

in
of

ur
an

os
yl

)-
2-

 
ch

lo
ro

ad
en

in
e 

[C
lo

fa
ra

bi
ne

] 

R
ec

om
bi

na
nt

 E
. 

co
li 

P
N

P 

2F
A

ra
-1

P
: 2

C
A 

[0
.6

7 
Pm

ol
: 0

.2
 P

m
ol

] 
H

2O
 

7 
da

ys
/ 5

2°
C

 
67

%
b  

Fa
te

ev
 e

t a
l.,

 
20

14
 

 9
-E

-d
-a

ra
bi

no
sy

l-2
-

flu
or

oa
de

ni
ne

 [F
lu

da
ra

bi
ne

] 
R

ec
om

bi
na

nt
 E

. 
co

li 
P

N
P 

A
ra

-1
P

: 2
FA

 

[2
.8

5 
m

m
ol

: 0
.3

 m
m

ol
] 

H
2O

 
1h

/ 5
5°

C
 

98
%

b  /
 

77
%

c  
K

on
st

an
tin

ov
a 

et
 a

l.,
 2

01
1 

9-
E-

D
-a

ra
bi

no
fu

ra
no

sy
l-

gu
an

in
e 

[N
el

ar
ab

in
e]

 
R

ec
om

bi
na

nt
 E

. 
co

li 
P

N
P 

A
ra

-1
P

: 2
A

6M
P

 

[1
 m

m
ol

: 0
.1

 m
m

ol
] 

H
2O

 
36

h/
 4

5°
C

 
40

%
c  

K
on

st
an

tin
ov

a 
et

 a
l.,

 2
01

1 



Sarah Kamel                                Enzymatic Synthesis of Pentose-1-Phosphate 
 

38                                                                                   Literature Review                                                                                                                                                                

In 1957, Tener and co-workers (Tener et al., 1957) described the chemical 

synthesis of ribofuranose-1-phosphate from 5-O-acetyl-D-ribofuranosyl 

bromide 2,3-cyclic carbonate or 3,5-di-O-benzoyl-D-ribofuranosyl 

halides with triethylammonium dibenzyl phosphate. The reaction was 

performed in benzene solution at room temperature, an anomeric mixture 

of both the D- and E- form was obtained with a ratio of 3:1. The final yield 

of the purified barium salt of ribofuranose-1-phosphate was 55-60%. Not 

so long after, MacDonald and Fletcher (MacDonald et al., 1962) described 

the chemical synthesis of deoxyribose-1-phosphate and its purification as 

cyclohexylammonium salt with a final yield of 26% of an anomeric mixture. 

The reaction between 2-deoxy-3,5-di-O-p-toluoyl-D-ribosyl chloride and 

di-silver phosphate took place in benzene solution at room temperature. 

The most efficient stereoselective synthesis of 2-deoxy-D-D-ribofuranose-

1-phosphate as a biscyclohexylamine salt was first reported in 2002, using 

the asymmetric transformation approach. A ratio of the desired D- anomer 

to the E- anomer of 98.8:1.2 was observed (Komatsu et al., 2002). 

The procedure from Macdonald and coworkers (MacDonald et al., 1962; 

MacDonald, 1986) was applied later for the synthesis and purification of 

arabinose-1-phosphate and 2-deoxy-2-fluoro-arabinofuranose-1-

phosphate (Konstantinova et al., 2011; Fateev et al., 2014). 

D-arabinofuranose tetraacetate, 1-O-methyl-2,3,5-tri-O-benzoyl-a-D-

arabinofuranose and 1-O-Acetyl-2,3,5-tri-O-benzoyl-D-D-arabinofuranose 

were used as a substrate for the synthesis of Ara-1P. The reaction 

between the substrates and phosphoric acid took place at 70°C in the 

presence of dioxane or THF as a solvent, followed by the addition of 

lithium hydroxide. The reaction was then treated with several successive 

steps of methanol and acetone addition and filtration for 2 days. The final 

yield was 40% and a mixture of the furanose and the pyranose form of 

arabinose-1-phosphate was obtained with a ratio of 2:1 or 1:2 depending 

on the substrate and the solvent used. The chemical synthesis of 
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arabinose-1-phospahte from 1-O-Acetyl-2,3,5-tri-O-benzoyl-

arabinofuranose, 1-bromide- 2,3,5-tri-O-benzoyl-arabinofuranose was as 

well reported earlier. A yield of 5.4% was obtained (Maryanoff et al., 1988).   

2-deoxy-2-fluoro-D-arabinofuranosyl-1-phosphate was chemically 

synthesized from 2-deoxy-2-fluoro-1,3,5-tri-O-benzoyl-D-D-

arabinofuranose (Yamada et al., 2004, 2009; Fateev et al., 2014). Two 

routes were discussed. In the first approach the substrate 2-deoxy-2-

fluoro-1,3,5-tri-O-benzoyl-D-D-arabinofuranose was converted to its 

1-bromide derivative. The 1-bromide was hydrolyzed producing 

D-1-hydroxyl derivative which was then phosphorylated yielding the 

desired 1-phosphate. The other route is the direct phosphorolysis of the 

1-bromide to 2-deoxy-2-fluoro-D-arabinofuranosyl-1-phosphate. 

Despite the great advances made and the numerous processes 

developed, all the reported methods are tedious, laborious and required 

several deprotection steps and multiple purifications of intermediates. 

Additionally, most of the used solvents are hazardous and 

environmentally harmful. Among the major limitations of the chemical 

synthesis is the formation of an anomeric mixture, from which it is 

challanging to separate the desired D-anomer. Accordingly, developing 

and implementing enzymatic synthesis approaches is of huge advantage. 

2.4.2 Enzymatic synthesis of D-D-pentofuranose-1-phosphate 

As mentioned earlier, the first enzymatic synthesis and purification of 

Rib-1P and dRib-1P was reported during the earlier attempts to identify 

and characterize NPs from different organisms (Kalckar, 1947; Friedkin, 

1950). Later, NPs were used for the synthesis of Ara-1P (Utagawa, 

Morisawa, Yamanaka, Yamazaki, Yoshinaga and Hir’osh, 1985), Rib-1P 

and dRib-1P (Fateev et al., 2015). However, up until now no reports 
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showed the possibility of synthesizing C2 modified Pentose-1Ps. This 

might be attributed to limited substrate spectra of the applied mesophilic 

enzymes. Although the yield of Ara-1P obtained by Utagawa and 

co-workers was quite satisfying, yet the reported purification method was 

long and laborious compared to the one reported by Fateev and 

co-workers.  

Other potential enzymatic approaches are the one pot transformation of 

D-pentoses to Pentose-1P using RK and PPM successively, and the 

transformation of Gly-3P using DERA/TPI and PPM (Mikhailopulo et al., 

2010). These approaches, as previously stated, were reported for the 

synthesis of nucleosides rather than Pentose-1Ps, and no attempts were 

reported for the purification of Pentose-1Ps from these reactions. As 

elaborated in Figure 6, both approaches employed at least two enzymes 

and at least one of these enzymes catalyzes a reversible reaction which 

complicates the synthesis as lot of optimizations might be necessary. It, 

as well, complicates the purification process of the Pentose-1Ps from the 

substrate and other products as Pentose-5P. 
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3 Aims and Structure of the Current 
Work  

 Pentose-1Ps are of high physiological importance, additionally, they 

might have a big potential in industrial applications as precursors for the 

synthesis of nucleoside analogues. Due to the drawbacks of the chemical 

synthesis for Pentose-1Ps and because transglycosylation reactions for 

the synthesis of nucleoside analogues cannot be universally used; two 

main research questions were formulated: 

1- Is the enzymatic synthesis and purification of modified 
Pentose-1Ps (Ara-1P, 2FRib-1P, 2FAra-1P) feasible using 
thermostable nucleoside phosphorylases? Is the gram-scale 
synthesis with sufficient product yield and high product purity 
possible? 

Three Pentose-1Ps were of interest; D-D-arabinofuranose-1-phosphate 

(Ara-1P), 2-deoxy-2-fluoro-D-D-arabinofuranose-1-phosphate (2FAra-1P) 

and 2-deoxy-2-fluoro-D-D-ribofuranose-1-phosphate (2FRib-1P). This is 

because of their potential application in the synthesis of nucleoside 

analogues. Rib-1P and dRib-1P were used to set-up the technology as 

the precursor nucleosides are cheap substrates and phosphorolytic 

cleavage of natural nucleosides are highly efficient. To answer this 

question a set of sub research questions were raised: 

a. Which thermophilic enzymes can be employed for the 
synthesis of Pentose-1Ps?  

Three PyNPs from different thermophilic organisms were characterized in 

accordance with their kinetic parameters, temperature profile and 

substrate affinity.  
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b. Which reaction and purification conditions should be used to 
obtain the highest bioconversion and final yield of 
Pentose-1Ps?  

To answer this question, different reaction conditions were examined 

including enzyme, nucleoside and phosphate concentrations and reaction 

temperature. Additionally, two purification protocols were tested. 

c. What is the stability of Pentose-1Ps at different temperatures 
and pH values? 

To use the Pentose-1Ps in downstream processes like nucleoside 

synthesis, the t1/2 life of each sugar was tested at different temperatures 

and in buffers with different pH values. 

d. Would the chromatographic purification be an efficient 
alternative for the precipitation method? 

Three chromatographic approaches were compared and their efficiency 

in the separation of the Pentose-1P and phosphate were evaluated. 

2- Does the availability of these Pentose-1Ps improve the enzymatic 
synthesis of some challenging nucleoside analogues? 

The synthesis of the biotechnologically important 5-EU nucleoside 

analogues; EdU, 2FRib-EdU and 2FAra-EdU, was of interest because of 

their significant application in RNA/DNA labelling, hence, cellular 

visualization. To address this interest, the following sub-questions were 

raised:  

a. Is the synthesis of these nucleoside analogues possible 
using transglycosylation reaction?  

The synthesis of 5-EU nucleoside derivatives from a sugar donor 

nucleoside was examined using the transglycosylation approach. 
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Nucleoside-1 phosphorolytic cleavage and nucleoside-2 formation was 

closely monitored and evaluated.  

b. What conditions should be used for the glycosylation 
reaction?   

Different ratios of Pentose-1P and nucleobase as well as different enzyme 

concentrations were tested for the synthesis of EdU. The best working 

conditions were latter used for the synthesis of 2FRib-EdU and 2FAra-EdU.   

c. Would the direct glycosylation approach improve the 
biosynthetic yields of the nucleosides in interest compared to 
the transglycosylation approach?   

The three nucleoside analogues of interest were synthesized using both 

approaches and the bioconversion yields were compared.  
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4 Materials and Methods 

All chemicals and solvents were of analytical grade or higher and 

purchased, if not stated otherwise, from Sigma-Aldrich (Steinheim, 

Germany), Carl Roth (Karlsruhe, Germany), TCI Deutschland (Eschborn, 

Germany), Carbosynth (Berkshire, UK) or VWR (Darmstadt, Germany). 

HPLC analyses were carried out with an Agilent 1200 series system 

equipped with an Agilent DAD detector using a Phenomenex (Torrance, 

United States) reversed phase C18 column (150 × 4.6 mm). Thermostable 

NPs, PyNP-Y01, PyNP-Y02, PyNP-Y04, PyNP-Y05, PNP-N01, and 

PNP-N03 were obtained from BioNukleo (Berlin, Germany) and were 

used as recommended by the manufacturer. 

4.1 Enzyme characterization 

Thermophilic pyrimidine nucleosides phosphorylases; PyNP-Y01, 

PyNP-Y04 and PyNP-Y05 derived from three different thermophilic 

bacteria were characterized for their temperature optimum, kinetic 

parameters and substrate specificity.   

Unless otherwise specified, all enzymatic reactions were performed at 

pH 7 and the general reaction conditions were 20 mM nucleoside in 

100 mM potassium phosphate (KP) buffer and a final enzyme 

concentration of 0.2 mg.ml-1. Enzymatic reactions were stopped with 

equal volume of methanol. The nucleoside phosphorolytic cleavage was 

determined by HPLC using method A (section 4.5).   
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4.1.1 Thermal characterization  

To find the optimum temperature for the enzyme activity; the 

phosphorolytic cleavage of Urd to Ura and Rib-1P was tested at different 

temperatures. Reaction mixture (Urd in the KP buffer) was pre-heated at 

the respective temperatures (20 °C – 100 °C) for 10 mins, 2 µl of the 

enzyme was added to a final concentration of 50 µg.ml-1. Reactions were 

stopped after 10 mins with equal volume of methanol. The phosphorolysis 

of Urd to Ura was measured on HPLC (method A, section 4.5) and the 

highest conversion rate was set as 100% activity. 

4.1.2 Kinetic parameters 

Activity tests were performed in triplicates unless otherwise specified. Five 

different substrate concentrations (0.4 mM – 5 mM) were used in 10 mM 

KP buffer, the reaction mixture was pre-heated for 5 min. A final enzyme 

concentration of 2 ug.ml-1 was added. Samples at different time points 

were taken and the enzymatic reaction was stopped with equal volumes 

of methanol. Phosphorolytic cleavage of nucleosides was measured on 

HPLC using method A (section 4.5). Initial reaction rates were plotted 

against the substrate concentrations. The resulting slopes were plotted 

and fitted using a non-linear regression. The Michaelis-Menten’s constant 

(Km) and the maximum velocity (Vmax) were determined (Sigma-plot 11.0) 

and the catalytic constant (Kcat) was calculated.   

4.1.3 Substrate specificity 

PyNP-Y01, PyNP-Y04, PyNP-Y05 were tested for their activity towards 

Urd, Thd, 2’-deoxy-2’-fluorouridine (2FRib-U), 

1-(β-D-arabinofuranosyl)uracil (Ara-U) and 1-(2’-deoxy-2’-fluoro-β-D-

arabinofuranosyl)uracil (2FAra-U) at 60°C. Substrate to phosphate 
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concentration was 1:10. Reaction conditions were as follows unless 

otherwise specified, reaction mixture of 1 mM substrate in 10 mM KP 

buffer was pre-heated for 5 mins at the corresponding optimum 

temperature for each enzyme. A final enzyme concentration of 0.2 mg.ml-

1 was added. Samples were taken at different time points and the reaction 

was stopped with equal volume of methanol. The nucleoside 

phosphorolytic cleavage was determined by HPLC (section 4.5).  

4.2 Enzymatic synthesis and purification of 
Pentose-1Ps 

4.2.1 Effect of varying phosphate concentration on the 
enzymatic reaction 

To examine the effect of phosphate concentration on the reaction speed 

and the nucleoside phosphorolytic cleavage [%], enzymatic reactions 

were conducted in KP buffer pH 7 with different concentrations (100 mM 

-750 mM). All used substrates (Urd, Thd, Ara-U, 2FRib-U, and 2FAra-U) 

were tested with concentrations varying between 50 mM and 200 mM. 

4.2.2 Enzymatic synthesis of Pentose-1Ps  

Detailed method for the enzymatic synthesis of Pentose-1P are described 

in Paper III. Urd, Thd, Ara-U, 2FRib-U, or 2FAra-U were used as substrates 

for the enzymatic synthesis of Rib-1P, dRib-1P, Ara-1P, 2FRib-1P, and 
2FAra-1P, respectively. 200 mM substrate was used in 500 mM KP buffer. 

Enzyme concentrations, reaction temperature and duration were 

dependent on each Pentose-1P.   
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4.2.3 Purification of Pentose-1Ps as Barium salt by 
precipitation 

Detailed purification protocols are mentioned in Paper III and illustrated in 

scheme 1. After the enzymatic synthesis, the reaction mixture was 

incubated at 4°C overnight and the precipitated nucleobase/nucleoside 

were removed. 1/3 of the reaction volume of aqueous ammonia solution 

(25% w/v) was added. Phosphate was then precipitated as NH4MgPO4, 

and the solution was filtered. 

For Rib-1P, 2FRib-1P and 2FAra-1P, the filtrate was evaporated to the 

original reaction volume. Ammonia (25% w/v) was again added in 1/10 of 

the concentrated volume followed by the addition of barium acetate in an 

equimolar concentration to the starting nucleoside. Respective barium 

salts of Rib-1P, 2FRib-1P and 2FAra-1P were precipitated at 4°C by the 

addition of equal an equal volume of ethanol to the reaction volume. For 

dRib-1P and Ara-1P the filtrate was used directly for barium precipitation 

at 4°C. 

The precipitated salts were collected and washed 2 - 3 times with absolute 

ethanol and dried at 40 - 50°C depending on the Pentose-1P. The relative 

yield of Pentose-1P-Ba compared to the starting concentration of the 

substrate was calculated according to formula 1. Standard deviations 

were calculated from at least 3 independent experiments unless otherwise 

specified. 

Formula 1. 

Yield % =      ba  a   1  [ ]
   b a  [ ]

 ×  100 
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4.2.4 Chromatographic purification 

Based on the applied method suitable amount of the enzymatic reaction 

was applied to the column. All purifications were conducted at room 

temperature using a peristaltic pump or at 4 °C using an Äkta™ Avant 

system (GE Healthcare, Munich, Germany). Mobile phase, column 

Scheme 1. Schematic presentation of the purification protocol. Showing the 

steps of Pentose-1Ps purification by precipitation using ribose-1-phosphate and 

deoxyribose-1-phospphate protocols.  
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volume (CV) and flowrate were dependent on each method and shown in 

Table 4. Samples, taken from all collected fractions, were applied to silica 

plates (section 4.6). Bands visualized on the silica plates were 

densitometrically analyzed (section 4.7). 

4.3 Stability of Pentose-1Ps at different temperatures 
and pH values 

Half-life (t1/2) of Pentose-1P-Ba salts were determined at different 

temperatures and pH values. 25 mM solutions of the Pentose-1P-Ba salts 

were prepared in 10 mM KP buffer (pH 7). To determine temperature 

stability, samples were incubated at different temperatures (room 

temperature (RT), 40°C, 60°C and 80°C). To evaluate stability at different 

pH values, samples were incubated at room temperature in buffers with 

varying pH values of 1, 3, 5, 7, 9, 11 or 13. Daily samples were taken over 

a period of 14 days and analyzed by TLC. Signal intensities on the TLC 

plates were quantified using the ChemiDocMP imaging system (Biorad, 

Germany). Percentage of the residual amounts of Pentose-1P were 

calculated in relation to amounts calculated at day 0. Data points were 

fitted with a nonlinear regression model using GraphPad Prism 7.0 

(GraphPad Software Inc, San Diego, CA, http://www.graphpad.com/) and 

the t1/2 life was extrapolated. More details are mentioned in Paper III. 
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4.4 Synthesis of nucleoside analogues  

4.4.1 Synthesis of nucleoside analogues by 
transglycosylation reaction  

EdU, (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine (2FAra-EdU) and 2’-deoxy-

2′-fluoro-5-ethynyluridine (2FRib-EdU) were synthesized in a one-pot two-

steps transglycosylation reaction by using 5-ethynyluracil (5-EU) 

nucleobase as the sugar acceptor, whereas, sugar donors were Thd and 

deoxyadenosine (dAdo) for the synthesis of EdU and 2FAra-U and 2FRib-U  

for the synthesis of 2FAra-EdU and 2FRib-EdU, respectively. PyNP and 

PNP were used to catalyze the enzymatic cleavage and the subsequent 

nucleoside synthesis. The ratio of the sugar donor to sugar acceptor was 

10:1. Using Thd, 2FRib-U, 2FAra-U as sugar donors, 2 ml reaction mixtures 

of 10 mM sugar donor, 1 mM sugar acceptor and 5U of PyNP-Y04 in 2mM 

potassium phosphate (KP) buffer (pH 7) were prepared. The reaction 

mixture was incubated at 40°C for 30 h. With dAdo as a sugar donor, a 

final reaction volume of 2 mL was used. A reaction mixture of 10 mM sugar 

donor, 1 mM sugar acceptor, 5U of PyNP-Y04 and 5U PNP-N02 in 2mM 

KP buffer (pH 7) was prepared. The reaction was incubated at 40°C for 

30 h.  

4.4.2 Synthesis of nucleoside analogues by glycosylation 
reaction  

The three eniluracil containing nucleoside analogues (EdU, 2FAra-EdU, 

2FRib-EdU) were synthesized by the direct glycosylation of the nucleobase 

with the respective Pentose-1P in the presence of PyNP as a biocatalyst. 

Pentose-1P and sugar acceptor were used in a ratio of 2:1 and PyNP-Y04 

was used at a concentration of 0.5 mg/ml. EdU was synthesized in a final 
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volume of 2 mL with 8 mM 5-ethynyluracil, 16 mM dRib-1P-Ba salt and 

0.1 or 0.5 mg/mL PyNP-Y04 at 40°C for 5h. 2FAra-EdU and 2FRib-EdU 

were enzymatically-synthesized at 50°C in a total reaction volume of 2 mL 

with 6 mM 5-ethynyluracil and 12 mM 2FAra-1P-Ba salt or 2FRib-1P-Ba salt 

at 50°C for 24h and PyNP-Y04 concentration of 0.5 mg/mL. 

4.5 High performance liquid chromatography (HPLC) 

Nucleosides and nucleobases were separated using a reversed phase 

C18 column (Kinetex 150x 4.6 mm, Phenomenex). HPLC analysis was 

performed as previously reported (method A) (Szeker et al., 2012). The 

conversion percentage of nucleosides was calculated as described 

previously (Formula 2) (Zhou et al., 2013). For the synthesis of 5-EU 

nucleoside analogues HPLC analysis was performed with the following 

gradient: from 97% 20 mM ammonium acetate and 3% acetonitrile to 72% 

20 mM ammonium acetate and 28% acetonitrile in 11 min (method B). 

Retention times (RT) according to both methods are described in Table 5. 

Standard deviations were calculated from at least 3 independent 

experiments unless otherwise specified. 

Table 5. Retention times (RT) of nucleosides and nucleobases using both HPLC 

methods. 

Compound 
RT [min] 

 Method A Method B 
Uridine 3.2  ––– 
Uracil 2.7 2.9 

Thymidine 4.7 5.6 
Thymine 3.7 4.3 

Ara-U 3.5 ––– 
2FAra-U 4.5 5.3 
2FRib-U 4.3 5.0 
dAdo ––– 6.2 
Ade ––– 4.6 
5-EU ––– 4.4 
EdU ––– 4.1 

2FAra-EdU ––– 4.1 
2FRib-EdU ––– 4.1 
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Formula 2. 

Conversion % =
Conc. of the product [mM]

Conc. of the product [mM] +  Conc. of the substrate [mM]  
×  100 

4.6 Thin layer chromatography (TLC)  

Pentose-1Ps, nucleosides and nucleobases were analyzed by TLC on 

silica plates (Merck). 2 µl of standard mixture and samples from different 

time points were loaded on the silica plates. 10 mM standard solution was 

used unless otherwise specified. A solvent mixture of  

n-propanol, ammonia and H2O was used in a ratio of 11 : 2 : 7 (Halmann 

et al., 1969) for Rib-1P and dRib-1P reactions (mobile phase A), and in 

a ratio of 11 : 2 : 5 for Ara-1P, 2FRib-1P and 2FAra-1P (mobile phase B).  

Nucleoside and nucleobase signals were detected by UV light at 254 nm 

(Merck). Rib-1P, dRib-1P, Ara-1P were detected colorimetrically using 

p-anisaldehyde-sulphuric acid solution (Stahl et al., 1961). Inorganic 

phosphate as well as 2FRib-1P and 2FAra-1P were detected using Hanes 

reagent (Stanley, 1964). Silica plates were sprayed with the respective 

solutions and incubated in an oven at 110°C for 5 - 15 min. Retention 

factor (Rf) values were calculated (Table 6). 

Table 6. Retention factor (Rf) values of tested compounds on TLC. 

Compound 
Rf Value 

(Mixture A) Compound Rf Value 
(Mixture B) 

Uridine 0.6 Ara-U 0.7 
Uracil 0.7 Uracil 0.7 
Rib-1P 0.4 Ara-1P 0.3 
Ribose 0.5 Arabinose 0.4 

Thymidine 0.7 2FAra-U 0.7 
Thymine 0.7 2FAra-1P 0.3 
dRib-1P 0.3 2FRib-U 0.7 

Deoxyribose 0.6 2FRib-1P 0.3 
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4.7 Densitometric analysis using ImageJ 

Densitometric analysis of the TLC was performed using ImageJ software 

(National Institute of Health, USA, http:// www.imagej.nih.gov/ij). The 

TLC silica plates were treated as described in section 4.6. The 

intensities of the bands on the TLC silica plates were measured and 

plotted against the fractions using Sigma-plot 11.0.  
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5 Results 

With the aim of the synthesis and purification of Pentose-1Ps and their 

further application in nucleoside analogues synthesis, the structure of this 

work was built and illustrated in scheme 2. To establish the enzymatic 

reaction, three new thermostable PyNPs were characterized for their 

temperature optima, enzyme affinity and catalytic efficiency. Their activity 

towards the sugar-donor nucleosides was evaluated. Accordingly, the 

suitable enzymes were chosen for the synthesis of Pentose-1Ps.  

To synthesize the modified Pentose-1Ps, first, reaction conditions were 

evaluated and optimized for the natural Pentose-1Ps; Rib-1P and 

dRib-1P. Evaluated conditions were the phosphate and the substrate 

concentrations. Moreover, for each modified Pentose-1P, reaction 

temperature and duration were evaluated (Paper-III). The five 

Pentose-1Ps were purified by precipitation as Barium salts. Additionally, 

chromatographic purification was examined as an alternative purification 

approach.  

Finally, three of the synthesized Pentose-1Ps; dRib-1P, 2FRib-1P and 
2FAra-1P, were employed in the synthesis of 5-EU nucleoside derivatives 

by direct glycosylation reaction. Yields from the direct glycosylation 

reaction were compared with yields obtained from the traditional 

transglycosylation reaction.   



Enzymatic Synthesis of Pentose-1-Phosphate                                 Sarah Kamel 
 

58                                                                            Results                                                                                                                                                               

 

5.1 Characterization of thermostable NPs        

5.1.1 Thermal characterization of PyNPs 

Three new thermostable pyrimidine nucleoside phosphorylases; 

PyNP-Y01, PyNP-Y04 and PyNP-Y05, were characterized for their 

temperature profile (Figure 7). The highest activity for PyNP-Y01 was 

measured at 80°C and was set to 100%. There was no significant loss of 

activity at lower temperatures. The relative calculated activity of 

Scheme 2. Schematic presentation showing the structure of the current 
work.  
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PyNP-Y01 at 20°C was 81%. However, upon increasing the temperature 

to 90°C and 100°C, a drastic loss of activity was observed and was 

calculated to be 26% and 2%, respectively.  

The activity of PyNP-Y04 increased with increasing the temperature to the 

highest tested temperature (100°C). The activity was slightly increasing 

between 20°C and 70°C followed by a significant rise of activity starting 

from 80°C. 

The activity of PyNP-Y05 showed a uniform bell-shaped curve with the 

maximum activity at 50°C and almost complete loss of activity (6%) at 

70°C. At temperatures below 50°C, the activity was gradually decreasing 

with temperature.  

 

 

 

 

 

 

 

Figure 7. Relative activity of the tested PyNPs at different temperatures. 
The temperature optima were determined using uridine as a substrate and 

enzyme concentration of 50 µg.ml-1. The reaction was stopped after 10 minutes 

and the highest activity was set to 100% for each enzyme. Error bars show the 

standard deviation of three independent samples. If error bars are not seen the 

difference is very small.  
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5.1.2 Kinetic parameters of PyNPs 

The kinetic parameters of the thermostable PyNPs, PyNP-Y01, 

PyNP-Y04, PyNP-Y05 were determined in 10 mM KP buffer. The results 

and the reaction conditions are summarized in Table 7. The three tested 

enzymes showed higher affinity (low Km values) to Urd compared to Thd. 

PyNP-Y04 showed the better substrate affinity among the three enzymes 

which was reflected by the lowest Km values for both Urd and Thd. 

However, the Kcat/Km ratio which best describe the enzyme catalytic 

efficiency showed different pattern. The Kcat/Km ratio of PyNP-Y01 is the 

best (highest values) compared to all tested PyNPs. PyNP-Y01 has better 

affinity (Km value) and better catalytic efficiency (Kcat/Km value) towards 

Urd compared to Thd. The results showed that all three tested enzymes 

are more specific to Urd than Thd with at least 1.5 folds as was the case 

in PyNP-Y04. PyNP-Y05 showed a more prominent specificity to Urd than 

Thd (9 folds). 

5.1.3 Substrate specificity of PyNPs 

The specific activity of the four nucleoside phosphorylases were tested 

against the substrates of interest that would later be used for the 

Pentose-1P synthesis. Our results (Table 8) showed both enzymes 

(PyNP-Y01 and -Y04) have comparable activities towards all tested 

substrates. PyNP-Y05 showed very low or no activity towards the modified 

substrates 2FRib-U and 2FAra-U.  
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Table 8. Activity of PyNPs towards natural and modified pyrimidine nucleosides. 

NT: Not tested 
ND: No detected product peak 
Reactions were done at 1mM substrate in 10 mM KP buffer pH 7 unless 
otherwise specified.  
a 1mM substrate in 50 mM KP buffer pH 7. 
b 20 mM substrate in 100 mM KP buffer pH 7 
 

5.2 Pentose-1Ps synthesis and purification 

5.2.1 Optimization of reaction and purification conditions for 
the synthesis of Pentose-1Ps 

5.2.1.1 Impact of phosphate on the final bioconversion yield of PyNP 

catalyzed phosphorolysis reactions 

The impact of varying phosphate concentrations on the final product yields 

of the enzymatic reaction was examined (Figure 8). Two sets of 

experiments were conducted, in one set the phosphate concentration was 

kept constant at 500 mM whereas, the substrate concentration was 

increased from 50 mM to 100 mM and 200 mM (Figure 8A). In the second 

set of experiments, the phosphate concentration was increased from 

100 mM to 750 mM while maintaining the substrate concentration 

constant at 100 mM for Thd or 50 mM for Ara-U and 2FRib-U (Figure 8B).  

Enzyme 

Enzyme activity [conversion %] 

Urd Thd Ara-U 2FRib-U 2FAra-U 

PyNP-Y01 90% a 27% 82% 74% 28% 

PyNP-Y04 91% a 32%a 65% 65% 45% 

PyNP-Y05 40% 2% NTb 5%b NDb 
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Using PyNP-Y02 as a biocatalyst, the percentage of phosphorolysis of 

Thd after 1h increased from 30% to 50%, 55% and 60% at 100 mM, 

250 mM, 500mM and 750 mM KP, respectively (Figure 8B). The amount 

of Ara-U phosphorolyzed increased from 55% to 70% with increasing the 

phosphate concentration from 100 mM to 750 mM. While the percentage 

of phosphorolyzed 2FRib-U was increased from 55% to 70%, 75% and 

78% upon increasing the KP concentration from 100 mM to 250 mM, 

500 mM and 750 mM, the equilibrium was not reached after 24h reaction. 

PyNP-Y04 was used for the phosphorolysis of both substrates, Ara-U and 

2FRib-U.  

The higher the ratio between the substrate and the phosphate 

concentration the better was the percentage of phosphorolysis. The 

highest examined ratio of substrate to phosphate was 1:15 (50 mM 

substrate: 750 mM KP). This showed the highest phosphorolysis 

percentage compared to the other tested reaction conditions for both 

substrates; Ara-U and 2FRib-U (Figure 8B). For the phosphorolysis of Thd, 

the highest examined ratio was 1:10 (50 mM Thd: 500 mM KP) 

(Figure 8A). 65% of Thd was phosphorolyzed under these conditions, 

whereas the lowest tested ratio was 1:1 (100 mM Thd: 100 mM KP) and 

the percentage of phosphorolysis was 36% (Figure 8B). The same 

pattern was as well observed for Urd phosphorolysis. The percentage of 

phosphorolysis was decreased from 70% to 30% upon lowering the ratio 

of 1:10 (50 mM Urd: 500 mM KP) to 1: 2.5 (200 mM Urd: 500 mM KP) 

(Figure 8A).  
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5.2.2 Enzymatic synthesis and chemical purification of 
Pentose-1Ps   

Rib-1P, dRib-1P, Ara-1P, 2FAra-1P and 2FRib-1P were enzymatically 

synthesized. The details of the synthesis and purification are shown and 

discussed in detail in paper III. 

First, Rib-1P and dRib-1P were synthesized and purified as per the 

published protocol (Fateev et al., 2015). Details of the initial synthesis 

conditions are described in Paper III, enzymatic bioconversion and yields 

after barium precipitation are shown in Paper III, Figure 1A and 1B. 

Afterwards, the protocol was optimized. The ratio that showed the highest 

bioconversion (50 mM substrate and 500 mM KP) was used and 

Figure 8. Effect of phosphate concentration on the phosphorolysis of 
nucleosides. (A) Phosphorolysis [%] of different concentrations of Urd and Thd 

at a constant KP concentration (500 mM, pH 7) after 6h. 0.1 mg/ml PyNP-Y02 

was used in a concentration of 0.1mg/ml at 50°C. (B) Phosphorolysis [%] of Thd 

(100 mM), Ara-U (50 mM) and 2FRib-U (50 mM) after 24h in different 

concentrations of KP buffer pH 7. For Thd phosphorolysis, 0.1 mg ml-1 PyNP-Y02 

was used at 50°C. For the phosphorolysis of AraU and 2FRib-U, 0.5mg ml-1 

PyNP-Y04 was used at 80°C. Error bars show the standard deviation of three 

independent samples. If error bars are not seen the difference is very small. 
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Pentose-1P purification as barium salt was carried out. Surprisingly, no 

Pentose-1P-Ba salt was obtained after purification. Thus, different 

substrate to phosphate ratios were examined, 1:5 and 1:2.5. Although by 

decreasing the ratio of substrate to phosphate, the bioconversion is as 

well decreased as discussed above in section 5.2.1, yet the purified 

Pentose-1P-Ba salt yield increased as shown in Paper III, Figure 2. The 

highest yield of Pentose-1P-Ba salt was obtained with 200 mM substrate 

and 500 mM KP (Figure 9A). 

Accordingly, conditions for Ara-1P, 2FRib-1P and 2FAra-1P were chosen to 

be 200 mM substrate and 500 mM KP. Using these conditions and 

PyNP-Y04 as biocatalyst, the obtained bioconversion of Ara-1P, 2FRib-1P 

and 2FAra-1P was 37% after 24h, 34% and 27% after 72h respectively. 

The yield of the barium salts of these three sugars were 13% for 

Ara-1P-Ba salt and 23% for both 2FRib-1P-Ba and 2FAra-1P-Ba salts 

(Figure 9B). 

 The structure of all synthesized Pentose-1P-Ba salts were confirmed by 

NMR spectroscopy and their stability was evaluated at different pH values 

and different temperatures. Detailed results are presented in paper III.  
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5.2.3 Chromatographic purification of Pentose-1Ps 

The co-precipitation of Pentose-1Ps from Pi was widely described in 

literature (Florkin et al., 1963). In an attempt to improve the purification 

process to separate Pentose-1Ps from Pi, different chromatographic 

methods were tested. The separation of Ara-1P from the reaction mixture 

of Ara-U, Ura and Pi was used to test the different chromatographic 

methods. The tested methods were size exclusion (sephadex G-10), ion 

exchange (quaternary ammonia [-CH2N+(CH3)3]) and adsorption (silica 

gel) chromatography. 

5.2.3.1 Size exclusion chromatography  

Sephadex-G10 was used for the separation of Ara-1P from the reaction 

mixture. Two trials were conducted and the difference between both was 

the column length. It was 43 cm in the first trial and 119 cm in the second. 

The separation of the Ara-1P and Pi was improved upon increasing the 

column length, however a complete separation was not achieved.  

Figure 9. Yields of Pentose-1Ps after biosynthesis and purification as 
Barium salt. (A) Results shown for Rib-1P and dRib-1P are from the final 

optimized conditions (200mM nucleoside and 500 mM KP buffer, pH 7) PyNP-

y02 was use at concentrations of 0.1 mg ml-1 and 0.5 mg ml-1 for Rib-1P and 

dRib-1P, respectively, and reaction temperature of 50°C and 40°C, respectively. 

(B) Modified Pentoses-1P were synthesized from their corresponding 

nucleosides (200 mM) in the presence of 500 mM KP and 0.5 mg ml-1 PyNP-

Y04. Reaction temperatures were 80°C for the synthesis of Ara-P and 2FAra-1P 

and 65°C for the synthesis of 2FRib-1P. Error bars show the standard deviation 

of three independent samples. If error bars are not seen the difference is very 

small. 
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In the first trial, the total number of fractions collected were 82. Ara-1P 

was the first to be eluted and it was detected in fractions 2 – 38. Pi was 

co-eluting with Ara-1P starting from fraction 7. It was detected until fraction 

38. Thus, only 5 out of 37 fractions contained pure Ara-1P free from Pi 

(Figure 10A). Ara-U and Ura were eluted later with no interference with 

Ara-1P fractions.  

To improve the separation of the Ara-1P and Pi, a longer column (119 cm) 

was used. A total of 94 fractions were collected and Ara-1P was eluted in 

fractions 2– 36. Again, Pi was co-eluted with Ara-1P starting from fraction 

16. Pi was detected until fraction 43. Thus, the elution of Pi was shifted to 

later retention times with increasing the column length. The number of 

fractions containing Ara-1P free from Pi increased to 14 out of 35 fractions 

(Figure 10B) 

Figure 10. Application of size exclusion chromatography for the 
purification of Ara-1P using sephadex G-10. (A) The first separation 

experiment was performed with a column length of 43 cm. In total 82 fractions 

were collected. (B) Improved separation of Ara-1P from Pi, with a column length 

of 119 cm. The relative density of the TLC was measured using imageJ software. 
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5.2.3.2 Ion exchange chromatography 

For the ion exchange chromatography, a Resource-Q column was used 

at an Äkta™ avant system. Creating a charge difference between Ara-1P 

and Pi was important to achieve a good separation. Analyzing the 

ionization pattern of Ara-1P and Pi, it was concluded that the maximum 

charge difference was at pH 1, 6.2 and 14 (Figure 11A). Thus, different 

experimental trials were conducted at pH 6.2. 

The reaction mixture was applied to the column in a concentration of 

37 µmol and 162 µmol of Ara-1P and Pi, respectively. The elution was 

done by gradually increasing the concentration of NaCl to a final 

concentration of 1 M.  

 In total, 245 fractions were collected; 15 were collected during the column 

wash and 230 were collected during elution. Ara-U and Ura were detected 

in the washing fractions 3 – 7. No traces of Ara-U or Ura were detected in 

any of the elution fractions. For the remaining 230 fractions, only 111 were 

analyzed as Ara-1P was totally eluted in fractions 38 – 54. Pi was eluted 

in fractions 41 until the last analyzed fraction 111 (Figure 11B). 

Figure 11. Application of ion exchange chromatography for the purification 
of Ara-1P using Resource Q column (quaternary ammonia). (A) Charge 

difference between Ara-1P and Pi at different pH values. Ionization pattern of 

both molecules was predicted using Chemicalize, a product of ChemAxon 

(https://chemicalize.com). (B) Separation pattern of Ara-1P and Pi. The relative 

density of the bands on the TLC plates was calculated using imageJ software. 
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5.2.3.3 Adsorption normal phase chromatography 

Normal phase chromatography using silica gel beads was applied for the 

separation of Ara-1P and Pi. Pre-experimental trials were initially 

conducted on TLC. Seven different mobile phases were investigated to 

test the separation of the reaction mixture’s components. Preliminary 

results showed that the best separation of Ara-1P and Pi was obtained 

upon using Dioxane: n-propanol: NH3: H2O (4:2:3:4), however, due to the 

toxicity of the Dioxane, the second-best mobile phase, 

n-propanol: H2O: NH3 (11:5:2), was used for the column chromatography.  

Two experiments were conducted having a difference in the column 

volume (CV). The separation was significantly improved upon increasing 

the CV from 16 ml to 88 ml as well as doubling the column height. In the 

first experiment, a total of 45 fractions were collected (Figure 12A). Ara-U 

and Ura were eluted in the first 5 and 8 fractions, respectively. Ara-1P was 

co-eluted with them starting from fraction 2. Ara-1P was detected until 

fraction 30. Pi on the other hand was eluted in fractions 13 to 45. 

Accordingly, fractions containing Ara-1P free from Pi were 11 fractions 

(fractions 2 – 12).  

In the second experiment, Ara-1P elution started in fraction 18 right after 

the complete elution of Aa-U and Ura that were eluted in fractions 1 – 9. 

Ara-1P was detected until fraction 78 with a total of 60 fractions. Pi was 

eluted in fraction 64 to 180. Hence, the number of fractions where Pi and 

Ara-1P were co-eluted were only 15 (Figure 12B). 45 fractions contained 

pure Ara-1P free from Pi. 

To test the feasibility of using the chromatographically purified Ara-1P for 

the synthesis of nucleoside. All the pure fractions containing Ara-1P were 

collected. After evaporation of the mobile phase, Ara-1P was precipitated 

as Barium salt in the presence of ethanol and was then used for the 

synthesis of 9-(β-D-arabinofuranosyl)adenine (Ara-A). The biosynthesis 
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of Ara-A was 48% while it was 94% upon using the chemically purified 

Ara-1P-Ba. The decrease in the yield of Ara-A might be due to the 

interference of the residual amounts of the mobile phase with the 

enzymatic synthesis. Prolonged washing of Ara-1P before Barium 

precipitation might prevent such interference.  

 

5.3 Synthesis of nucleoside analogues by 
transglycosylation and glycosylation approaches  

EdU, 2FRib-EdU and 2FAra-EdU nucleosides were enzymatically 

synthesized by NPs through the transglycosylation and the direct 

glycosylation approaches. The obtained biosynthesis yields were 

compared. 

Figure 12. Application of adsorption normal phase chromatogram for the 
purification of Ara-1P using silica gel. (A) First experimental trial where only 

few fractions contained pure Ara-1P with no contamination of other reaction 

components. The column volume was 16 ml and the total number of fractions 

obtained were 45 fractions. (B) Improved separation of Ara-1P from Pi by 

increasing the column volume to 88 ml, the total number of fractions containing 

pure Ara-1P were 45 fractions. The relative density of the bands on TLC plates 

was measured using imageJ software.   
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For the transglycosylation, Thd, 2FRib-U or 2FAra-U, were used as the 

sugar donors (nucleoside 1-sugar donor) and 5-EU nucleobase as the 

sugar acceptor, thermostable NPs were used as the biocatalyst. On the 

other hand, for the direct glycosylation reaction, the enzymatically 

synthesized dRib-1P, 2FRib-1P, and 2FAra-1P were used. Upon applying 

the transglycosylation approach, the biosynthesis yield of EdU, 2FRib-EdU 

and 2FAra-EdU after 30h was 41%, 18% and 0% respectively, whereas 

that from the direct glycosylation approach was 60% for EdU after 4h and 

47% and 51% for 2FRib-EdU and 2FAra-EdU, respectively, after 24h 

(Figure 13).  Detailed results of both synthesis approaches are presented 

in paper IV. 

 

 

 

 

 

 

 

Figure 13. Nucleoside synthesis using transglycosylation and 
glycosylation approach. Transglycosylation reactions were performed at 40°C 

for 30 h. 10 mM sugar donor, 1 mM sugar acceptor and 5U of PyNP-Y04 in 2 

mM potassium phosphate (KP) buffer (pH 7) were used for the synthesis of 

modified nucleoside analogues. Pentose-1P and nucleobase (sugar acceptor) 

were used in a ratio of 2:1 and PyNP-Y04 was used at a concentration of 0.5 mg 

ml-1 Error bars show the standard deviation of three independent samples. If 

error bars are not seen the difference is very small. 
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6 Discussion 

Five Pentose-1Ps were enzymatically synthesized and purified as their 

barium salts by precipitation or chromatographic purification methods. 

Rib-1P, dRib-1P, Ara-1P, 2FRib-1P and 2FAra-1P were produced in gram 

scale from their corresponding nucleosides using thermostable PyNPs. 

Up to our knowledge, this is the first report on the enzymatic synthesis of 

2FRib-1P, and 2FAra-1P using thermostable nucleoside phosphorylases. 

Additionally, the enzymatic synthesis and enhanced chemical purification 

approach of Ara-1P is reported as well. The presented study is a basis for 

the application of Pentose-1P as a universal glycosylating agent. 

Furthermore, natural and modified Pentose-1Ps can be used for extensive 

metabolic studies. 

To be able to produce a wide spectrum of Pentose-1Ps and nucleoside 

analogues, thermostable nucleoside phosphorylases; PyNP-Y01, 

PyNP-Y04 and PyNP-Y05, were characterized for their temperature 

optima and substrate affinity. Reaction temperature is a critical factor in 

the synthesis of Pentose-1Ps as higher reaction temperatures can 

facilitate enzymatic reactions or on the opposite lead to the degradation 

of substrate or product. PyNP-Y01, PyNP-Y05, and PyNP-Y04 were 

obtained from organism having an optimum growth temperature of 50°C 

for the first two and 80°C for the latter. The activity of PyNP-Y01 and 

PyNP-Y05 was drastically lost at temperatures above the optimum 

(Figure 7). This might be due to the breaking of hydrogen bonds which 

are responsible for protein stabilization (Pace et al., 2014). Hence, protein 

unfolding and loss of activity. Moreover, the noticed low activities of 

PyNP-Y04 and PyNP-Y05 at suboptimal temperatures could be explained 

by the conformational rigidity at low temperatures (Eisenmesser et al., 

2002).  
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The thermal stability of enzymes is attributed to several factors including 

higher content of hydrogen bonds and/or salt bridges, increased 

compactness and hydrophobicity (Das et al., 2000; Kumar et al., 2000; 

Razvi et al., 2006). Salt bridges arise from the interactions between 

negatively charged carboxylate ion (RCOO-) of glutamate (E) or aspartic 

acid (D) and the positively charged ammonium or guanidium groups 

(RNH3
+ or RNHC(NH2)2

+ groups) of lysine (K) and arginine (R), 

respectively. Hence, a higher content of E, K, R, valine (V) and 

isoleucine (I) residues was observed in thermostable enzymes. In 

contrast, the number of glutamine (Q) and asparagine (N) residues is low 

since they are more labile to deamination which decrease the stability. 

The sequences of different PyNPs and TPs from diverse organisms were 

analyzed and compared to the three PyNPs studied in this work (Table 9). 

Analyzed enzymes had temperature optima ranging from 37°C - 100°C. 

Among all analyzed PyNPs and TPs, TtPyNP had the best parameters for 

the thermophilic signature. It showed the highest amounts of E and R 

(10.2% and 8.5%, respectively) and the lowest amounts of Q and N (0.9% 

and 0.5% respectively). Additionally, it has the highest number of salt 

bridges among all analyzed sequences. These features are well correlate 

with the thermal stability of TtPyNP at 80°C (Szeker et al., 2012). Enzyme 

half-life as reported at this temperature was more than 24h. 

Although PyNP-Y04 and TtPyNP have very close temperature optima, yet 

PyNP-Y04 showed decreased amounts of E (9.3%), R (2.9%), V (7.3%) 

compared to TtPyNP (E=10.2, R=8.5 and V=8%). PyNP-Y04, however, 

had higher content of residues K (7.3%) and I (7%) compared to TtPyNP’s 

(K=5.2%, I=2.8%). Despite the differences in the individual residues, the 

overall percentages of the amino acids that determine the thermophilic 

signature is very close. The percentages are 33.8% and 34.7% for 

PyNP-Y04 and TtPyNP, respectively. 
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Compared to E. coli TP (EcTP), PyNP-Y04 has a higher amount of amino 

acid residues required for the enzyme thermostability which is 33.8% 

compared to 29.8%. Additionally, lower amounts of amino acid residues 

that contribute to enzyme destabilization were observed with values of 

3.5% and 5.2% for PyNP-Y04 and EcTP, respectively (Table 9). The 

number of salt bridges of PyNP-Y04 is elevated compared to the three 

analyzed mesophilic enzymes. 

PyNP-Y01 was among the thermophilic enzymes with the highest number 

of salt bridges (172) which might have contributed to the sustained activity 

over a wide range of temperatures (Figure 7). In contrast, the amino acid 

residues’ analysis showed the lowest total content of amino acids required 

for thermophilic signature (27.4%) compared to all analyzed sequences. 

Mycoplasma hyorhinis pyrimidine nucleoside phosphorylase (MhPyNP) 

showed the highest total content of the same residues (38.3%) among all 

analyzed sequences, despite being a mesophilic enzyme (Voorde et al., 

2012). Nonetheless, it showed the highest content of the amino acid 

residues as well that are susceptible to deamination (8.4%), and thus 

protein destabilization. 

A decreased protein volume has been reported to increase the stability of 

proteins under pressure (Chen et al., 2015). Some reports also attributed 

the reduced protein volume to thermal stability (Kumar et al., 2000; Razvi 

et al., 2006). Compared to EcTP, both PyNP-Y01 and PyNP-Y05 showed 

a decreased Van der Waal volume (intrinsic volume of the protein) and 

packing density. This is in good accordance with the suggested 

hypothesis. In contrast, the packaging density was reduced for PyNP-Y04. 

The Van der Waal volume, however, was higher compared to EcTP. This 

observation might correlates with the assumption that protein packing is 

not an essential factor for thermal stability (Karshikoff et al., 1998). 
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The kinetic parameters of PyNP-Y01, PyNP-Y04 and PyNP-Y05 as well 

as their substrate affinities were evaluated. All tested enzymes showed 

higher affinity to Urd compared to Thd which was reflected by lower Km 

values. Based on the substrate spectrum, NPs are differentiated into 

PyNP (accepting both Urd and Thd), UP (specific for Urd) and TP (specific 

for Thd) (Pugmire et al., 2002). Kinetic parameters of PyNPs from different 

organisms with temperature optima between 37°C - 80°C were evaluated 

(Table 7). Most of the studied enzymes (including PyNP-01, -04 and -05) 

showed a higher affinity to Urd compared to Thd. Exceptions were 

GtPyNP and GsPyNP (Hori et al., 1989; Szeker et al., 2012). Both showed 

a higher affinity to Thd. The lowest described Km value for Urd was 92 µM 

observed with MhPyNP (Voorde et al., 2012, Table 7). The highest affinity 

for Thd was described for GsPyNP (Table 7), a Km value of 160 µM was 

determined (Hori et al., 1989). Compared to PyNPs, UP and TP were 

described to be specific for Urd and Thd, respectively. Hence, a higher 

affinity towards their specific substrates is expected. The assumption got 

confirmed for EcUP (Table 7). With a Km value of 80 µM (Panova et al., 

2004; Szeker et al., 2012), it was the lowest compared to values observed 

for PyNP. For EcTP, however, Km values of 190 to 300 µM were described 

in literature (Panova et al., 2004, 2007), which reflect a lower substrate 

affinity to Thd compared to GsPyNP as an example (Table 7). 

Phosphorolytic cleavage of Ara-U, 2FRibo-U and 2FAra-U is challenging 

due to strengthening of the N-glycosidic bond especially in the presence 

of a fluoro-group at the C2’ position (Szeker et al., 2012; Fateev et al., 

2014). Of the studied enzymes, PyNP-Y04 showed the highest activity 

against these three substrates. Up to our knowledge, only few reports 

showed the enzymatic cleavage of the above-mentioned substrates using 

thermophilic or mesophilic nucleoside phosphorylases. 

UPs from Enterobacter aerogenes (Ea) (Utagawa, Morisawa, Yamanaka, 

Yamazaki, Yoshinaga and Hirose, 1985) and Lactobacillus casei 
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(Avraham et al., 1990) and PyNP from Thermus thermophilus (Zhou, 

2014) were reported to accept Ara-U as a substrate and catalyze its 

phosphorolytic cleavage. EaUP catalyzed the reaction at 60°C with only 

10% of its activity toward the natural substrate Urd (Km value 1800µM). 

On contrary, LBcUP has almost the same activity (94.6%) as that of 

uridine at 37°C, however, LBcUP affinity towards uridine is low as 

demonstrated by the high Km value 38000 µM (Table 7). TtPyNP cleaved 

28% of Ara-U, at 80°C after 21h, to its respective base and Pentose-1P. 

This was achieved using a substrate to phosphate ratio of 1:10. Even 

though, a lower substrate to phosphate ratio (1:2.5) was used, the 

phosphorolytic cleavage of Ara-U using PyNP-Y04 was shown to 37% at 

80°C after 24h (Figure 9B). Citrobacter koseri (whole cell catalysis) was 

reported to use Ara-U as a sugar donor in transglycosylation reactions for 

the synthesis of different arabino-purine nucleosides. Reactions yielded in 

high percentage of final nucleosides, yet, no data on the cleavage 

percentage of Ara-U was reported (Nóbile et al., 2012).  

The phosphorolytic cleavage of 2FRibo-U using EcUP at 37°C was not 

possible. However, the reaction proceeded very slowly using EcTP at 

24000U and reaction periods up to 2 weeks (Tuttle et al., 1993). The same 

substrate was cleaved using GtPyNP at 60°C and the obtained cleavage 

was 0.45%. A better cleavage (65%) was reported with TtPyNP at 80°C 

after 17h using a ratio of substrate to phosphate of 1:10 (Szeker et al., 

2012). A cleavage of 72% with PyNP-Y04 was achieved after 24h using 

the same ratio and temperature (Figure 8B). TtPyNP was as well reported 

to catalyze the cleavage of 2FAra-U at 80°C. A conversion of 46% was 

achieved after 17h using a ratio of substrate to phosphate of 1:10 (Szeker 

et al., 2012). GtPyNP on the other hand was not able to utilize 2FAra-U as 

a substrate, the same was observed for PyNP-Y05 (Table 8). Whereas, 

PyNP-Y04 cleaved 27% of 2FAra-U at 80°C using a substrate to phosphate 

ratio of 1:2.5 (Figure 9B). The decreased phosphorolysis with PyNP-Y04 
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compared to TtPyNP is explained by the lower substrate to phosphate 

ratio. 

Therefore, the obtained results together with the previously published data 

support the hypothesis that thermostable PyNPs have a wider substrate 

spectrum. Thus, they would be better employed as biocatalysts in 

reactions with modified nucleosides.   

The implementation of the enzymatic synthesis approach was motivated 

by the drawbacks of chemical synthesis routes for both Pentose-1Ps and 

nucleoside analogues. One crucial advantage of the enzymatic synthesis 

is the exclusive formation of the α-anomer of Pentose-1Ps. In contrast, 

using chemical methods both anomers are formed as reported in the 

chemical synthesis of several Pentose-1Ps and summarized in Table 3. 

Elaborated discussion on the enzymatic synthesis and the purification of 

the Pentose-1P analogues is presented in paper III. 

Pentose-1Ps were successfully produced in a chemo-enzymatic process 

with purities > 95% in gram-scale. The enzymatic reactions are highly 

influenced by the ratio of phosphate to substrate. The higher the ratio, the 

higher the bioconversion. It was shown additionally that the starting 

concentration of the nucleoside is very crucial for final yield of the 

Pentose-1P-Barium salt. High nucleoside concentrations showed 

increased final Pentose-1P-Barium salt yields despite the decreased 

bioconversion percentages (Paper III – Figure 2). These results are 

attributed to the similar ionization pattern of Pentose-1Ps and phosphate 

leading to their co-precipitation in the presence of NH4Cl and MgCl2 

(Florkin et al., 1963). 
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Additional factors that influence the enzymatic reaction is the temperature. 

The higher the temperature, the faster is the reaction. However, the choice 

of the reaction temperature is affected by different factors. One important 

consideration is the stability of the substrate nucleoside and the produced 

Pentose-1P. For instance, 2FRib-U (substrate) is unstable at 80°C 

(enzyme optimum temperature) due to the release of HF group at the 

C2’-position leading to the formation of Anhydro-U and subsequent 

formation of Ara-U (Szeker et al., 2012). Thus, a reaction temperature of 

65°C was used instead. Another example is the instability of dRib-1P 

(product) at 60°C (enzyme optimum temperature), thus reaction was 

performed at 40°C. Therefore, the above considerations should be taken 

into account when preforming the reaction and additionally for the 

proceeding purification process. 

Chemical and chromatographic methods have been reported for the 

purification of sugar-phosphates. Despite the advancements made in both 

approaches most methods hold some disadvantages. One critical 

disadvantage of the chemical method is the co-precipitation of 

Pentose-1P with the Pi in the presence of  MgCl2 and NH4Cl2 (Florkin et 

al., 1963). Thus, investigating chromatographic purification approach was 

of interest. Most reported chromatographic methods focus on sugar-

phosphates generally (Groth et al., 1952; Lerner et al., 1968; Smrcka et 

al., 1988; Jeong et al., 2007) with only few focusing on Pentose-1P (Khym 

et al., 1954; Jones et al., 1960). Three main separation techniques 

seemed promising, none of which was reported to separate the 

Pentose-1P from the same reaction mixture of nucleoside, base and 

phosphate. Investigated methods were size-exclusion, ion-exchange and 

adsorption chromatography.  

Sephadex G-10 was previously reported for the separation of nucleosides, 

nucleotides and bases (Braun, 1967; Lerner et al., 1969). Braun showed 

the successful separation of nucleosides from their respective 
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mono-phosphate. It was as well reported for the separation of nucleobase 

from their corresponding nucleoside mono-phosphate derivatives (Braun, 

1967). The minimum size difference between the separated molecules 

was less than 100 Da. Nucleoside and nucleoside monophosphate 

showed a molecular weight of 244 Da and 322 Da, respectively. Using 

phosphate buffer, elution was in accordance to the molecular size, where 

larger molecules were eluted first (Braun, 1967). However, our results 

showed the earlier elution of Ara-1P (229 Da) and Pi (97 Da) and delayed 

elution of Ara-U (244 Da) (Figure 10A, B). This could be explained by the 

tight association of water molecules (mobile phase) to the phosphate 

group which increased the molecular mass of Ara-1P and Pi hence the 

earlier elution (Lerner et al., 1969). An Additional reason for the earlier 

elution of Pi, is the repulsion between the negatively charged Pi and 

carboxylate groups (gel matrix) which reduces the retention of Pi in the 

matrix’s pores. Although our results showed that an increased column 

length (119 cm) improved the separation of Pi and Ara-1P, complete 

separation, however, was not achieved (Figure 10B). 

Ion-exchange chromatography using Dowex-I have been reported to 

separate different sugar phosphates  from each other or from a mixture of 

nucleotides and inorganic phosphate (Groth et al., 1952; Jones et al., 

1960; Lerner et al., 1968). Therefore, a Resource-Q column was used 

which has the same functional group comparable to that of Dowex-I. A 

very poor separation of the Ara-1P and Pi was obtained (Figure 11B). 

This might be due to the similar ionization pattern of both molecules. The 

difference in the charge pattern was best seen at pH values of 1.5, 6.2 

and above 11 (Figure 11A). Due to acid liability of all Pentose-1Ps as 

shown in Paper III, and the column material upper pH limit (pH 12), 

experiments were conducted at pH 6.2. Jones and Burt (Jones et al., 

1960) demonstrated the separation of different phosphates of pentoses 

and hexoses from fish tissue extract at pH 8 - 2. The extract mixture 
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included glucose-1-phosphate, glucose-6-phosphate, ribose-5-

phosphate, ribose-1-phosphate and others. Additionally, their results 

showed that the physiological Pi interferes with the binding of the sugar-

phosphates to the column but not the elution. Using the same material, 

Dowex-I, the separation of ribose-5-phosphate from inorganic phosphate 

was reported using a gradient of monochloroacetate (Groth et al., 1952). 

A purity of 90 - 100% was achieved. The same result was not obtained in 

this study for the separation of Ara-1P and Pi using the described protocol. 

The most promising results for the chromatographic purification was 

obtained with adsorption chromatography using silica beads, which were 

in accordance with the results obtained with the TLC. Up to our 

knowledge, the use of normal-phase silica column chromatography is not 

described in literature for the separation of sugar phosphates and 

inorganic phosphate. Silica gel was, however, extensively reported for 

analytical studies of sugar phosphates, nucleosides and or nucleobases 

using TLC (Chittenden, 1972; Okumura, 1979; Choi et al., 1986; Timmons 

et al., 2008; Liu et al., 2015; Wen et al., 2016). Oukumura showed the 

separation of 1- or 6- monophosphate hexoses and 1,6-diphosphate 

hexoses on silica plates using a mixture of n-butanol - acetic acid - water 

as mobile phase (Okumura, 1979). Additionally, the separation of both 

anomeric forms of (D- and E-) of galactofuranose-1-phosphate was as well 

reported using silica gel plates (Chittenden, 1972). Although 100% 

separation between the Ara-1P and Pi was not achieved yet increasing 

the column volume resulted in a significant improvement of separation. 

This shows the potential of achieving a complete separation of Ara-1P and 

Pi by further optimization.  

Therefore, chromatographic purification is viable and valuable alternative 

to chemical purification approach. On one hand, it could be automated; 

thus, facilitate the purification process. On the other hand, the co-

precipitation of the Pentose-1P with the phosphate could be overcome. 
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In literature, major attention was given to the synthesis of C2-fluoro 

modified Pentose-1Ps. They are considered the building blocks for the 

corresponding purine and pyrimidine nucleoside analogues with clinical 

and biotechnological value (Mikhailopulo et al., 2011, 2013; Lapponi et al., 

2016; Seley-Radtke et al., 2018). Their broad spectrum of biological 

activities is due to the increased strength of the N-glycosidic bond caused 

by the addition of the fluorine group to the C2 position of the sugar moiety 

(Fateev et al., 2014; Elzagheid, 2016). Moreover, 5-ethynyluracil 

nucleoside derivatives, including 2FAra-EdU, were recently shown to be 

valuable tools for DNA/RNA labelling and cellular visualization (Neef et 

al., 2011, 2012, 2014). Like most of the nucleosides, 5-EU containing 

nucleoside derivatives are synthesized by tedious and laborious, multi-

steps chemical approaches (Shealy et al., 1986; Qu et al., 2011; Neef et 

al., 2012). Thus, up to our knowledge, the enzymatic synthesis of 5-EU 

nucleoside analogues by thermostable NPs is reported in the present 

study for the first time. EdU, 2FAra-EdU and 2FRib-EdU were of interest. 

Their enzymatic synthesis by two enzymatic synthesis approaches were 

compared. Transglycosylation reaction and direct glycosylation using the 

enzymatically synthesized Pentose-1Ps were analyzed. Both reactions 

were catalyzed by thermostable NPs. Using the transglycosylation 

approach, EdU was synthesized from Thd (sugar donor) with a maximum 

yield of 55% after 30 min. The percentage of formed EdU declined to 41% 

at the end of the reaction’s duration (30h) (Paper IV-Figure 1B). 

Differently, the percentage of formation of 2FRib-EdU and 2FAra-EdU was 

18% and 0% after 30h. However, using the direct glycosylation approach, 

the formation of these nucleosides increased to 60%, 47% and 51% 

respectively.  

During the transglycosylation reaction, the formation of the nucleoside 2 

(sugar acceptor) is influenced by the cleavage of nucleoside 1 (sugar 

donor). Thd, 2FRib-U and 2FAra-U were cleaved to their corresponding 
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Pentose-1P with 30%, 3% and 0.3%, respectively (Paper IV-Figure 1A). 

These results show that cleavage of 2FRib-U and 2FAra-U is not favorable 

under the transglycosylation conditions due to the low phosphate 

concentrations. Therefore, the availability of Pentose-1Ps and their use in 

the direct glycosylation of the nucleobase improved the synthesis of the 

three investigated nucleoside analogues. Detailed discussion on 5-EU 

nucleoside analogues is presented in paper IV. 

 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

84                                                                            Conclusion                                                                                                                                                               

7 Conclusion 

For modified nucleoside synthesis, the separation of both the 

phosphorolysis reaction and the glycosylation reaction offers the 

possibility of optimizing the conditions of each reaction separately. Which 

is considered as an advantage to maximize the final product yield. 

Meaning, for the phosphorolysis reaction, increasing the phosphate 

concentration to shift the equilibrium towards the synthesis of the 

Pentose-1P. This leads to a higher bioconversion percentages and higher 

yields of Pentose-1P. On contrary, for the glycosylation reaction, no 

phosphate should be added, in order to minimize the backward reaction. 

Hence, higher yield of the nucleoside of interest. One disadvantage of this 

approach is the extra needed purification step for the Pentose-1Ps. 

However, Pentose-1Ps are in fact interesting molecules to have in a pure 

form. Their availability will open doors for many metabolic and drug 

development studies.  

This work showed the possibility of synthesizing Pentose-1Ps with 

different modifications, and the presented protocol could be applied for the 

synthesis of differently modified Pentose-1P.   

Another important consideration for the NP catalyzed reactions, is the 

biocatalyst employed in the reaction. The use of thermophilic enzymes is 

shown to have advantages over the mesophilic ones. They are easily 

purified, durable, can well tolerate different modification thus are active 

against wider substrate spectrum. Accordingly, identifying and 

characterizing novel thermostable NPs will enable the synthesis of more 

diverse nucleoside analogues and will as well as facilitate the upscaling 

of the synthesis process. 
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8 Outlook 

With an increase of available NPs (both natural and engineered) an 

increased spectrum of nucleoside analogues can be produced by 

enzymatic synthesis. Thus, exploring different environments with diverse 

characteristics as hydrothermal vents, the ocean’s brine pools or oil 

reservoirs will lead to the identification of interesting enzymes candidates. 

We showed the feasibility of applying NPs to produce natural and modified 

Pentose-1P which are of increasing interest in the synthesis of 

nucleosides analogues and highly valuable compounds. A method was 

developed which can be easily transferred to production of other 

Pentose-1P analogues like C2-amino modified or C2- and C3-dideoxy-

modified compounds. The availability of diverse library of Pentose-1P will 

undoubtedly improve the enzymatic synthesis of many nucleoside 

analogues. Additionally, it would enhance our understanding of the 

mechanism of action and the mechanisms of binding of NPs to the 

different substrates and their accommodation to different modifications on 

the Pentose-1P by co-crystallization. Consequently, more insight into 

specific site mutations to engineer novel NPs. 

Improving the purification process from the traditional chemical way to the 

chromatographic purification will increase final product yields of 

Pentose-1Ps. Upscaling will be simplified, and cost-efficient industrial 

process could be developed. 

Modified Pentose-1Ps can be studied as drug molecules which could act 

as inhibitors for different enzymes involved in their metabolic process. 

Having these Pentose-1Ps and others in hand with high purity and as the 

physiological anomer (D- anomer) would encourage such metabolic 

studies. In time, this would drive us to better understanding of the 

physiological process and potentially a novel class of medication.  



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

86                                                                            References                                                                                                                                                               

9 References  

Agris, P. F. (2015). The importance of being modified: an unrealized code 
to RNA structure and function, RNA (New York, N.Y.), 21(4), pp. 552–554. 

Almendros, M., Berenguer, J. and Sinisterra, J.-V. (2012). Thermus 
thermophilus nucleoside phosphorylases active in the synthesis of 
nucleoside analogues, Applied and Environmental Microbiology, 78(9), 
pp. 3128–3135. 

Del Arco, J. and Fernández-Lucas, J. (2018). Purine and pyrimidine 
salvage pathway in thermophiles: a valuable source of biocatalysts for the 
industrial production of nucleic acid derivatives, Applied Microbiology and 
Biotechnology. Applied Microbiology and Biotechnology, (August). 

Avraham, Y., Grossowicz, N. and Yashphe, J. (1990). Purification and 
characterization of uridine and thymidine phosphorylase from 
Lactobacillus casei, Biochimica et biophysica acta, 1040, pp. 287–293. 

Bagarolo, M. L., Porcelli, M., Martino, E., Feller, G. and Cacciapuoti, G. 
(2015). Multiple disulfide bridges modulate conformational stability and 
flexibility in hyperthermophilic archaeal purine nucleoside phosphorylase, 
Biochim Biophys Acta, 1854(10), pp. 1458–1465. 

Berg, J. M., Tymoczko, J. L., Gatto, G. J. and Stryer, L. (2015). 
Biochemistry. 8th edn. New york: Kate Ahr Parker. 

Blank, J. G. and Hoffee, P. A. (1975). Purification and properties of 
thymidine phosphorylase from Salmonella typhimurium, Archives of 
Biochemistry and Biophysics, 265, pp. 259–265. 

Braun, R. (1967). Separation of bases, nucleosides and nucleotides on 
Sephadex G-10, biochem. biophys. Acta, 142, pp. 267–270. 

Bzowska, A., Kulikowska, E. and Shugar, D. (2000). Purine nucleoside 
phosphorylases: Properties, functions, and clinical aspects, 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   87 

Pharmacology and Therapeutics, 88(3), pp. 349–425. 

Cao, D. and Pizzorno, G. (2004). Uridine phosophorylase: An important 
enzyme in pyrimidine metabolism and fluoropyrimidine activation, Drugs 
of today, 40(5), pp. 431–433. 

Cappiello, M., Mascia, L., Scolozzi, C., Giorgelli, F. and Luigi, P. (1998). 
In vitro assessment of salvage pathways for pyrimidine bases in rat liver 
and brain, Biochimica et biophysica acta, 1425, pp. 273–281. 

Carteni’-Farina, M., Oliva, A., Romeo, G., Napolitano, G., De Rosa, M., 
Gambacorta, A. and Zappia, V. (1979). 5’-Methylthioadenosine 
phosphorylase from Caldariella acidophila. Purification and properties, 
Eur J Biochem, 101(2), pp. 317–324. 

Cattaneo, G., Rabuffetti, M., Speranza, G., Kupfer, T., Peters, B., 
Massolini, G., Ubiali, D. and Calleri, E. (2017). Synthesis of adenine 
nucleosides by transglycosylation using two sequential nucleoside 
phosphorylase-based bioreactors with on-line reaction monitoring by 
using HPLC, ChemCatChem, 9(24), pp. 4614–4620. 

Chen, C. R. and Makhatadze, G. I. (2015). ProteinVolume: Calculating 
molecular van der Waals and void volumes in proteins, BMC 
Bioinformatics, 16(1), pp. 1–6. 

Chittenden, G. J. F. (1972). Synthesis of B-D-galactofuranose 1-
phosphate, Carbohydrate Research, 25(1), pp. 35–41. 

Choi, H., Stoeckler, J. D. and Parks Jr., R. E. (1986). 5-Iodoribose 1-
phosphate, an analog of ribose 1-phosphate. Enzymatic synthesis and 
kinetic studies with enzymes of purine, pyrimidine, and sugar phosphate 
metabolism, The journal of bioligical chemistery, 261(2), pp. 599–607. 

Colowick, S. P. (1938). Synthetic mannose-1-phosphoric acid and 
galactose-1-phosphoric acid, Journal of Biological Chemistry, 124, pp. 
557–558. 

Cori, C. F., Colowick, S. P. and Cori, G. T. (1937). The isolation and 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

88                                                                            References                                                                                                                                                               

synthesis of Glucose-1-phosphoric acid, J Biol Chem, 121, p. 465. 

Costantini, S., Colonna, G. and Facchiano, A. M. (2008). ESBRI: A web 
server for evaluating salt bridges in proteins, bioinformation, 3(2), pp. 137–
138. 

Das, R. and Gerstein, M. (2000). The stability of thermophilic proteins : a 
study based on comprehensive genome comparison, pp. 76–88. 

Eisenmesser, E. Z., Bosco, D. A., Akke, M. and Kern, D. (2002). Enzyme 
dynamics during catalysis, Science, 295(5559), pp. 1520–1523. 

Elamin, Y. Y., Rafee, S., Osman, N., O′Byrne, K. J. and Gately, K. (2016). 
Thymidine phosphorylase in cancer; enemy or friend?, Cancer 
Microenvironment. Cancer Microenvironment, 9(1), pp. 33–43. 

Elzagheid, M. (2016). Synthesis and applications of sugar fluorinated 
nucleosides, International journal of current reseacrh and review, 8(13). 

Fateev, I. V., Kharitonova, M. I., Antonov, K. V., Konstantinova, I. D., 
Stepanenko, V. N., Esipov, R. S., Seela, F., Temburnikar, K. W., Seley-
Radtke, K. L., Stepchenko, V. A., Sokolov, Y. A., Miroshnikov, A. I. and 
Mikhailopulo, I. A. (2015). Recognition of artificial nucleobases by E. coli 
purine nucleoside phosphorylase versus its Ser90Ala mutant in the 
synthesis of base-modified nucleosides, Chemistry - A European Journal, 
21(38), pp. 13401–13419. 

Fateev, I. V, Antonov, K. V, Konstantinova, I. D., Muravyova, T. I., Seela, 
F., Esipov, R. S., Miroshnikov, A. I. and Mikhailopulo, I. A. (2014). The 
chemoenzymatic synthesis of clofarabine and related 2’-
deoxyfluoroarabinosyl nucleosides: the electronic and stereochemical 
factors determining substrate recognition by E. coli nucleoside 
phosphorylases, Beilstein journal of organic chemistry, 10(1), pp. 1657–
69. 

Florkin, M. and Stotz, E. H. (eds). (1963). Comprehensive biochemistry: 
Carbohydrates. Amesterdam. London. New York: Elsevier Inc. 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   89 

Friedkin, M. (1950). Desoxyribose-1-phosphate: II. The isolation of 
crystaline desoxyribose-1-phosphate, Journal of Biological Chemistry, 
184, pp. 449–460. 

Friedkin, M. and Kalckar, H. M. (1950). Desoxyribose-1-phosphate: I. the 
phosphorolysis and resynthesis of purine desoxyribose nucleoside, 
Journal of Biological Chemistry, 184, pp. 437–448. 

Friedkin, M. and Roberts, D. (1954). The enzymatic synthesis of 
nucleosides. II. Thymidine and related pyrimidine nucleosides, Journal of 
Biological Chemistry, 207(1), pp. 257–266. 

Galmarini, C. M., Mackey, J. R. and Dumontet, C. (2002). Nucleoside 
analogues and nucleobases in cancer treatment, Lancet Oncology, 3, pp. 
415–424. 

Gao, X. F., Huang, X. R. and Sun, C. C. (2006). Role of each residue in 
catalysis in the active site of pyrimidine nucleoside phosphorylase from 
Bacillus subtilis: A hybrid QM/MM study, Journal of Structural Biology, 
154(1), pp. 20–26. 

Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S., Wilkins, M. R., 
Appel, R. D. and Bairoch, A. (2005). Protein identification and analysis 
tools on the ExPASy server, in John M. Walker (ed): The Proteomics 
Protocols Handbook, Humana Press (2005), pp. 571–608. 

Giannecchini, M., Matteucci, M., Pesi, R., Sgarrella, F., Tozzi, M. G. and 
Camici, M. (2005). Uptake and utilization of nucleosides for energy 
repletion, International Journal of Biochemistry and Cell Biology, 37(4), 
pp. 797–808. 

Giorgelli, F., Bottai, C., Mascia, L., Scolozzi, C., Camici, M. and Ipata, P. 
L. (1997). Recycling of α-D-ribose 1-phosphate for nucleoside 
interconversion, Biochimica et Biophysica Acta - General Subjects, 
1335(1–2), pp. 16–22. 

Groth, D. P., Mueller, G. C. and Lepage, G. a. (1952). Ion exchange 
purification of ribose-5-phosphate., The Journal of biological chemistry, 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

90                                                                            References                                                                                                                                                               

199(1), pp. 389–391. 

Halmann, M., Sanchez, R. A. and Orgel, L. E. (1969). Phosphorylation of 
D-ribose in aqueous solution, The Journal of organic chemistry, 34(11), p. 
3702. 

Hamamoto, T., Noguchi, T. and Midorikawa, Y. (1996). Purification and 
characterization of purine nucleoside phosphorylase and pyrimidine 
nucleoside phosphorylase from Bacillus stearothermophilus TH 6-2, 
Biosci Biotechnol Biochem, 60(7), pp. 1179–1180. 

Hori, N., Watanabe, M., Yamazaki, Y. and Mikami, Y. (1989). Purification 
and characterization of thermostable Pyrimidine nucleoside 
phosphorylase from Bacillus stearothermophillus JTS 859, Applied and 
Environmental Microbiology, 54(3), pp. 763–768. 

Hussein, H. S., Kulkarni, K. S. and Shinde, S. N. (2011). Biocatalyst : 
Production , characteristics and future prospect, International journal of 
advanced engineering Technology, II(IV), pp. 502–505. 

Jensen, K. F. and Nygaard, P. (1975). Purine nucleoside phosphorylase 
from Escherichia coli and Salmonella typhimurium. Purification and some 
properties, European Journal of Biochemistry. Blackwell Publishing Ltd, 
51(1), pp. 253–265. 

Jeong, J. S., Kwon, H. J., Lee, Y. M., Yoon, H. R. and Hong, S. P. (2007). 
Determination of sugar phosphates by high-performance anion-exchange 
chromatography coupled with pulsed amperometric detection, Journal of 
Chromatography A, 1164(1–2), pp. 167–173. 

Jiménez, A., Santos, M. A. and Revuelta, J. L. (2008). Phosphoribosyl 
pyrophosphate synthetase activity affects growth and riboflavin production 
in Ashbya gossypii, BMC Biotechnology, 8(67). 

Jones, N. R. and Burt, J. R. (1960). The separation and determination of 
sugar phosphates, with particular reference to extracts of fish tissue, 
Analyst, 85, pp. 810–814. 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   91 

Jordheim, L. P., Durantel, D., Zoulim, F. and Dumontet, C. (2013). 
Advances in the development of nucleoside and nucleotide analogues for 
cancer and viral diseases, Nature reviews. Drug discovery. Nature 
Publishing Group, 12(6), pp. 447–464. 

Kalckar, H. M. (1947). The enzymatic synthesis of purine riboside, J Biol 
Chem, 167(2), pp. 477–486. 

Karshikoff, A. and Ladenstein, R. (1998). Proteins from thermophilic and 
mesophilic organisms essentially do not differ in packing, Protein 
Engineering Design and Selection, 11(10), pp. 867–872. 

Khym, J. X., Doherty, D. G. and Cohn, W. E. (1954). Ribose phosphates : 
Production from nucleotides, ion-exchange separation and 
characterization, Journal of the American Chemical SocietyAmerican, 
563(4). 

Kilstrup, M., Hammer, K., Jensen, P. R. and Martinussen, J. (2005). 
Nucleotide metabolism and its control in lactic acid bacteria, 29(April), pp. 
555–590. 

Komatsu, H., Awano, H., Fukazawa, N., Itou, K., Ikeda, I., Araki, T., 
Nakamura, T., Asano, T., Fujiwara, J., Ando, T., Tsuchiya, K., Maruyama, 
K., Umetani, H., Yamauchi, T. and Miyake, H. (2001). Process for 
selectively producing 1-phosphorylated sugar derivative anomer and 
process for producing nucleoside. United states. 

Komatsu, H. and Araki, T. (2005). Efficient chemo-enzymatic syntheses 
of pharmaceutically useful unnatural 2’-deoxynucleosides, Nucleosides, 
nucleotides & nucleic acids, 24(5–7), pp. 1127–1130. 

Komatsu, H. and Awano, H. (2002). First stereoselective synthesis of 2-
deoxy-alpha-D-ribosyl-1-phosphate: novel application of crystallization-
induced asymmetric transformation, The Journal of organic chemistry, 
67(15), pp. 5419–5421. 

Konstantinova, I., Antonov, K., Fateev, I., Miroshnikov, A., Stepchenko, 
V., Baranovsky, A. and Mikhailopulo, I. (2011). A chemo-enzymatic 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

92                                                                            References                                                                                                                                                               

synthesis of β-d-arabinofuranosyl purine nucleosides, Synthesis, (10), pp. 
1555–1560. 

Kumar, S., Tsai, C. and Nussinov, R. (2000). Factors enhancing protein 
thermostability, 13(3), pp. 179–191. 

Lapponi, M. J., Rivero, C. W., Zinni, M. A., Britos, C. N. and Trelles, J. A. 
(2016). New developments in nucleoside analogues biosynthesis: A 
review, Journal of Molecular Catalysis B: Enzymatic, pp. 218–233. 

Larson, E. T. et al. (2010). The crystal structure and activity of a putative 
trypanosomal nucleoside phosphorylase reveal it to be a homodimeric 
uridine phosphorylase, Journal of molecular biology. NIH Public Access, 
396, pp. 1244–59. 

Lerner, J. and Schepartz, A. I. (1968). Chromatographic separation of 
biologically important phosphate esters, Journal of Chromatography, 35, 
pp. 37–42. 

Lerner, J. and Schepartz, A. I. (1969). Selectivity properties of Sephadex 
gels in column chromatography of biologically important phosphate 
esters, Journal of Chromatography, 39, pp. 132–138. 

Levene, P. A. and Medigrecenau, F. (1911). On Nucleases, Journal of 
Biological Chemistry, 9(1), pp. 65–83. 

Lewkowicz, E. and Iribarren, A. (2006). Nucleoside Phosphorylases, 
Current Organic Chemistry, 10(11), pp. 1197–1215. 

Liu, P., Sharon, A. and Chu, C. K. (2008). Fluorinated nucleosides: 
synthesis and biological implication, J Fluor Chem. 2009/09/04, 129(9), 
pp. 743–766. 

Liu, Y., Nishimoto, M. and Kitaoka, M. (2015). Facile enzymatic synthesis 
of sugar 1-phosphates as substrates for phosphorylases using anomeric 
kinases, Carbohydrate Research. Elsevier Ltd, 401, pp. 1–4. 

MacDonald, D. (1962). A new route to glycosyl phosphates, The Journal 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   93 

of Organic Chemistry, 27(3), pp. 1107–1109. 

MacDonald, D. (1986). Separation of the anomers of glycosyl phosphates, 
Carbohydrate research, 6, pp. 376–381. 

MacDonald, D. L. and Fletcher, H. G. (1962). 2-Deoxy-D-ribose. VIII. 
Synthesis of the anomeric 2-deoxy-D-ribofuranose 1-phosphates, Journal 
of the American Chemical Society, 84(7), pp. 1262–1265. 

Maryanoff, B. E., Reitz, A. B. and Nortey, S. O. (1988). Synthesis of 
phosphates and phosphate isosteres of furanose sugars as potential 
enzyme inhibitors, Tetrahedron, 44(11), pp. 3093–3106. 

Mascia, L., Cotrufo, T., Cappiello, M. and Ipata, P. L. (1999). Ribose 1-
phosphate and inosine activate uracil salvage in rat brain, Biochimica et 
Biophysica Acta - General Subjects, 1472(1–2), pp. 93–98. 

Mascia, L., Cappiello, M., Cherri, S. and Ipata, P. L. (2000). In vitro 
recycling of α-D-ribose 1-phosphate for the salvage of purine bases, 
Biochimica et Biophysica Acta - General Subjects, 1474(1), pp. 70–74. 

Mikhailopulo, I. A., Zinchenko, A. I., Kazimierczuk, Z., Barai, V. N., Bokut, 
S. B. and Kalinichenko, E. N. (1993). Synthesis of 2-chloro-2’-
deoxyadenosine by microbiological transglycosylation, Nucleosides and 
Nucleotides. Taylor & Francis, 12(3–4), pp. 417–422. 

Mikhailopulo, I. A. (2007). Biotechnology of nucleic acid constituents - 
state of the art and perspectives, curr. org. chem, 11(4), pp. 317–335. 

Mikhailopulo, I. A. and Miroshnikov, A. I. (2010). New trends in nucleoside 
biotechnology, Acta Naturae, 2(2), pp. 36–59. 

Mikhailopulo, I. A. and Miroshnikov, A. I. (2011). Biologically important 
nucleosides: Modern trends in biotechnology and application, Mendeleev 
Communications, 21(2), pp. 57–68. 

Mikhailopulo, I. A. and Miroshnikov, A. I. (2013). Some recent findings in 
the biotechnology of biologically important nucleosides, Biotechnologia 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

94                                                                            References                                                                                                                                                               

Acta, 6(4), pp. 328–353. 

Nakajima, Y., Madhyastha, R. and Maruyama, M. (2009). 2-deoxy-D-
ribose, a downstream mediator of thymidine Pphosphorylase, regulates 
tumor angiogenesis and progression, Anti-Cancer Agents in Medicinal 
Chemistry, 9(2), pp. 239–245. 

Neef, A. B. and Luedtke, N. W. (2011). Dynamic metabolic labeling of DNA 
in vivo with arabinosyl nucleosides, PNAS, 108(51), pp. 20404–20409. 

Neef, A. B. and Luedtke, N. W. (2014). An azide-modified nucleoside for 
metabolic labeling of DNA, ChemBioChem, 15(6), pp. 789–793. 

Neef, A. B., Samain, F. and Luedtke, N. W. (2012). Metabolic labeling of 
DNA by purine analogues in vivo, ChemBioChem, 13, pp. 1750–1753. 

Nóbile, M., Médici, R., Terreni, M., Lewkowicz, E. S. and Iribarren, A. M. 
(2012). Use of Citrobacter koseri whole cells for the production of 
arabinonucleosides: A larger scale approach, Process Biochemistry. 
Elsevier Ltd, 47(5), pp. 2182–2188. 

Norman, R. A., Barry, S. T., Bate, M., Breed, J., Colls, J. G., Ernill, R. J., 
Luke, R. W. ., Minshull, C. A., McAlister, M. S. ., McCall, E. J., McMiken, 
H. H. ., Paterson, D. S., Timms, D., Tucker, J. A. and Pauptit, R. A. (2004). 
Crystal structure of human thymidine phosphorylase in complex with a 
small molecule inhibitor, Structure, 12(1), pp. 75–84. 

Okumura, T. (1979). Thin-layer chromatography of organic sulphates, 
phosphates and nitrates, Talanta, 26(2), pp. 171–173. 

Pace, C. N., Fu, H., Fryar, K. L., Landua, J., Trevino, S. R., Schell, D., 
Thurlkill, R. L., Imura, S., Scholtz, J. M., Gajiwala, K., Sevcik, J., 
Urbanikova, L., Myers, J. K., Takano, K., Hebert, E. J., Shirley, B. A. and 
Grimsley, G. R. (2014). Contribution of hydrogen bonds to protein stability, 
Protein Science, 23(5), pp. 652–661. 

Panova, N. G., Shcheveleva, E. V., Alexeev, C. S., Mukhortov, V. G., 
Zuev, A. N., Mikhailov, S. N., Esipov, R. S., Chuvikovsky, D. V. and 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   95 

Miroshnikov, A. I. (2004). Use of 4-Thiouridine and 4-Thiothymidine in 
studies on pyrimidine nucleoside phosphorylases, Molecular Biology. 
Kluwer Academic Publishers-Plenum Publishers, 38(5), pp. 770–776. 

Panova, N. G. G., Alexeev, C. S. S., Kuzmichov, A. S. S., Shcheveleva, 
E. V. V, Gavryushov, S. A. A., Polyakov, K. M. M., Kritzyn, A. M. M., 
Mikhailov, S. N. N., Esipov, R. S. S. and Miroshnikov, A. I. I. (2007). 
Substrate specificity of Escherichia coli thymidine phosphorylase, 
Biochemistry (Moscow), 72(1), pp. 21–28. 

Peng, Y. (2013). A practical synthesis of 2-chloro-2′-deoxyadenosine 
(Cladribine ) from 2’-deoxyadenosine, journal of chemical research, 37(4), 
pp. 213–215. 

Penglis, A. A. E. (1981). Fluorinated carbohydrates, Advances in 
carbohydrate chemistry and biochemistry, 38. 

Pérez, E., Pedro, S.-M., Jordaan, J., Blanco, M. D., Mancheño, J. M., 
Gago, F. and Fernández-Lucas, J. (2018). Enzymatic synthesis of 
therapeutic nucleosides using a highly versatile purine nucleoside 2’-
deoxyribosyltransferase from Trypanosoma brucei, ChemCatChem, 
(August). 

Petaccia, M., Gentili, P., Bešker, N., D’Abramo, M., Giansanti, L., Leonelli, 
F., La Bella, A., Gradella Villalva, D. and Mancini, G. (2016). Kinetics and 
mechanistic study of competitive inhibition of thymidine phosphorylase by 
5-fluoruracil derivatives, Colloids and Surfaces B: Biointerfaces, 140, pp. 
121–127. 

Prokofev, I. I., Lashkov, A. A., Gabdulkhakov, A. G., Balaev, V. V., 
Mironov, A. S., Betzel, C. and Mikhailov, A. M. (2018). Structural and 
functional analysis of pyrimidine nucleoside phosphorylases of the NP-I 
and NP-II families in complexes with 6-methyluracil, Crystallography 
Reports, 63(3), pp. 423–432. 

Pugmire, M. J. and Ealick, S. E. (1998). The crystal structure of pyrimidine 
nucleoside phosphorylase in a closed conformation, Structure (London, 
England : 1993), 6(11), pp. 1467–79. 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

96                                                                            References                                                                                                                                                               

Pugmire, M. J. and Ealick, S. E. (2002). Structural analyses reveal two 
distinct families of nucleoside phosphorylases, Biochemical Journal, 361, 
pp. 1–25. 

Qu, D., Wang, G., Wang, Z., Zhou, L., Chi, W., Cong, S., Ren, X., Liang, 
P. and Zhang, B. (2011). 5-Ethynyl-2’-deoxycytidine as a new agent for 
DNA labeling: Detection of proliferating cells, Analytical Biochemistry. 
Elsevier Inc., 417(1), pp. 112–121. 

Razvi, A. and Scholtz, M. J. (2006). Lessons in stability from thermophilic 
proteins ABBAS, Protein Science, 15, pp. 1569–1578. 

Rocchietti, S., Ubiali, D., Terreni, M., Albertini, A. M., Fernandez-Lafuente, 
R., Guisan, J. M. and Pregnolato, M. (2004). Immobilization and 
stabilization of recombinant multimeric uridine and purine nucleoside 
phosphorylases from Bacillus subtilis, Biomacromolecules. 2004/11/09, 
5(6), pp. 2195–2200. 

Savić, D., Stanković, T., Lavrnja, I., Podolski-Renić, A., Banković, J., 
Peković, S., Stojiljković, M., Rakić, L., Ruždijić, S. and Pešić, M. (2015). 
Purine nucleoside analogs in the therapy of cancer and 
neuroinflammation, Molecular inhibitors in targeted therapy, 1(1), pp. 3–
14. 

Schwartz, M. (1971). Thymidine phosphorylase from Escherichia coli 
properties and kinetics, European Journal of Biochemistry, 21(2), pp. 
191–198. 

Seley-Radtke, K. L. and Yates, M. K. (2018). The evolution of nucleoside 
analogue antivirals: A review for chemists and non-chemists. Part 1: Early 
structural modifications to the nucleoside scaffold, Antiviral Research, 
154(April), pp. 66–86. 

Serra, I., Bavaro, T., Cecchini, D. A., Daly, S., Albertini, A. M., Terreni, M. 
and Ubiali, D. (2013). A comparison between immobilized pyrimidine 
nucleoside phosphorylase from Bacillus subtilis and thymidine 
phosphorylase from Escherichia coli in the synthesis of 5-substituted 
pyrimidine 2 -deoxyribonucleosides, Journal of Molecular Catalysis B, 95, 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   97 

pp. 16–22. 

Shealy, Y. F., O’Dell, C. A., Arnett, G. and Shannon, W. M. (1986). 
Synthesis and antiviral activity of the carbocyclic analogues of 5-ethyl-2’-
deoxyuridine and of 5-ethynyl-2’-deoxyuridine, Journal of Medicinal 
Chemistry, 29(1), pp. 79–84. 

Smrcka,  a V and Jensen, R. G. (1988). HPLC separation and indirect 
ultraviolet detection of phosphorylated sugars, Plant physiology, 86(2), pp. 
615–618. 

Stahl, E. and Kaltenbacher, U. (1961). Donnschichtchromatographie VI. 
Mitteilung. Spurenanalyse von Zuckergemischen auf Kieselgur G-
Schichten, Journal of Chromatography, 5(1961), pp. 351–355. 

Stanley, C. W. (1964). Thin-layer chromatography of organophosphorus 
pesticides and acids on microchromatoplates, Journal of 
Chromatography, 16, pp. 467–475. 

Stincone, A. et al. (2015). The return of metabolism: biochemistry and 
physiology of the pentose phosphate pathway, Biol Rev Camb Philos Soc, 
90(3), pp. 927–963. 

Szeker, K., Zhou, X., Schwab, T., Casanueva, A., Cowan, D., 
Mikhailopulo, I. A. and Neubauer, P. (2012). Comparative investigations 
on thermostable pyrimidine nucleoside phosphorylases from Geobacillus 
thermoglucosidasius and Thermus thermophilus, Journal of Molecular 
Catalysis B: Enzymatic. Elsevier B.V., 84, pp. 27–34. 

Tang, Y., Ni, M. X., Wu, W. T., Sun, J. and Zhou, C. L. (2010). 
Biotransformation of the antitumor intermediate 5-fluorouridine by 
recombinant Escherichia coli with high pyrimidine nucleoside 
phosporylase activity, Biocatalysis and Biotransformation, 28(2), pp. 130–
136. 

Taran, S. A., Verevkina, K. N., Esikova, T. Z., Feofanov, S. A. and 
Miroshnikov, A. I. (2008). Synthesis of 2-chloro-2’-deoxyadenosine by 
microbiological transglycosylation using a recombinant Escherichia coli 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

98                                                                            References                                                                                                                                                               

strain, Applied Biochemistry and Microbiology, 44(2), pp. 162–166. 

Tener, G. M., Wright, R. S. and Khorana, H. G. (1957). Phosphorylated 
sugars. III. Syntheses of α-D-ribofuranose 1-phosphate, Journal of the 
American Chemical Society, 79(2), pp. 441–443. 

Timmons, S. C. and Jakeman, D. L. (2008). Stereospecific synthesis of 
sugar-1-phosphates and their conversion to sugar nucleotides, 
Carbohydrate Research, 343(5), pp. 865–874. 

Tozzi, M. G., Camici, M., Mascia, L., Sgarrella, F. and Ipata, P. L. (2006). 
Pentose phosphates in nucleoside interconversion and catabolism, FEBS 
Journal. Blackwell Science Ltd, 273(6), pp. 1089–1101. 

Tsuchiya, T. (1990). Chemistry and developments of fluorinated 
carbohydrates, advances in carbohydrate chemistry and biochemistry, 
48(C), p. 91. 

Tuttle, J. V, Tisdale, M. and Krenitsky, T. A. (1993). Purine 2’-deoxy-2’-
fluororibosides as antiinfluenza virus agents, Journal of medicinal 
chemistry, 36(1), pp. 119–125. 

Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F. 
and Hir’osh, Y. (1985). Mechanism of purine arabinoside synthesis by 
bacterial transarabinosylation reaction, Agricultural and Biological 
Chemistry, 49(8), pp. 2425–2430. 

Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F. 
and Hirose, Y. (1985). Properties of nucleoside phosphorylase from 
Enterobacter aerogenes, Agricultural and Biological Chemistry, 49(11), 
pp. 3239–3246. 

Voorde, J. Vande, Gago, F., Vrancken, K., Liekens, S. and Balzarini, J. 
(2012). Characterization of pyrimidine nucleoside phosphorylase of 
Mycoplasma hyorhinis: implications for the clinical efficacy of nucleoside 
analogues, The Biochemical journal, 445(1), pp. 113–123. 

Wen, L., Huang, K., Liu, Y. and Wang, P. G. (2016). Facile enzymatic 



Sarah Kamel                                 Enzymatic Synthesis of Pentose-1-Phosphate 

References   99 

synthesis of phosphorylated ketopentoses, ACS Catalysis, 6(3), pp. 
1649–1654. 

Wilms, T., Rischawy, D. F., Barz, T., Esche, E., Repke, J. U., Wagner, A., 
Neubauer, P. and Cruz Bournazou, M. N. (2017). Dynamic Optimization 
of the PyNP/PNP Phosphorolytic Enzymatic Process Using 
MOSAICmodeling, Chemie-Ingenieur-Technik, 89(11), pp. 1523–1533. 

Yamada, K., Matsumoto, N. and Hayakawa, H. (2004). Practical synthesis 
of 2’-deoxy-2’-fluoroarabinofuranosyl purine nucleosides by chemo-
emzymatic method, Nucleic Acids Symposium Series, (48), pp. 45–46. 

Yamada, K., Matsumoto, N. and Hayakawa, H. (2009). Stereoselective 
synthesis of 2-Deoxy-2-fluoroarabinofuranosyl-α-1-phosphate and its 
application to the synthesis of 2′-deoxy-2′-fluoroarabinofuranosyl purine 
nucleosides by a chemo-enzymatic method, Nucleosides, Nucleotides 
and Nucleic Acids, 28(11–12), pp. 1117–1130. 

Zamyatina, A. and Kosma, P. (2009). Synthesis of anomeric phosphates 
of aldoses and 2-ulosonic acids, in carbohy. chem, pp. 71–98. 

Zhou, X., Szeker, K., Janocha, B., Böhme, T., Albrecht, D., Mikhailopulo, 
I. A. and Neubauer, P. (2013). Recombinant purine nucleoside 
phosphorylases from thermophiles: preparation, properties and activity 
towards purine and pyrimidine nucleosides, FEBS Journal, 280(6), pp. 
1475–1490. 

Zhou, X. (2014). Thermostable Nucleoside Phosphorylases as 
Biocatalysts for the Synthesis of Purine Nucleoside Analogues 
Characterisation , immobilization and synthesis. TU-Berlin. 

Zhou, X., Szeker, K., Jiao, L.-Y., Oestreich, M., Mikhailopulo, I. A. and 
Neubauer, P. (2015). Synthesis of 2,6-dihalogenated purine nucleosides 
by thermostable nucleoside phosphorylases., Advanced Synthesis & 
Catalysis. WILEY‐VCH Verlag, 357(6), pp. 1237–1244. 



Enzymatic Synthesis of Pentose-1-Phosphate                                Sarah Kamel 
 

100                                                                            Theses 

10  Theses   

o Three novel thermostable pyrimidine nucleoside phosphorylases 

(PyNP-Y01, PyNP-Y04, PyNP-Y05) were characterized. Kinetic 

parameters were determined, and substrate spectra were compared. 

Their activity was confirmed at temperatures above 60°C.  

o C2-fluoro modified Pentose-1P (2FRib-1P and 2FAra-1P) and Ara-1P 

were enzymatically synthesized using thermostable pyrimidine 

nucleoside phosphorylases and were purified as barium salt in gram 

scale with a purity higher than 95% as determined by both HPLC and 

TLC. 

o All Pentose-1Ps were exclusively synthesized as an D-anomer and the 

structures of the purified Pentose-1Ps were confirmed by NMR 

spectroscopy.  

o Modified Pentose-1Ps and Rib-1P were stable at high temperatures 

up to 60°C and at pH values between 5-13. dRib-1P was the least 

stable among the tested Pentose-1P. 

o Direct glycosylation reaction for the synthesis of nucleoside analogues 

with Pentose-1Ps as substrates allows for a more controlled reaction 

optimization compared to transglycosylation. 

x Phosphate concentration can be adjusted. In the synthesis 

reaction low phosphate concentration are a precaution for 

high product yields. 

x With Pentose-1Ps as substrate optimum enzymes can be 

used for the synthesis reaction. 

x The temperature of the reaction can be modulated based 

on the stability and the solubility of less molecules. 

Nucleoside 1 (sugar donor) stability doesn’t play a role.  
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o The enzymatic yield of C2’-fluoro-modified-5-EU nucleoside 

derivatives (2FRib-EdU and 2FAra-EdU) using the direct glycosylation 

approach was significantly higher compared to the transglycosylation 

approach.  

o The availability of the Pentose-1Ps in high purity (only α-anomer) will 

allow for a better understanding of nucleoside phosphorylases kinetics 

as well as more detailed metabolic, therapeutic and diagnostic studies.  

o Chromatographic purification of Pentose-1Ps is a possible alternative 

to purification by precipitation. The adsorption-normal-phase 

chromatography using silica beads showed a huge potential for 

developing an efficient purification method and was superior to size-

exclusion and ion-exchange chromatography. 
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Abstract: Background: Nucleoside phosphorylases catalyze the reversible phosphorolysis of pyrimidine and 
purine nucleosides in the presence of phosphate. They are relevant to the appropriate function of the immune 
system in mammals and interesting drug targets for cancer treatment. Next to their role as drug targets nucleoside 
phosphorylases are used as catalysts in the synthesis of nucleosides and their analogs that are widely applied as 
pharmaceuticals.  
Methods: Based on their substrates nucleoside phosphorylases are classified as pyrimidine and purine nucleoside 
phosphorylases. This article describes the substrate spectra of nucleoside phosphorylases and structural properties 
that influence their activity. Substrate ranges are summarized and relations between members of pyrimidine or 
purine nucleoside phosphorylases are elucidated.  
Results: Nucleoside phosphorylases accept a broad spectrum of substrates: they accept both base and sugar modi-
fied nucleosides. The most widely studied nucleoside phosphorylases are those of Escherichia coli, mammals and 
pathogens. However, recently the attention has been shifted to thermophilic nucleoside phosphorylases due to 
several advantages. Nucleoside phosphorylases have been applied to produce drugs like ribavirin or fludarabine. 
However, limitations were observed when drugs show an open ring structure. Site-directed mutagenesis ap-
proaches were shown to alter the substrate specificity of nucleoside phosphorylases.  
Conclusion: Nucleoside phosphorylases are valuable tools to produce modified nucleosides with therapeutic or 
diagnostic potential with high affinity and specificity. A wide variety of nucleoside phosphorylases are available 
in nature which differ in their protein sequence and show varying substrate spectra. To overcome limitations of 
the naturally occurring enzymes site-directed mutagenesis approaches can be used. 

Keywords: Nucleoside phosphorylase, pyrimidine analog, purine analog, catalytic mechanism, structure, function, mutagensesis. 

1. INTRODUCTION  
 The reversible phosphorolysis of purine and pyrimidine nucleo-
sides is a biochemical reaction of high importance in the nucleoside 
metabolism [1]. The reversible phosphorolytic cleavage of nucleo-
sides by nucleoside phosphorylases (NP) was confirmed in 1947 by 
Kalckar [2]. 
 The physiological role of NPs comprises the reversible phos-
phorolysis of ribo- and deoxyribonucleosides to nucleobase and  
α-D-pentofuranose-1-phosphate in the presence of inorganic phos-
phate. In vitro studies revealed that the equilibrium of the reaction 
catalyzed by nucleoside phosphorylases is shifted towards the re-
verse (synthetic) reaction [3]. It is more pronounced in purine nu-
cleoside phosphorylases (PNP) than in pyrimidine nucleoside phos-
phorylases (PyNP) [4, 5]. Equilibrium constants for the phosphoro-
lysis reaction of uridine between 0.51 and 0.61 were obtained for E. 
coli PyNP [4], whereas a value of 0.0175 was determined for E. coli 
PNP with inosine as a substrate. Nevertheless, in vivo phosphoroly-
sis of nucleosides is favored due to the following arguments [6]: (i) 
The intracellular concentration of inorganic phosphate (Pi) is higher 
than that of nucleosides. (ii) By using the released bases hypoxan-
thine and guanine with hypoxanthine-guanine phosphoribosyl trans-
ferase (HPRT) and, in certain tissues, xanthine oxidase or guanine 
deaminase (guanase), respectively, the equilibrium of the PNP reac-
tion is shifted towards α-D-pentofuranose-1-phosphate  
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accumulation. (iii) The absence of any kinase in mammals acting on 
inosine and guanosine favors the channeling of purine nucleosides 
towards phosphorolysis. (iv) Liberated α-D-pentofuranose-1-
phosphate is catabolized as energy source [7]. (v) Nucleoside phos-
phorylases often belong to the same regulon as other nucleoside 
catabolizing enzymes [8, 9]. 
 However, in some specific cases nucleoside phosphorylases are 
involved in the salvage of nucleobases, and, therefore, represent an 
opportunity to the organisms that cannot perform de novo synthesis 
of nucleosides. For example, parasites like trypanosomes and 
Leishmania in general lack a de novo purine biosynthetic pathway 
[10]. Starvation of purines causes purine-less death in cultured 
cells. Enzymes of the purine salvage pathway, including PNPs, 
were detected in P. falciparum, suggesting a recovery of purine 
bases from the mammalian host by the parasite to survive. Due to 
its need for purine bases Plasmodium is dependent on intact path-
ways for purine salvage. As differences exist in the active sites 
between human and parasite enzymes, PNPs of the pathogens are 
interesting targets for the development of specific inhibitors, which 
would kill the parasite but only slightly influence the human host. 
 Mutations in the PNP locus in humans cause a gradual decrease 
in T-cell mediated-immunity. B-cells, however, remain unaffected 
[11]. T-cells are capable of transporting and phosphorylating de-
oxyguanosine (dGuo) to deoxyguanosine triphosphate (dGTP), 
which accumulates compared to unmutated cells. In humans two 
enzymes can metabolize dGuo, PNP and deoxycytidine kinase 
(dCyK). dGuo is phosphorolyzed by PNP to guanine and 2’-
deoxyribose-1-phosphate. The function of dCyK in dividing T-cells 
is the salvage of deoxycytidine to form deoxycytidine triphosphate  
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Scheme 1. Proposed catalytic mechanism of human PNP. Figure adapted 
from Pugmire and Ealick [1]. 
 
(dCTP). The affinity of dGuo to PNP is higher than to dCyK. 
Therefore, it predominantly undergoes phosphorolysis by PNP. 
When dGuo accumulates beyond normal levels, e.g. in case of inac-
tive human PNP, dGuo is converted to deoxyguanosine monophos-
phate (dGMP) by dCyK. Deoxyguanosine monophsophate is me-
tabolized to dGTP, which results in an accumulation of dGTP. This 
leads to an inhibition of ribonucleotide reductase, thus preventing 
the conversion of ribonucleoside diphosphates to corresponding 
deoxyribonucleoside diphosphates. An inhibition of DNA synthesis 
and cell replication is observed when the level of deoxyribonucleo-
tides is reduced. The suppression of proliferation of immature T-
cells is the result. Therefore, the development of PNP inhibitors is 
of great importance due to their potential as immunosuppressive 
drugs for organ transplantation or the treatment of T-cell leukemia 
and T-cell related autoimmune diseases [3, 11]. The interest in 
thymidine phosphorylase (TP) strongly increased as it was shown to 
be an angiogenic factor and to be equal to the platelet-derived endo-
thelial cell growth factor [12, 13]. 

2. CLASSIFICATION OF NUCLEOSIDE PHOSPHORY-
LASES. 
 Based on their specific substrates, nucleoside phosphorylases 
were classified, and enzyme names and enzyme commission num-
bers (EC) were ascribed (Table 1). In 2002, Pugmire and Ealick 
published an extensive study on the classification of NPs [1]. Struc-
tural studies revealed that only two families of NPs exist. The first 
family (NP-I family) consists of NPs that show a homo-trimeric 
(mammalian PNP) or a homo-hexameric (bacterial PNP) quaternary 
structure, in addition to uridine phosphorylase (UP) and 5'-
methylthioadenosine phosphorylase (MTAP). Both purine and 
pyrimidine nucleosides are used as substrates. Despite the diversity 
in substrate spectra, amino acid sequence and quaternary structure 
is observed, all members of this family show a characteristic 
subunit topology. A two-domain subunit fold and a dimeric quater-
nary structure was described for members of the NP-II family. A 
significant level of sequence identity (>30%) was shown for NPs of 
the second family. Members of this family are specific for 
pyrimidine nucleosides [1]. They catalyze the phosphorolysis of 
both thymidine and uridine substrates in lower organisms, but are 
specific for thymidine in mammals and other higher organisms. 
 The classification by Pugmire and Ealick [1] is up to now a 
valid tool for the classification of NPs. However, not all NPs from 
different species fit the described model. As an example E. coli 
PNP-II is similar to trimeric low molecular mass PNPs in sequence, 
promoter structure and specificity. However, it forms a high 
 

molecular mass hexamer by dimerization of two trimers [14]. Crys-
tallization and gel-filtration data gave hints for the existence of 
hexameric species of PNP-II. In 2000, Bzowska and co-workers 
reviewed a number of other PNPs with dimeric or tetrameric qua-
ternary structures [3]. Similar results were obtained for UP. Both 
human UP [15] and trypanosomal UP [16] were shown to form 
homodimers although the classification described by Pugmire an 
Ealick [1] indicates that UPs are hexamers. 
 Other deviations from the classification proposed by Pugmire 
and Ealick [1] concern the substrate specificity. The nucleoside 
phosphorylase of Klebsiella was described to use both pyrimidines 
and purine nucleosides as substrates [17]. Next to purine nucleo-
sides like adenosine the enzyme also catalyzed the phosphorolysis 
of pyrimidine nucleosides like uridine, 2'-deoxyuridine, and 
thymidine. The formation of adenine arabinoside, an antiviral drug, 
from uridine arabinoside and adenine was shown. Additionally, it 
was described that nucleoside phosphorylases show activity with 
cytidine [18]. Additionally, a novel activity for NPs was described: 
in Pseudomonas aeruginosa where a NP was found that converts 
5´-deoxy-5´-methylinosine but not 5´-deoxy-5´-methyladenosine 
[19]. 

3. CATALYTIC MECHANISM 
 The catalytic mechanism is analogous in all nucleoside phos-
phorylases [1]. As shown for human PNP nucleoside binding oc-
curs in a high-energy conformation, which leads to a steric strain 
favoring the cleavage of the glycosidic bond (Scheme 1). Electrons 
flow from O4´ of the sugar moiety to the purine ring and an oxo-
carbenium ion is formed. It is stabilized by the negatively charged 
phosphate ion. Interactions of amino acids of the active site with N7 
position of the nucleoside are likely to improve the electron flow 
from the glycosidic bond to the purine ring. Further information on 
the catalytic mechanism of selected NPs is given in the specific 
chapters. 
Table 1. Nucleoside phosphorylases described in the presented 

review. 

Enzyme name Acronym EC number 

Thymidine phosphorylase TP 2.4.2.4 

Uridine phosphorylase UP 2.4.2.3 

Pyrimidine nucleoside phosphorylase PyNP 2.4.2.2 

Purine nucleoside phosphorylase PNP 2.4.2.1 

5´-Methylthioadenosine phosphorylase MTAP 2.4.2.28 

Guanosine phosphorylase GP 2.4.2.15 

4. SUBSTRATE SPECTRA OF NUCLEOSIDE PHOS-
PHORYLASES 
 NPs can be classified according to several parameters: (i) Based 
on their quaternary structure and substrate specificity, they can be 
divided into NP-I family and NP-II family as stated before. (ii) 
Functionally, this class can be subdivided into PNP (EC 2.4.2.1), 
PyNP (EC 2.4.2.2), UP (EC 2.4.2.3), TP (EC 2.4.2.4), guanosine 
phosphorylase (GP, EC 2.4.2.15), S-methyl-5'-thioadenosine phos-
phorylase (MTAP, EC 2.4.2.28), adenosine nucleoside phosphory-
lase (ANP) and inosine-guanosine phosphorylase. As neither 
adenosine nucleoside phosphorylase, guanosine phos-phorylase or 
inosine-guanosine phosphorylases were investigated in view of 
their substrate specificity or their structure according to our knowl-
edge, they are only shortly described in this review. 
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Fig. (1). Schematic drawing of the active site of E. coli uridine phosphory-
lase. Residues binding the base, the sugar-moiety and phosphate are shown 
in dark grey, light grey and white, respectively. Residues from the adjacent 
subunit are marked with *. 
 
 ANP has been identified in two species of the genus Mycobac-
terium and in 13 out of 16 tested mycoplasmatales, whose PNPs are 
strictly specific for 6-oxopurines. ANP from Mycobacterium 
smegmatis was shown to also catalyze inosine cleavage and is not 
inhibited by 9-benzyl-9-deazaguanine, a potent PNP inhibitor, 
which ascertains the fact that it belongs to another subgroup [20, 
21]. Another member of the ANP class was partially purified from 
Schistosoma mansoni [22]. It catalyzed the cleavage of substrates 
which are unrecognized by the organism’s adenosine kinase or 
deaminase namely: 2-fluoroadenosine, 5’-deoxy-5’-iodo-2-
fluoroadenosine. This explains why infections with these parasites 
are treated with e.g. 2-fluoroadenosine. After cleavage by ANP the 
toxic 2-fluoroadenine accumulates in the cells [23].  
 There are only a few publications on GPs, isolated from 
Oryctolagus cuniculus and Trichomonas vaginalis. The available 
data show that GPs are strictly specific for guanosine and deoxy-
guanosine as substrates [24 ,25]. 

4.1. Substrate Recognition and Substrate Spectra of Members 
of the NP-I Family 
 PNP enzymes are most widely studied within the two families 
of nucleoside phosphorylases due to their importance as drug tar-
gets. PNP enzymes are subdivided into hexameric PNP (bacterial) 
and trimeric PNP (mammalian). MTAP and UP also belong to the 
NP-I family. Both PNP (Escherichia coli and bovine) and MTAP 
(human) have been extensively described by Pugmire and Ealick 
[1]. However, the UP active site was not well described. Therefore, 
the active site of uridine phosphorylase will be described in more 
detail in the following chapter. A comparison will show similarities 
and differences for members of the NP-I family. Active site resi-
dues which determine substrate specificity will be described. 
4.1.1. Active Site of Uridine Phosphorylase 
 UP belongs to the NP-I family. Structure comparison revealed 
that UP form a heterogenous group. Both hexameric (E. coli and S. 
typhimurium UP) and homodimeric (H. sapiens and T. brucei) 
structures were observed [15, 16, 26, 27]. A sequence alignment of 

uridine phosphorylases suggests that UPs from all eukaryotic para-
sites are active in a homodimeric form [16]. While for E. coli, S. 
typhimurium and T. brucei UPs metal ion binding sites are de-
scribed [15, 16, 26, 27], they are absent in both human UPs. 
 Between the phosphate and uracil binding sites the ribose bind-
ing site is placed in E. coli UP. Either a ribose moiety of a nucleo-
side or that of ribose 1-phosphate is bound [26]. A number of hy-
drogen bonds (primarily to the side-chains of His8 and Glu198) 
position the ribose moiety in the active site of the enzyme (Fig. 1). 
His8 belongs to the adjacent monomer and forms together with a 
bridging water molecule hydrogen bonds to the 5′ hydroxyl group 
of ribose. Hydrogen bonds to the 2′ and 3′ hydroxyl groups of the 
ribose moiety are formed by Glu198 (Fig. 1), which positions the 
ribose on top of the phosphate ion. In this setting the 3′ hydroxyl 
group of the ribose forms a hydrogen bond to O3 of the phosphate 
ion. Hydrogen bond interactions are also observed between the 2′ 
hydroxyl of the ribose moiety and Met197 and Arg91, respectively 
[26]. Met197 is also involved in forming a part of the ribose bind-
ing pocket. The van der Waals surface of its sulphur atom point in 
the ribose binding pocket, which might be responsible for the stabi-
lization of the largely hydrophobic part of the upper face area of 
ribose and the correct positioning of the ribose in the active site. 
The importance of the methionine residue is shown by its conserva-
tion across all members of the NP-I family. 
 The uracil binding pocket of an occupied UP active site forms a 
rectangular slot [26]. Residues Thr95, Gly96, Tyr195 and Glu196 
form the lower area, while the upper area consists primarily of 
Phe162. Phe162 is located vertical to the base and is forming an 
edge-to-face π -stack arrangement with the uracil moiety. The area 
around C5 of the base consists of Ile220, Val221, Pro229 and Phe7, 
which are non-polar amino acids [26, 28]. Pro229 and Phe7 belong 
to the neighboring monomer. These residues form a hydrophobic 
pocket at the 5 position of uracil (Fig. 1). Arg168, Arg223 and 
Gln166 are important residues in the binding pocket of uracil (Fig-
ure 1) [26, 28]. Gln166 is conserved among all UPs and forms the 
discriminating interaction with uracil (Fig. 1) [26, 28]. Gln166 
forms two hydrogen bonds to uracil: I. An interaction between the 
amide nitrogen atom with O2 of uracil is observed. II. A hydrogen 
bond is formed between the carbonyl oxygen atom and N3 of ura-
cil. Side-chains of Gln166 positions the amide nitrogen atom so that 
it is able to set up a second hydrogen bond to the main-chain 
carbonyl of Thr161. 
 In E. coli either orthophosphate or the phosphate moiety of 
ribose 1-phosphate is bound to the phosphate binding site of UP 
[26]. A binding pocket is formed by the three arginine residues 
Arg30, Arg48 and Arg91. Each residue forms two hydrogen bonds 
to the phosphate’s oxygen atoms (Fig. 1). Arg48 is located in the 
adjacent monomer. Thr94 and Gly26 are also interacting with the 
phosphate ion. If ribose-1-phosphate is located in the active site, a 
hydrogen bond is formed between 3’-OH of the ribose and O3 of its 
phosphate moiety.  
 A similar mechanism of substrate binding between UP and PNP 
was assumed involving a random sequential binding. The UP of  
E. coli showed remarkable changes during substrate binding: a 
mixture of open, intermediate and fully closed active sites were 
observed [26]. Parts of β5, β6, β7, β9 and the N-terminal half of α7 
showed conformational changes after substrate binding. While in 
the open active site the side-chain of Arg30 in the phosphate bind-
ing site is poorly ordered. It showed significantly stronger electron 
density in the closed phosphate binding site. This is probably re-
sponsible for a stabilization of both hydrogen interactions made to 
phosphate oxygen atoms. By this change Glu238 comes into a posi-
tion where it can form a hydrogen bond to Arg30 and Ile92. In the 
presence of phosphate also Arg91 undergoes a conformational 
change and is forming hydrogen bonds to the phosphate oxygen 
atoms and Glu196. In the absence of phosphate Arg91 moves away 
from the phosphate pocket and hydrogen bond to Val24 and Thr67 
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are formed. In the closed conformation a water molecule takes the 
psoition of Arg91. It interacts by hydrogen bonds to Glu196 and 
Arg91. The movements lead to a sealing of the uracil pocket in the 
closed conformation.  
 The uridine phosphorylase of S. typhimurium was shown to 
possess a potassium ion binding site. It was found in the inter-
monomeric region of each homodimer [29]. The coordinating atoms 
were Glu49, Ile69, Ser73, Glu49 (neighboring monomer), Ile69 
(neighboring monomer) and Ser73 (neighboring monomer). They 
are arranged as distorted octahedron or triangular prism. Close to 
each K+ a water molecule is bound to Ile69 of the adjacent subunits 
in all homodimers. K+ enhances the enzymatic activity of E. coli 
UP [26]. A structure comparison of S. typhimurium UP with and 
without K+ revealed that K+ stabilizes the structure of the un-
liganded substrate binding sites in an open or an intermediate con-
formation of the active site [28]. Because of the high homology 
between uridine phosphorylases of E. coli and S. typhimurium, K+ 
might indirectly alter the enzymatic activity by stabilizing the L2 
loop in the open conformation [28, 29]. No K+ ion was detected in 
structures of human uridine phosphorylase with BAU as substrate 
[15]. 
 The UP of T. brucei is stabilized by an intermolecularly coordi-
nated calcium (Ca2+) ion [16]. The Ca2+ ion is coordinated by four 
oxygen atoms from each monomer for a total of eight ligands: the 
carbonyl oxygen of Met87, Oδ1 and Oδ2 of Asp90, and Oδ1 of 
Asn91. A slightly distorted square antiprism is formed by the eight 
oxygen ligands around the metal. One square face is formed by 
interactions of the two Asp90 carboxylate side chains, while the 
other square face is formed by Met87 and Asn91. As the UP of  
T. brucei only forms a dimer it is more dependent on the stabilizing 
effect of an intermonomer metal compared to E. coli or S. typhi-
murim UPs which form hexamers. Although the human UP also 
exists in a homodimeric structure, it does not bind metal ions and, 
hence, uses an alternate strategy for dimer stabilization. A structure-
based sequence alignment revealed that the primary coordinating 
residue (Glu49 in E. coli UP) is not observed in the human protein 
[15]. Interestingly, it has little impact on the surrounding structure. 
Human UP reached a greatly increased size of the interface of the 
dimer by changing two structural elements: I. An elongated N-
terminus of the protein is present which forms a strand-turn-strand 
structure interrupted by two short helices. II. α-helix α3 of the bac-
terial enzymes is substituted by an strand-turn-strand motif [15]. 
These modifications together increase the interface area between 
subunits from 2791 sq. Å in E. coli UP to 3292 sq. Å in human  
UP-I (~18%). 
4.1.2. Comparison of the Active Sites within the NP-I Family 
 E. coli UP and E. coli PNP show an almost identical arrange-
ment of residues [26]. Three arginine residues, the main-chain ni-
trogen atoms of a glycine (Gly20 of PNP and Gly26 in UP) and the 
hydroxyl groups of Ser90 (PNP) and Thr94 (UP) form the phos-
phate binding site. His8, Arg91, Glu198 and Met197 that form in-
teractions with ribose are conserved in all UPs and have equivalents 
in PNP. 
 Residues involved in base binding are Phe200 of bovine PNP, 
Phe177 of human MTAP, Phe159 of E. coli PNP and Phe162 of  
E. coli UP [1]. They form herringbone stacking interaction. Only 
residues of bovine PNP and human MTAP, which show a trimeric 
form, are structurally conserved. Residues are located in a loop 
between ß-strand 3b and helix H5 in bovine PNP. While Glu201 of 
bovine PNP interacts with N1 of the purine base in human MTAP a 
water molecule interacts with the purine base [1]. Structures of 
hexameric PNPs don´t show interactions at this position. 
 In PNP, Ser203, Asp204 and some water molecules form the 
base binding pocket [26]. In UP Ile220 and Val221 set up the hy-
drophobic base binding pocket, which results in a reversal of the 
orientation of the hydrogen bonding interactions compared to PNP. 

The π-stack interaction between a phenylalanine residue (Phe159 in 
PNP, Phe162 in UP) and the base are conserved between PNP and 
UP. In the NP-I family this phenylalanine residue is conserved. 
 A comparison of E. coli UP and PNP revealed the existence of 
both open and closed forms. However, the closed forms when 
tightly bound to a substrate differ remarkly and result from con-
trasting movements. In the closed form of PNP, a conformational 
change at the C-terminal α7-helix (UP numbering) leads to a forma-
tion of a γ turn at residues 220-222 due to a displacement of resi-
dues 214-219 of α7 in the active site. This movement results in 
approximation of Arg217 and Asp204. While region 224-230 of UP 
undergoes large changes when forming the closed formation, the 
loop region 208-211 of PNP does not show significant movement. 
In the active site of PNP in vicinity to Glu210 (Glu227 in UP) no 
residues are observed that could act as interaction partners. Addi-
tionally, the PNP loop region (6 residues) is shorter than in UP (10 
residues). Moreover, during substrate binding PNP monomers ro-
tate as a whole relative to each other, no equivalent movement is 
observed in UP. 
 The Km values for the affinity of human PNP for guanosine and 
inosine have been determined to be 12 mM and 45 mM, respec-
tively [3]. A correlation between observed hydrogen bonds and Km 
values has been detected; a higher number of intermolecular hydro-
gen bonds (eight) between human PNP and guanosine is correlated 
with the lower Km value compared with inosine, which presented 
six intermolecular hydrogen bonds [30]. 
4.1.3. Differences Between Hexameric and Trimeric PNP En-
zymes 
 In hexameric PNP the active site is formed of amino acids be-
longing to two subunits (Fig. 1C). In E. coli, His4 and Arg43 are 
belonging to the adjacent subunit. Both interact directly with the 
ligand via hydrogen bonds [31]. In contrast, in human PNP Phe159, 
which is the only residue from the adjacent subunit does not di-
rectly interact with ligands. However, it is involved in forming the 
hydrophobic environment around the sugar. 
 In E. coli PNP, the base binding site is more exposed and acces-
sible compared to the counterpart in human PNP [3]. While N1-H 
of the purine base interacts via hydrogen bond with Glu201 in hu-
man PNP, N1-H of E. coli PNP is linked to a water molecule (Fig. 
1A,C) [3]. 
 The phosphate binding site of E. coli PNP is more positively 
charged than in human PNP as it is formed out of three Arg resi-
dues (Arg24, Arg87, Arg43) compared to only one Arg residue 
(Arg84), respectively. 
4.1.4. Amino Acid Residues Defining Substrate Specificity in 
Members of the NP-I Family 
 C6-position of the base is strongly responsible for substrate 
specificity. Residues involved in base binding are located in a struc-
turally conserved position in ß-strand 5b of all four members of the 
NP-I family [1]. The aspartic acid side chains in human MTAP 
(Asp220) and E. coli PNP (Asp204) allow for hydrogen bonding 
with the 6-amino and 6-oxo purine nucleosides, while Asn243 of 
human and bovine PNP specifies 6-oxo purine nucleosides as their 
substrates. It was shown that specificity of trimeric PNP could be 
altered to that of bacterial type PNPs by changing Asn243 to Asp 
[3].  
 In E. coli UP and human UP amino acid residues Gln166, 
Arg168 and Arg223 are conserved, suggesting that both form simi-
lar interactions with uracil [26]. Gln166 and Arg168 (Gln246 and 
Arg248 T. brucei) are described to be the key residues for UP speci-
ficity and are located in the 163-185 region of E. coli UP (residues 
243-264 in T. brucei). Therefore, this region is called UP specific 
region. The absence of this region (and therefore Gln166) in PNP 
results in a larger base binding pocket and less specificity. 
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4.1.5. Substrate Spectrum of PNPs 
 PNPs with trimeric quaternary structure were described to spe-
cifically use 6-oxopurines and their nucleosides, but not 6-
aminopurine nucleosides like adenosine as substrate [1, 3]. In con-
trast, hexameric PNPs are known to accept both 6-aminopurine and 
6-oxopurine nucleosides. However, in some cases they were de-
scribed to prefer adenosine compared to 6-oxopurine nucleosides 
[32-34]. The following paragraphs will show that PNPs use a large 
number of modified nucleosides next to the natural substrates. 
 Natural nucleosides as well as their analogs recognized by PNP, 
have the glycosidic bond between N9 of the purine base and C1’ of 
the sugar moiety. However, studies show that few exceptions can 
also be recognized by this class of enzymes. Bovine and E. coli 
PNP phosphorolyze both inosine and adenosine analogs with an 
N3-C1´ glycosidic bond. Although the enzymes’ affinity for these 
substrates is very poor, as demonstrated by high Km values, the 
overall reaction kinetics is balanced by high Vmax. Another excep-
tion is the reported cleavage of 7-(ß-D-ribofuranosyl) hypoxanthine 
and 7-(ß-D-ribofuranosyl) adenine by bovine, E. coli and human 
PNP [56, 67, 100]. 
 An unusual finding was that also pyrimidine and open purine 
rings could be cleaved by some PNPs. Thermostable PNPs from 
Deinococcus geothermalis and Geobacillus thermoglucosidasius 
have the ability to cleave the glycosidic bond in cytidine and 2’-
deoxycytidine. Open purine rings that bear structure similarity to 
inosine are cleaved by some PNPs; Calf and E. coli PNP tolerate 
nicotinamide-1-ribose as a substrate. Ribavirin, which is another 
inosine-mimicking substrate, is cleaved by Bacillus subtilis and 
Brevibacterium acetylicum PNPs to give 1,2,4-triazole-3-
carboxamide and D-ribose-1-phosphate. It is as well a substrate for 
human PNP [52, 56, 62].  
 Generally, small alkyl group substitutions at C7 of the nu-
cleobase are well accepted in most cases and phosphorolysis of the 
respective compounds was successful. However, the synthetic reac-
tion did not work. Using 7-methylguanine and 7-methylhy-
poxanthine as substrates, for example, the reaction catalyzed by 
bovine PNP can be monitored by the phosphorolysis of the fluores-
cent nucleoside substrate over reaction time [61, 65, 101]. 
 Electronegative groups at C6 seem to be a prerequisite to pro-
vide the electron density needed for protonation according to the 
postulated mechanism of action. Therefore, purine nucleosides with 
thioalkyl, alkyl, thiol and halogen modifications at C6 were suc-
cessfully synthesized by many bacterial and mammalian PNPs. 
Details are shown in Table 2 [31, 54, 57, 58, 63, 102]. 
 PNPs exhibit optimal activity when ribose is the sugar moiety 
of the investigated nucleoside. Enzyme structure studies demon-
strate that there is not much room for change, especially at the 2’ 
and 3’ positions. Thus major changes in the original sugar structure 
are not reported as acceptable substrates. For example, human PNP 
loses 50% of its reaction velocity when the OH group is removed 
from the 2’ position of inosine, although Km is in the same range. A 
more detrimental effect is demonstrated using 3’-deoxyadenosine as 
substrate, more than 90% of the activity is lost and Km increased 50 
times. When replacing the 3’-OH by 3’-NH2, some activity is re-
tained as the electronegative character of C1´ is maintained [103]. 
Nevertheless, studies have proven that arabinose and arabinose 
derivatives are substrates of E. coli PNP and various thermostable 
PNPs [37, 44, 55]. Omission of the hydroxyl group at the 3’ posi-
tion is also accepted in some cases [35, 39, 104, 105]. Modifica-
tions on the 5’ position are less studied, except for few examples 
that provide evidence that nucleosides with halogen substitution in 
C5´ are used as substrate for PNPs [23, 42, 106] and some can also 
recognize S-methyl-5-thioribose (MTR), the natural substrate of the 
closely related MTAP enzyme [36, 40, 43]. 
 As mentioned before, bacterial hexameric PNPs were shown to 
have a broader substrate spectrum than mammalian trimeric PNPs. 

The available experimental data demonstrate that the hexameric 
enzyme from Salmonella enterica has a molecular weight of 130 
kDa (purified through gel filtration). It shows activity for adeno-
sine, 2’-deoxyadenosine, 2’-deoxyinosine, guanosine and inosine. 
None of these substrates showed less than 75% activity compared 
to that of 2’-deoxyguanosine, which was considered as the best 
substrate [5]. Hexameric PNP of E. coli showed a lower reaction 
rate, yet it was able to phosphorolyze both, purine and pyrimidine 
nucleosides. In addition, E. coli PNP can cleave many purine nu-
cleoside analogs, as demonstrated in Table 2 [5, 31]. In difference, 
bovine PNP is a trimeric PNP which was reported not to cleave 
adenosine [107], but contradictory data from Moyer and Fischer 
indicate that it can use adenosine as substrate but the Km value is 
almost 6 times higher (i.e. lower affinity) than that of guanosine and 
deoxyguanosine [108]. Buckoreelall and coworkers analyzed the 
substrate spectrum of two trimeric PNPs from M. smegmatis: the 
first one was not able to utilize adenosine or 2’-deoxyadenosine as 
substrates while the other could phosphorolyze them, together with 
guanosine, inosine and adenosine analogs [20]. 
4.1.6. Substrate Spectrum of 5'-Methylthioadenosine Phosphory-
lase 
 MTAP was first described in rats [109]. It cleaves the glycosi-
dic bond of 5'-deoxy-5'-methylthioadenosine. Another surprising 
observation was the activity of the enzyme from the thermophilic 
archaeon Aeropyrum pernix against pyrimidine molecules, e.g. 
cytidine and deoxycytidine. This is in accordance with observations 
made for E. coli recombinant PNP that was able to use cytidine, 2’-
deoxycytidine and 2’-deoxyuridine as substrates [37, 110, 111].  
 MTAPs from different sources exhibit a range of substrate tol-
erance that does not always comply with the empirical strict speci-
ficity. For example, 6-oxopurine guanosine and inosine are ac-
cepted by some organisms. Pyrococcus furiosus can use both nu-
cleosides. A slightly lower substrate affinity was observed for these 
compounds (Km values of 0.916 and 0.963 mM, respectively) in 
comparison to the natural substrate MTA (Km of 0.147 mM). The 
hexameric enzyme from the thermoacidophilic archaeon Sulfolobus 
solfataricus also has the capacity to use both substrates even more 
efficiently than MTA. However, it is reported that this enzyme 
shows more sequence similarity to PNPs than to some known 
MTAPs [75, 77, 112]. Aeropyrum pernix produces another thermo-
philic enzyme that can cleave inosine, 2’-deoxyinosine and 2’-2´-
amino-2´-deoxyinosine [37]. Additionally, small functional group 
additions to the purine ring, usually at C2, are accepted in many 
cases. In contrast to PNPs, halogen substitutions seem to be more 
favored than amino groups [54, 70, 71, 78, 80]. Human MTAP 
showed a wider acceptance towards modifications of the purine 
base (e.g: 1-deaza or 8-azaadenine) (Table 3) [70]. 
 The sugar binding site of MTAP lacks H-bond donating resi-
dues except for M196 in case of human MTAP (Fig. 1) which ac-
counts for its recognition of some substitutions like halogens, cyclic 
and aryl groups or normal and branched alkyl chains or halogens at 
the 5’ position [68-70, 72, 76, 113]. Changes at the 2’ position are 
tolerated by some members of this enzyme group: Leishmania 
spec., Trypanosoma spec. and human MTAP have the capacity to 
use 2’-deoxyadenosine. The parasite MTAPs were also able to ac-
cept amino or halogen substituted compounds [70, 73, 79, 114]. 
Diastereomeric arabinose analogs were not accepted by most of the 
MTAP enzymes except for MTAP from Aeropyrum pernix, which 
was able to phosphorolyze 2’-fluoro-2’-arabinoadenosine [37]. 
4.1.7. Substrate Spectrum of Uridine Phosphorylase 
 Uridine phosphorylases have been found and characterized in 
many prokaryotic organisms including, E. coli, Lactobacillus casei, 
Enterobacter aerogenes, Salmonella typhimurium [38, 81, 83, 114, 
115] as well as eukaryotic organisms including Mus musculus, Rat-
tus norvegicus, Saccharomyces cerevisiae, Schistosoma mansoni 
and Homo sapiens [86, 87, 89, 92, 93, 96, 97]. The latter are widely 
studied as potential drug targets. 
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Table 2. Substrate spectrum of purine nucleoside phosphorylases. Thermophilic organisms are marked by asterisk.  

  Sugar-modified nucleosides 

      

 

1: R1= F, R2= OH,  
2: R1= OH, R2= H 

3: R= O, 4: R= NH2 5: R1, R2= H  6: R= NH2, 7: R= F 8: R= F (Ara), 9: R= OH  

  5 [35]     B. acetylicum 

 3 [36]     B. taurus 

    7,8 [37]  D. geothermalis* 

2 [38]       E. aerogenes 

     8 [31]  E. coli 

    7,8 [37]  G. thermoglucosidasius* 

  5 [39]     H. sapiens 

2 [35]  5 [35] [35]   P. carotovorum 

 3 [40]      P. falciparum 

 4 [41]      P. yoelii 

1 [42]       S. cattleya 

 4 [43]      S. solfataricus* 

 3,4 [40]      T. gondii 

     9 [44]  T. thermophilus* 

  6-Oxopurine and 6-aminopurine base-modified nucleosides 

  

N

NN

N

O

OHO

OHOH

R

CH3

    

 

 1: R1= CH3CH2, R2= H 
 2: R1= CH3(CH2)2, R2= H 
 3: R1= CH3(CH2)3, R2= H 

 4: R1= CH3, R2= CH3 
 5: R1= CH(CH3)2, R2= H 
 6: R1= H, R2= CH3 

 7: R= H 
 8: R= NH2 
 

 9: R= H 
 10: R= NH2 
 

    

1-6 [45]  7 [46], 8 [3,45,46]      B. taurus 

  7 [3,45,47], 8 [45,48]  9, 10 [45]  1,2 [31]  [48]   E. coli 

  7 [3], 8 [3,49]    [3]   H. sapiens 

  7,8 [50]      M. tuberculosis 

      [44]  T. thermophilus* 

    1 [51]    T. vaginalis 

  Base-modified nucleosides 

   
    

 

1: R1= CH3, R2= H 
2: R1= CH3, R2= OH 
3: R1= CH3CH2, R2= OH 
4: R1= n-propyl, R2= OH 
5: R1= n-butyl, R2= OH 
6: R1= isobutyl, R2= OH 

7: R= cyclopropyl  
8: R= cyclobutyl 
9: R= cyclopentyl 
10: R= phenyl 

11: R1= H, R2= H, R3= OH 
12: R1= H, R2= NH2, R3= OH 
13: R1= CH3, R2= H, R3= H 
14: R1= CH3, R2= H, R3= OH 

 14: R= H 
15: R= NH2 

 16: R= H 
17: R= OH 

 

 
(Table 2) Contd.... 
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Base-modified nucleosides 

       B. acetylicum 

     [52]   B. subtilis 

   [3]  15 [53]    B. taurus 

      16,17 [37] D. geothermalis* 

1, 2 [54,55] 
3-6 [55]  

7-10 [55]  13,14 [31]  [3,56]  15 [3]    E. coli 

1,2 [54]        F. tularensis 

      16,17 [37] G. thermoglucosidasius* 

  11[57], 12 [58]   14 [59]  
15 [60,61]  

[62]   H. sapiens 

    15 [50]    M. tuberculosis 

  11 [63]   15 [64]    R. norvegicus 

    15  [65]    S. scrofa 

1,2 [54]        T. vaginalis 

  Sugar- and base-modified nucleosides and nucleosides with non-typical base binding 

     
 

 

    1: R= NH2, 2: R= H 3: R= NH2, 4: R= O  

[54]  [55]  [66]  [55]  2 [3]  3,4 [3,67]  E. coli 

[54]       T. vaginalis 

    1,2[3]  3,4 [3,67]  B. taurus 

    1,2 [3]   H. sapiens 

 

Table 3. Substrate spectrum of 5´-methylthioadenosine phosphorylases. Thermophilic organisms are marked by asterisk. 

Sugar-modified nucleosides 

 

    

 

1: R= CH3CH2 
2: R= CH3(CH2)3  
3: R= (CH3)2CHCH2   
4: R= CH3(CH2)2 

5: R= OH(CH2)2 

7: R= OH 
8: R= Cl 
9: R= I 
10: R= H 
11: R= SeCH3 

13: R1, R2= OH, R3= H 
14: R1= OH, R2, R3= H 
15: R1, R3= H, R2= OH 
16: R1, R3= OH, R2= H 

17: R= F 
18: R= Cl 
19: R= NH2 

 

  

 7 [37]  17,18,19 [37] [37] A. pernix* 

2,3[68]      C. acidophila* 

1 [69]  7 [70,71]  
8,10 [70]  

9 [71]  
10 [70-72] 

11 [69]  

13 [71]  
14,15 [70]  

  H. sapiens 

 10 [73]  13[73]    L. donovani 

 10 [74]     M. musculus 

 7 [75]     P. furiosus* 

1,4 [76]      R. norvegicus 

 
(Table 3) Contd.... 
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 7 [54,77]     S. solfataricus* 

5 [78]  7[79]  13 [79,80]  
14, 15, 16 [80]  

17,18 [79]   T. brucei 

 Base-modified nucleosides 

 

      

[68]       C. acidophila* 

[69]       H. sapiens 

 Sugar- and base-modified nucleosides 

  
 

    

 

1: R= OH (allo) 
2: R= OH (tallo) 

3: R1= H, R2= OH 
4: R1= NH2, R2= OH 
5: R1, R2= H 

6: R= H 
7: R= OH 

 8: R1= H, R2= H 
9: R1= H, R2= OH  
10: R1= CH3, R2= H 

11: R= NH2 

12: R= F 
13: R= H 
14: R= OH 

 

 3,5 [37]     13,14 [37] A. pernix* 

   [68]     C. acidophila* 

    8-10 [71]    H. sapiens 

 3,4 [75]       P. furiosus* 

1,2 [26] 3 [54,77]  
4 [75]  

6,7[54]      S. solfataricus* 

  6 [80]    11,12 [78]   T. brucei 

 

Table 4. Substrate spectrum of uridine phosphorylases. 

Sugar-modified nucleosides: 2´-moiety, ring-modifications 

  

    

[38] [38]    E. aerogenes 

[81]     E. coli 

 [82]    L. casei 

[83]     S. typhimurium 

[84]     S. oneidensis 

[85]     G. intestinalis 

[86]     H. sapiens 

[86,87]     M. musculus 

[88]     R. norvegicus 

[89]     S. mansoni 

 
(Table 4) Contd.... 
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Base-modified nucleosides 

     

 

1: R = Br, 2: R= F,  
3: R= CH3 

     

1, 3 [81]     E. coli 

3 [82]     L. casei 

1, 2 [83]     S. typhimurium 

3 [84]     S. oneidensis 

3 [90]     A. pernix 

2 [91-93]     H. sapiens 

2, 3 [87,93,94] [87]    M. musculus 

    [95] P. falciparum 

2 [94]     R. norvegicus 

  [96]   S. cerevisiae 

   [16]  T. brucei 

Sugar- and base-modified nucleosides 

    

 

4: R = Br 
5: R = F 

6: R= CH2-CH3   7: R = F, X = H  

4, 5 [81]     E. coli 

5 [97]    7 [91] H. sapiens 

4, 5 [87,93]  [87] [87] 7 [93,98] M. musculus 

 6 [99]    R. norvegicus 

 
 Although UP substrate affinity differs from one organism to 
another, almost all UPs share some major characteristics with few 
exceptions: (i) most of the characterized UPs have their maximum 
activity against uridine except for UP of Lactobacillus casei which 
has a higher activity towards 5-methyluridine (117%) [82]. (ii) 
They have lower relative activity towards thymidine. In case of 
Escherichia coli and Lactobacillus casei UPs relative activity for 
thymidine was 2% [81] and 6% [82], respectively, compared to the 
activity towards uridine. Human UP showed the same pattern, how-
ever, with lower activity [81]. (iii) They have no activity towards 
cytidine, with the exception of the enzyme from Saccharomyces 
cerevisiae [96]. Mitterbauer and coworkers showed that the ORF 
YDR400w of Saccharomyces cerevisiae encodes for a UP express-
ing gene and the produced protein accepts both uridine and cytidine 
as substrates but not inosine, thymidine, guanosine or adenosine. 
(iv) 5-modified nucleosides are well accepted by UP enzymes with 
the exception of Lactobacillus casei UP which has no activity to-
wards 5-bromouridine [82]. Salmonella typhimurium UP is able to 
phosphorylate 5-bromo and 5-fluorouridine [83], Escherichia coli 
UP accepts C5-modified pyrimidine nucleosides as well [81]. 
 
 

 Next to base modifications, sugar modifications are also ac-
cepted by UPs. The UPs of Lactobacillus casei and the Enterobac-
ter aerogenes have 94.6 % and 10 % relative activity towards 
uracil-arabinoside, respectively [38, 82]. 
 Depending on the organism, the activity towards uridine nu-
cleoside analogs differs. Human and murine UP were studied in 
detail [93]. UP is found in almost all human tissues as well as in 
tumors, while TP is decreased or absent in most of the tumors. The 
specificity of the UP and TP is different between different mam-
malian species and even within the same species. The UPs identi-
fied from the murine liver and from the human placenta have a 
wider substrate range compared to that identified from the human 
liver. The human liver UP is highly specific for uridine, with lower 
cleavage capacity towards 5-fluorouridine (15%) compared to the 
murine’s liver UP activity (85%). Interestingly, recombinant human 
UP cloned from liver does not share any sequence similarity with 
known UPs except for 15 amino acids. Murine UP has additional 
activity towards 5’-fluorouridine, and 5'-fluoro-2'-deoxyuridine [93, 
98], which are not accepted by the human liver UP. On the con-
trary, TP isolated and characterized from the human liver has a 
broader specificity compared to its counterpart from the murine’s 
liver [93]. 
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4.2. Substrate Recognition and Substrate Spectra of Members 
of the NP-II Family 
 Members of the NP-II family can be differentiated into TPs and 
PyNPs. Both members catalyze the reversible phosphorolytic 
cleavage of the glycosidic bond of pyrimidine nucleosides or ana-
logs thereof in the presence of phosphate [1, 116]. TP and PyNP 
share a common two-domain subunit fold and a high level of se-
quence and structure identity [1]. Although uridine phosphorylase 
catalyzes a similar reaction like TP and PyNP, it does not belong to 
the NP-II family due to distinct structural characteristics. Compared 
to UP, TP has a high specificity for the 2´-deoxyribofuranose moi-
ety of pyrimidine nucleosides [1]. PyNP does not discriminate be-
tween uridine and thymidine and therefore, phosphorolyzes both 
compounds [117]. PyNPs are very interesting biocatalysts suitable 
for certain synthetic applications, e.g. for the enzymatic synthesis of 
valuable nucleoside analogs. PyNPs were described for Bacillus 
stearothermophillus [117], Bacillus subtilis [118], Hameophilus 
influenza [81], Geobacillus thermoglucosidasius, Thermus thermo-
philus [119], Mycoplasma hyorhinis [120]. 
4.2.1. Active Site of Members of the NP-II Family 
 The active site of PyNPs was well described by Pugmire and 
Ealick [1]. However, data were missing for the active site of TP. 
Detailed data are given in the following paragraphs. 
 In human TP, the transition state is stabilized by both polar and 
apolar active-site residues [121]. The pyrimidine ring is positioned 
in the vicinity of Val241 by the side chains of Tyr199 and Leu148, 
on one side, and that of Ile218 on the other side. The O2 and O4 of 
thymine interact via hydrogen bonds with Lys221 and Arg202, 
respectively (Fig. 2). Whereas, the hydroxyl group of Ser217 ac-
cepts a hydrogen bond from N3, the imidazole ring of His116 
makes two hydrogen bonds with N1 and O2 of the base [121] (Fig. 
2). The O5′ of the deoxyribose interacts via Hydrogen bonds with 
Thr151 and Gly119. Thr154 hydrogen bonds to O3′ of the deoxyri-
bose and phosphate. O3′ of the deoxyribose donates another Hy-
drogen bonds to the phosphate. The phosphate oxygen 3 accepts 
two hydrogen bonds, one from Lys115 and another from Ser117 
(Fig. 2). This elaborated hydrogen-bonding pattern facilitates the 
nucleophilic attack of the phosphate oxygen 2 onto the sugar ring 
atom C1′. Asp203 hydrogen bonds to Gly149 and therefore plays a 
crucial role in facilitating the correct placement of Leu148 and loop 
stabilization required for efficient catalysis [121]. 

 
Fig. (2). Schematic drawing of the active site of human thymidine phos-
phorylase. Residues binding the base, the sugar-moiety and phosphate are 
shown in dark grey, light grey and white, respectively. 

 El Omari and coworkers were able to build a loop (AS 405-
415) in human TP, which was missing in earlier structure [122]. 
The loop appears to be not essential for domain closure, however, it 
might be involved in the stabilization of the closed form (by α and 
α/β domain interaction across the active-site cleft) and the TP di-
mer. 
 Although inhibitors for nucleoside phosphorylases are not dis-
cussed in the recent review, inhibitor studies revealed an interesting 
result for thymidine phosphorylases. Liekens and coworkers de-
scribed that 5'-O-trityl-inosine (KIN59) inhibits recombinant bacte-
rial (E. coli) and human thymidine phosphorylase (TPase) with an 
IC50 of 44 µM and 67 µM, respectively [123]. However, KIN59 
neither bound to the pyrimidine nucleoside-binding site nor the 
phosphate-binding site of the enzyme, which indicates the existence 
of an allosteric binding site at the enzyme regulating its biological 
activity. 
4.2.2. Comparison of the Active Sites of Thymidine Phosphory-
lases and Pyrimidine Phosphorylases 
 Thyimidine phosphorylases of H. sapiens and E. coli and PyNP 
of B. stearothermophilus share an overall sequence similarity of !42% [124] and comprise an α-domain and a mixed α/β-domain 
connected by three polypeptide loops [116, 125, 126]. The α -
domain consists of six α -helices (α1-α4 and α8 -α9), and the α/β 
domain consists of a central mixed β-sheet (β1-β5, β13) surrounded 
by α helices (α5-α7 and α 10-α16) and two small antiparallel β -
sheets (consisting of strands β6, β7, β9, and β11, and β8, β10, and 
β12 respectively) flanked by two α -helices (α17 and α18) [125]. 
The loops act as a hinge which allows the two domains to switch 
between the open (inactive) and closed (active) conformations. The 
movement is responsible for bringing the active site residues to-
gether [126]. The main structural differences between NPs of H. 
sapiens, E. coli and B. stearothermophilus are in the α/β domain 
where human TP has an additional helix (α15), an extra turn in α16, 
and a more extended C-terminal region [125]. The small antiparal-
lel β-sheet (β8, β10, and β12) is present in human TP and PyNP of 
B. stearothermophilus but not in E. coli TP. A glycine rich loop 
described first in E. coli TP is also present in human TP and PyNP 
of B. stearothermophilus (residues 144 to 154 in human TP) [124]. 
The loop was described to be important for the binding of the cata-
lytic phosphate. 
 The structure of B. stearothermophilus PyNP revealed that a 
metal binding site is in close vicinity to the phosphate binding site 
[126]. This unidentified penta-coordinate metal interacts with the 
backbone carbonyl oxygen atoms of residues Leu243, Ala246, and 
Gly88, and the side chains of Glu255 and Thr90 (numbering of B. 
stearothermophilus PyNP). In the human TP structure, no metal ion 
was detected, however, it was suggested that the Nζ atom of 
Lys124 (which corresponds to Thr90 of B. stearothermophilus 
PyNP) takes the function of the metal ion of B. stearothermophilus 
PyNP and interacts with the equivalent residues [125]. 
4.2.3. Factors Determining Substrate Specificity within NP-II 
Family 
 The active-site residues involved in binding the substrate are 
highly conserved among all sequences of the NP-II family [1]. The 
only exceptions are Val241 in human TP (which corresponds to 
Phe207 in B. stearothermophilus PyNP and Phe210 in E. coli TP) 
and a methionine residue which replaces Lys108 of PyNP [124, 
126]. The replacement of methionine with lysine in PyNP it might 
result in a changed hydrogen bonding pattern with the phosphate 
oxygen that binds to the 2´-hydroxyl group of the ribose moiety. 
This might be responsible for difference in substrate specificity of 
TP and PyNP [1]. Balaev and coworkers described a different ex-
planation for the specificity of TP for thymidine and not uridine 
[127]. The location of the furanose component in the TP active site 
might influence substrate specificity. In the presence of thymidine 
TP subunit closure was not observed although cleavage reaction 
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was shown to occur. In accordance with previous studies it was 
supposed that phosphate is stabilizing the transition state. 
4.2.4. Substrate Spectrum of Thymdine Phosphorylase 
 Studies on the substrate range of thymidine phosphorylases 
have shown that the absence of the hydroxyl group (-OH) at the 2’ 
position of the nucleoside is important for the reactions catalyzed 
by TP enzymes. It was described for both E. coli TP and a TP ex-
tracted from liver cancer cells. Uridine was converted with only 
very low yields by E. coli TP, while it was not used as substrate by 
human TP at all [128, 129]. Both uridine and 2´-methyluridine 
served as inhibitors of E. coli TP which supports the importance of 
the absence of the 2’-hydroxyl group for the phosphorolysis to take 
place. More details on the Km and kcat or conversion rates of these 
substrates can be found in [130, 131].  
 The 3´-hydroxyl group plays a crucial role for substrate recog-
nition by TP [130, 131]. The absence of 3′-hydroxyl group or in-
verted configuration at C3′ atom revealed that those compounds 
were not or only very weak substrates. 3′-Amino-3′-
deoxythymidine was not a TP substrate at pH 6.5, but it undergoes 
phosphorolysis when the pH reaches 8.0 [130]. This was associated 
with the presence of the 3′-amino group in the vicinity of the α-
amino group of an amino acid residue in the active site; thus, the 
two protonated groups are repelled at pH 6.5. At pH above 8.0, the 
positive charges on nucleoside and protein amino groups disappear 
and phosphorolysis could take place. 
 Substitution at 5´-OH group show only little impact on sub-
strate recognition of TP, which shows that 5´-OH group is not in-
teracting with the TP active site (Table 4). Among the tested 5’ 
substitutions of thymidine, 5’-deoxy-, 5’-chloro-, 5’-amino- and 5´-
thio modifications were described as substrates for E. coli TP [130-
132]. The azide (-N3) and 5’-iodo modified thymidine analogs were 
not used as substrates by this enzyme. 
 Studies on modifications at the base moiety of thymidine ana-
logs revealed that it accepts a large number of substituents at the C5 
position of the thymine base [115, 131, 133]. Next to deoxyuridine, 
5-bromo-2´-deoxyuridine was substrate for H. sapiens, E. coli,  
L. casei and S. thyphimurium TP (Table 5, [82, 130, 134-137]). 5-
Iodo-2´-deoxyuridine was substrate for H. sapiens, E. coli and L. 
casei TP [82, 135, 137, 138]. 5-Fluoro- and 5-nitro-2´-deoxyuridine 
were substrates for human and E. coli TP [133, 137, 138]. How-
ever, substitution at the C6 position of the base has strong impact 
on enzyme activity [131]. Hence, decreased levels of conversion 
were observed with a higher aromaticity of the pyrimidine ring. The 
reason seems to be difficulties in polarizing the base by amino-acid 
residues in the active site. Only 6-azathymidine was described as 
substrate with low conversion by E. coli TP [131]. 
 Kinetic parameters and inhibition studies were performed to 
determine substrate specificity of human TP from liver and placenta 
compared to TP from mouse liver [156]. The substrate spectrum of 
TP in human liver was different to that of human placenta or mouse 
liver as a broader substrate spectrum was observed. Human hepatic 
TP phosphorolyzed all the tested nucleosides including uridine, 
thymidine, deoxyuridine, 5-fluorouridine (FU), 5-fluoro-2'-
deoxyuridine and 5'-deoxy-5-fluorouridine. Approximately 15% of 
uridine and 85% of FU phosphorolysis in human liver is performed 
by human TP. Phosphorolysis of uridine is a surprising result as it 
contradicts literature showing the importance of the 2´-OH group 
for thymidine phosphorylases of higher organisms [1]. Murine he-
patic TP is, in coherence with literature, more specific to deoxyri-
bosides, and is not involved in the phosphorolysis of uridine. Addi-
tionally, only 15% of FU is cleaved by murine hepatic TP. TP 
phosphorolyzed 5'-deoxy-5-fluorouridine in both human and mur-
ine livers. Compared to TP form human liver, higher similarity was 
observed between TP from human placenta und murine liver. It 
appears that the specificities of human hepatic TP is distinct from 
those from extrahepatic tissues. As the same was observed for hu-

man uridine phosphorylase, it was suggested that tissue-specific 
isozymes of pyrimidine nucleoside phosphorylases exist in humans. 
The inter- and intra-species differences in substrate specificities and 
activities between human and murine pyrimidine nucleoside phos-
phorylases may have an important impact on the validity of at-
tempts to introduce inhibitors of these enzymes into the clinic or on 
drawing conclusions about the metabolism and the chemotherapeu-
tic use of pyrimidine analogs in humans based on studies in mice. 
4.2.5. Substrate Spectrum of Pyrimidine Nucleoside Phosphory-
lases 
 Pyrimidine nucleoside phosphorylases (PyNP) are homodimeric 
enzymes found in many lower organisms [119, 151] as Geobacillus 
stearothermophillus [117, 157], M. hyorhinis [120, 154] , H. influ-
enza [115] and others. Unlike TP and UP, these enzymes catalyze 
the reversible phosphorolysis of both uridine and thymidine as natu-
ral substrate [10, 26]. PyNPs share almost 40 % of structure simi-
larities with TP and less than 20 % with UP [151], this could be 
correlated to the differences in NP families, where TPs and PyNPs 
comprise NP-II family whereas UP belongs to NP-I family [119]. 
Due to its affinity to both uridine and thymidine nucleoside analogs, 
PyNPs are expected to have a wide range of substrates due to its 
high tolerability to some modifications that are not accepted by UP 
or TP. For instance, it has been reported that the 2’ position does 
not play a crucial role in the catalytic activity of B. subtilis towards 
pyrimidine nucleoside analogs which contrasts with E.coli and Lac-
tobacillus casei TP, as mentioned earlier [82, 130, 131, 138].  
 Despite this, in 2013, Serra et al. compared the PyNP of B. 
subtilis with the E. coli TP [138]. A very similar behavior of both 
enzymes towards the tested substrates was described. Both enzymes 
used 5-halogenated-2’-deoxynucleoside analogs with almost similar 
rates and conversion percentages, except for the fluoro-modified 
one. The PyNP from B. subtilis showed a slightly higher conversion 
percentage than the E. coli TP. Additionally, they were both able to 
cleave the glycosidic bond of the (E)-5-(2-bromovinyl)-2’-
deoxyuridine (brivudin), however, with lesser extent than all the 
other examined substrates and this could be due to the steric hin-
drance of the bulky bromovinyl (CH=CHBr) group. It is worth 
mentioning that even though both enzymes could phosphorolyze 
brivudin yet the PyNP of B. subtilis showed a higher conversion 
rate (33%) compared to the E. coli TP (25%). 
 Generally, most PyNPs isolated from different organisms have 
been shown to be active towards uridine, thymidine and 2’-
deoxyuridine [115, 117, 138, 152]. Additionally, H. influenza and  
G. stearothermophilus are highly tolerable to 5-bromo and 5-methyl 
modified uridine and 5-bromodeoxyuridine [115, 117, 152]. A dif-
ference in the activity towards arabino nucleoside analogs was iden-
tified for different PyNP. PyNP of G. stearothermophillus does not 
accept arabinouracil and is not able to cleave its glycosidic bond 
[138]. Whereas, PyNP isolated from Thermus thermophilus was 
able to utilize 1-(2-deoxy-2-fluoro- ß-D-arabinofuranosyl) uracil 
with a conversion  of 46%. The same enzyme was also active to-
wards 2’-deoxy- 2’-fluorouridine with even higher conversion per-
centage (65%) [119]. 

4.3. Comparison of Substrate Spectra Between Bacterial and 
Mammalian PNP Enzymes and MTAP 
 After comparing the substrate spectra of bacterial and mammal-
ian PNPs and MTAP we can show that they share some, mainly 
natural, substrates (Fig. 3A). Amongst these are guanosine, inosine, 
5´-methylthioadenosine, but also adenosine. Bacterial and mammal-
ian PNPs also share some substrates which are 7-methyl-modified 
inosine, guanosine and adenosine. Additionally, Ribavirin, which is 
a known anti-viral drug is converted by both classes of PNPs. 
While bacterial PNP and MTAP have overlapping substrate  
spectra, it was not observed for mammalian PNP and MTAP. Both 
bacterial PNP and MTAP use some 6-methyl-, 2´-amino- and 
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Table 5. Substrate spectrum of thymidine phosphorylases. Phosphorolysis of the given nucleoside analogs was analyzed except for 
those studied by Serra et al. (2013), which are marked by*. 

sugar-modified nucleosides: 5´-moiety 

 
    

 

   1: R = NH2 
2: R = SH 
3: R = Cl 
4: R = F 

5: R = H 
6: R = OH 

 

   4 [139,140]  H. sapiens 

[130] [130]  [130] 1-3 [130,131] 5, 6 [130,131,138] E. coli 

Sugar-modified nucleosides: 3´-moiety, ring-modifications 

    

  

7: R = NH2 

8: R= SH 
     

7, 8 [130]  [130,131]   E. coli 

   [82]  L. casei 

Base-modified nucleosides 

 
   

  

9: R = Br 
10: R= I 
11: R = F 
12: NO2 

     

9, 10, 11, 12 
[133,137,141-143] 

[140]    H. sapiens 

12 [133,144]  [130,145]* [131]  E. coli 

9, 10, 11 [82]     L. casei 

9 [136]     S. thyphi. 

Sugar- and base-modified nucleosides 

  

    

[146] [147,148]    H. sapiens 

 [82]    L. casei 
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Table 6. Substrate spectrum of pyrimidine nucleoside phosphorylases. Thermophilic organisms are marked by asterisk. 

Sugar-modified nucleosides: 2´-moiety, ring-modifications 

   

  

[118,138]    B. subtilis 

[117,149]    G. stearothermophilus* 

 [119]   G. thermoglucosidasius* 

[150]    S. pyogenes 

 [119] [119]  T. thermophilus* 

Base-modified nucleosides 

  
 

  

1: R = Br, 2: R = F 
3: R= I, 4: R = CH3 

5: R = CH3 

6: R= H 
   

1, 4 [117,126,149,151]    G. stearothermophilus* 

4 [119]    G. thermoglucosidasius* 

1, 4 [115,152]    H. influenzae 

2, 3 [120,153,154]    M. hyorhins 

  [155]  P.carotovorum 

Sugar- and base-modified nucleosides 

    

 

7: R = Br, 8: R = F 
9: R = I, 10: R = Cl 

11: R=H, 12: R = CH3 
  

13: R = H 
14: R = F  

7, 8, 9, 11, 12 [118,138] [118,138] [118] [118] B. subtilis 

7 [149]     G. stearothermophilus* 

7 [115]    H. influenzae 

7, 8, 9, 10 [120,153,154]   [120,153,154]  M. hyorhins 

 
2´-fluoro-modified substrates. Interestingly, they also phosphoro-
lyze cytidine and 2´-deoxycytidine which shows that purine nucleo-
side phosphorylases are not strictly bound to purine nucleosides and 
their analogs. 
 Bacterial PNPs are able to convert nucleoside analogs which 
possess halogen substituents at the sugar-moiety (Fig. 3A). 2’-
fluoroadenosine, 2’-fluoroarabinoadenosine, 5’-deoxy-5’-fluoro-
adenosine or 2´-fluoro-2’-deoxyadenosine have been used as sub-
strate. Mammalian PNP are able to convert a number of nucleosides 

which show base modifications with amino- or alkyl-groups. Addi-
tionally, 5-aza-7-deazaguanine and 8-azahypoxanthine were ac-
cepted substrates. MTAPs have a preference for nucleosides which 
harbor halogen (fluoro, iodo, chloro)-modifications at the base. 
Furthermore, 5´-alkyl- groups were well tolerated. MTAPs also 
used 1-deaza-5’-methylthioadenosine riboside and 8-aza-
5’methylthioadenosine riboside as substrates. 
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Fig. (3). Comparison of substrates phosphorolyzed by members of NP subfamilies. A) hexameric PNP, trimeric PNP and MTAP, B) UP, TP and PyNP. Drugs 
or compounds with therapeutic activity are written in bold and are underlined. 

!"#$%&'()*+,-$./+/0,-12,3$4
4.56"7(*1+1/3$-12,-$4

56"7(*1+1/+/0,-1/3$-12,-$4
86"3$19'"86"7(*1+1/3$-12,-$4

:";!"<"9'(17*+/-12'(=/3$-,-$4
>6"3$19'?*/-12,-$4
5"7(*1+1/3$-12,-$4..5"7(*1+1"

56"3$19'/3$-12,-$4.@"#$%&'(,-12,-$4
@"#$%&'(?*/-12,-$4.!"/(A'()*+,-$.+,012,3$4
!"B'B(1/(A'()*+,-$.+,012,3$4

5"/#,-1"56"3$19'/3$-12,-$4

C"#$%&'(,-12,-$4
C"#$%&'(?*/-12,-$4

C"#$%&'(/3$-12,-$4.D,B1%,-/#,3$
+,012,3$4 4.5"/#,-1"!"#$+B/)%1"

C"#$%&'()*+,-$.+,012,3$4

E3$-12,-$4.56"<$19'/3$-12,-$4
F*/-12,-$4.G-12,-$4.56"<$19',-12,-$
56"<$19'?*/-12,-$4 86"#$%&'(%&,1"
/3$-12,-$4 86"#$%&'(%&,1,-12,-$4

564>6"3,3$19'/3$-12,-$

86"3$19'"86",131"5"7(*1+1/3$-12,-$4

4.9/-%&12,-$4
!"%&,19/-%&12,-$4.C";!"<"
+,017*+/-12'(=?*/-,-$4.C"#$%&'("

,-12,-$4.C";!"<"
+,017*+/-12'(=&')19/-%&,-$4
>";!"<"+,017*+/-12'(=/3$-,-$4
>";!"<"+,017*+/-12'(=&')19/-%&,-$4
C"#$%&'(/3$-12,-$4.C"#$%&'("!"
%&,1?*/-12,-$4.C"/(A'(.?*/-12,-$4
H"#$%&'(.?*/-12,-$4.H"
/#,-1?*/-,-$4.54!"3,/#,-1"H"
/I/)*+,-$4

4.H"/I/&')19/-%&,-$

J'%,3,-$4
<$19'B'%,3,-$4

56"/#,-1"56"3$19',-12,-$4.56"/#,-1"
56"3$19'/3$-12,-$456"7(*1+1"56"3$19'"
,-12,-$4.:";5"3$19'"5"7(*1+1"""<"

/+/0,-17*+/-12'(=/3$-,-$4
86"#$%&'(;%/(1="!"#$%&'(")*+,-$"+,012,3$

5"B&(1+1/3$-12,-$486"#$%&'(;/((1="!"#$%&'(")*+,-$"+,012,3$486",131/3$-12,-$4.86"B&(1+1/3$-12,-$4
4.5"B&(1+1"86"K"#$%&'("563$19'/3$-12,-$45"/#,-1"86"3$19'"86"

;&'3+19'$%&'(%&,1=/3$-12,-$45"7(*1+1"86"3$19'"86";&'3+19'$%&'(%&,1=/3$-12,-$45"#$%&'("86"
#$%&'(%&,1/3$-12,-$454!"3,/#,-1"86"#$%&'(%&,1)*+,-$.+,012,3$45"&'3+19'"86"

#$%&'(%&,1/3$-12,-$45"7(*1+1"86"#$%&'(%&,1/3$-12,-$4!"#$%&'("86"#$%&'(%&,1)*+,-$
+,012,3$4.@"3$/I/"86"#$%&'(%&,1/3$-12,0$4H"/I/"86#$%&'(%&,1/3$-12,-$4
56"/I,31"86"3$19'"86#$%&'(%&,1/3$-12,-$486"/(A'(%&,1/3$-12,-$4

86"K"#$%&'(/3$-12,-$456486"3,3$19'/3$-12,-$4.86"#$%&'(2$($-1"
/3$-12,-$4.86"B'B(1/(A'(./3$-12,-$486"/+'(.%&,1/3$-12,-$4

L"/3$-12'("M"&1#1B'2%$,-$

>"7(*1+1%&'#,3,-$4
8"-,%+1"56"3$19'*+,3,-$486."/#,-1"86"

3$19'%&'#,3,-$4..>6"3$19'%&'#,3,-$4
86"3$19'%&'#,3,-$4.>6"/#,-1">6"

3$19'%&'#,3,-$4
>6."#$+B/)%1">6"3$19'%&'#,3,-$4
86"#$+B/)%1"86"%&'#,3,-$486"7(*1+1"86."3$19'"
%&'#,3,-$4.86"B&(1+1"86"3$19'"
%&'#,3,-$

!"/I/%&'#,3,-$

N+,3,-$4.O&'#,3,-$4.56"3$19'*+,3,-$4
8"0+1#1"56"3$19'*+,3,-$4.8"7(*1+1*+,3,-$4

4.8"7(*1+1"86"3$19'*+,3,-$

!"#$%&'(.*+,3,-$4.EI/*+,3,-$4
56"3$19'/I/*+,3,-$4.N+/B,(

/+/0,-12,3$4.8"$%&'(*+/B,(
/+/0,-12,3$4.,-12,-$4
?*/-12,-$

8"#$%&'(*+,3,-$
B'%,3,-$
8"0+1#1*+,3,-$

86"3$19'*+,3,-$4

P"%&,1%&'#,3,-$

P"%&,1*+,3,-$4.8",131*+,3,-$4
8"0+1#1Q,-'("56"3$19'*+,3,-$4.8"%+,7(*1+1%&'#,3,-$4.56"3$19'"56"
7(*1+1*+,3,-$4.56"3$19'"56"7(*1+1*+,3,-$./+/0,-12,3$4

!"#$%&'"()*+* ,"--"('".)*+*

,/0*

/*

*1+*

2*

0

!

3(45"&"6'.%7

#(83"&"6'.%7)9'5"&"6'.%7

:;<=%.1(<4&'.%)&'68>'5%7
.%("&"6'.%

:;-%$=1(<4&'.%)&'68>'5%7
:;-%$=1(<4&'.%)5%8?1&'68>'5%7

#8&51#%<'.7

#("5&'6'.%7

$%@"34&7

>$"945'.%7

3(8?4&'5'.

A58?4&'5'.%7

&'6"9'&'.

&'6"9'&'.

<4&'.%$=8()&'68>'5%7
$='8@4".'.%)&'68>'5%

B;"C";D;
5%"C"@4".'.%

5'5".8>'.%



Substrate Spectra of Nucleoside Phosphorylases and their Potential in the Production Current Pharmaceutical Design, 2017, Vol. 23, No. 45    6927 

4.4. Comparison of Substrate Spectra Between TP, UP and 
PyNP 
 TP, UP and PyNP are described to use pyrimidine nucleosides 
as their substrates. However, for UP the phosphorolysis of 
guanosine and inosine was described (Fig. 3B). TP, UP and PyNP 
have a few overlapping substrates which are uridine, 2’-
deoxyuridine, 5-bromo-2’-deoxyuridine, 5-fluorouridine, 5-fluoro-
2’-deoxyuridine, 5-fluoro-5’-deoxyuridine, but also thymidine. TP 
and PyNP share the following substrates: 5’-deoxyuridine, 5-iodo-
2’-deoxyuridine and 4-thiothymidine. UP and PyNP both phos-
phorolyze 5-methyl uridine, cytidine and 5-bromouridine. TP and 
UP do not have common substrates which are not used by PyNP. 
 TP uniquely catalyzes the conversion of 3´- and 5´-modified 
nucleoside analogs like 3’-deoxythymidine, 5’-deoxythymidine, 3’-
amino-3’-deoxythymidine, 3’-deoxy-2’,3’-didehydrothymidine, 3’-
mercaptothymidine or 5’-amino-5’-deoxythymidine (Fig. 3B). UPs 
are able to use aza-nucleosides like azathymidine or azauridine. 
Additionally, arabinosides are well accepted substrates. PyNPs 
were described to use nucleosides with different halogen substitu-
ents in C5 of the base. Examples are 5-iodouridine, 5-bromovinyl-
2’-deoxyuridine, 5-trifluorothymidine or 5-trifluoro-2’-dexyuridine. 
Interestingly, they convert 2´-deoxy-2´-fluoro-mucleosides like 2’-
deoxy-2’-fluorouridine and 2’-deoxy-2’-fluorouridine arabinoside, 
which are interesting precursors for modified oligonucleotides. 

4.5. Production of Pharmaceutically Active Compounds by Nu-
cleoside Phosphorylases 
 NPs are frequently applied for the production of modified nu-
cleosides [18, 110] since they have a fairly broad substrate specific-
ity as shown in the previous chapters. For recent reviews see [18, 
158, 159]. Transglycosylation reactions are most widely used to 
produce nucleoside analogs. The transgylcosylation of nucleosides, 
catalyzed by nucleoside phosphorylases, is a two-step reaction. In 
the first step, a nucleoside that is the pentofuranosyl donor is phos-
phorolytically cleaved into the corresponding heterocyclic base and 
α-D-pentofuranosyl-1-phosphate. In a second step, this activated 
carbohydrate moiety is reacting with the heterocyclic base which is 
used as pentofuranosyl acceptor. This process was very efficient for 
the synthesis of modified ribosides and deoxyribosides [158, 159]. 
However, difficulties can result from the difference in the dynamics 
of the two consecutive reactions. In the first step of the transglyco-
sylation reaction inorganic phosphate is required, while in the sec-
ond reaction high phosphate concentration inhibit product forma-
tion. 
 An alternative to the transglycosylation reaction is the use of α-
D-pentofuranosyl-1-phosphate as substrate for the production of 
modified nucleosides. The transfer of a pentofuranosyl moiety pre-
pared by chemical or enzymatic methods to purine or pyrimidine 
bases catalyzed by NPs was shown to be a very efficient method for 
the production of nucleoside analogs [18, 158, 159]. The wide-
spread application of this reaction, however, is hampered by the 
fact that α-D-pentofuranosyl-1-phosphate is not very stable and 
expensive. 
 For technical application, the least laborious way to use NPs for 
the production of nucleoside analogs is the application of whole 
cells as biocatalysts. Effort for downstream processing is low which 
leads to cost-effective biocatalysts preparation. Moreover, whole 
cells are a kind of immobilization vehicle which increases stability 
of the nucleoside phosphorylases. A drawback is the complexity of 
whole cells. They possess not only NP activity but various other 
activities which can lead to decreased product yields as shown by 
Lewkowicz and coworkers [160]. Adenosine was produced from 
uridine and adenine catalyzed by E. coli whole cells. While 94% 
product yield was observed after 1 h of reaction, they observed that 
after prolonged reaction times product yields decreased. After 24 h 
only uracil and adenine were detected. 

 The application of purified enzyme has the advantage that side-
reactions can be avoided. For industrial applications, it is highly 
desirable to use either immobilized enzymes or continuous mem-
brane reactors to be able to recover the enzyme from the reaction 
mixture. As a result downstream processing is simplified and bio-
catalyst recycling becomes possible. As immobilization also in-
creases the stability of nucleoside phosphorylases diverse methods 
have been exploited [138, 161-163]. 
 To date, NPs from different mesophilic bacteria, such as Es-
cherichia coli [164-166] or Bacillus subtilis [167], have been ap-
plied for the production of pharmacologically active compounds 
[164, 165]. Thermostable NPs from thermophilic or hyperthermo-
philic microorganisms show the same regio- and stereo-selectivity 
as mesophilic NPs, but have further advantages for industrial appli-
cations: I. Thermophilic enzymes can be easily purified with high 
protein recovery which drastically reduces production costs of the 
enzyme [44]. II. They tolerate a wide range of pH which reduces 
the need to strictly regulate the pH of the reaction. III. Three purine 
nucleoside phosphorylases of Thermus thermophilus were shown to 
have a remarkable resistance to aggressive organic solvents such as 
DMFA, DMSO, or 2-MeTHF, which can be used to increase the 
water solubility of substrates. IV. Using thermophilic enzymes as 
catalyst, reactions can be performed at higher temperatures, which 
reduces the viscosity of the medium or increase the solubility and 
concentration of some substrates [168]. V. With an increased ther-
mal stability, a broader substrate spectrum was also observed for 
nucleoside phosphorylases [37, 44, 104, 119]. Thermal stability is 
not a result of a unique phenomenon. Instead different strategies 
were found in nature to increase enzyme stabilization: increased 
electrostatic interaction, greater hydrophobicity and better atom 
packing, deletion and shortening of loops and disulfide bonds are 
just some examples [44]. 
 To make NPs a valuable tool in industrial application, up-
scaling of the production process in necessary. A scale-up from 
0.05 mL to 150 mL in a stirring reactor was performed by Nóbile 
and coworkers to produce fludarabine, vidarabine and 2,6-
diaminopurine arabinsoide with product yields of 58%, 71% and 
77%, respectively [173]. Immobilized whole cells of Citrobacter 
koseri were used as biocatalyst. The production of 5-methyl uridine 
in a scale of 1 L was performed in a stirring reactor [174]. PNP of 
Bacillus halodurans and UP of E. coli were applied and product 
yields of 85% with a productivity of 10.6 g L-1 h-1 were achieved. 
Challenging parameters were identified: within a large volume in a 
batch process the mixing of the reaction is a critical parameter. 
With increased stirring speed, denaturation of the biocatalysts was 
observed. 
 The review of Mikhailopulo describes well the chemo-
enzymatic production of nucleosides with biological relevance 
[158]. It shows clearly that nucleoside phosphorylases can be used 
to produce drugs like cladribine or mizoribine which are applied for 
the treatment of cancer (Table 7). In 2003, Mikhailopulo and Mi-
roshnikov described the enzymatic production of fludarabine, clo-
farabine or vidarabine with E. coli ribokinase, phosphopentomutase 
and PNP [169]. Phosphorolytic cleavage was determined for a 
number of other approved drugs like ribavirin or didanosin [35]. 
Purified PNP of Brevibacterium acetylicum was used as biocatalyst. 
Compared to inosine the relative activity was 22% for both com-
pounds (Table 8). Recently, we tested the phosphorolytic cleavage 
of nucleoside analog drugs listed in European Pharmacopoeia. 
PyNPs from thermophilic microorganisms used both cytarabine and 
zidovudine as substrate, while gemcitabine and lamivudine were 
not cleaved. PNP or MTAP of thermophilic microorganisms 
showed phosphorolytic activity with ribavirin and didanosin (our 
study). Nucleoside analogs with open sugar ring structures  
like aciclovir, ganciclovir and tenofovir were not accepted as sub-
strate. Aciclovir was tested as substrate for three PNPs of  
 



6928    Current Pharmaceutical Design, 2017, Vol. 23, No. 45 Yehia et al. 

Table 7. Drugs produced in a (chemo)enzymatic process involving nucleoside phosphorylases. 

Drug Applied Nucleoside Phosphorylase(s) Product Yield References 

E. coli PNP (starting from α-D-pentofuranose-1-P) Not given [169] Fludarabine 

E. coli PNP 1.300 nmoles/mg/hr [55] 

Clofarabine E. coli PNP (starting from α-D-pentofuranose-1-P) Not given [169] 

Vidarabine E. coli PNP (starting from α-D-pentofuranose-1-P) Not given [169] 

Cladribine E. coli whole cells 56-95% [158] 

Nelarabine E. coli UP, PNP 53% (with high excess of enzyme) [158] 

Mizoribine E. coli UP, PNP 83% [158] 

6-Methylpurine riboside E. coli PNP 

 

TvPNP 

SsMTAP 

FtPNP 

Human PNP 

84.000 nmoles/mg/hr 

96.000 nmoles/mg/hr 

155.000 nmoles/mg/hr 

4.000 nmoles/mg/hr 

4800 nmoles/mg/hr 

12 nmoles/mg/hr 

[55] 

[54] 

[54] 

[54] 

[54] 

[54] 

6-Methylpurine deoxy-
riboside 

E. coli PNP 

 

TvPNP 

SsMTAP 

FtPNP  

461.000 nmoles/mg/hr 

528.000 nmoles/mg/hr 

484.000 nmoles/mg/hr 

12.000 nmoles/mg/hr 

3900 nmoles/mg/hr 

[55] 

[54] 

[54] 

[54] 

[54] 

 

Table 8. Phosphorolytic cleavage of approved nucleoside analog drugs by nucleoside phsophorylases 

Drug Applied Nucleoside Phosphorylase Product Yield References 

Ribavirin Brevibacterium acetylicum PNP 15% [35] 

Didanosine Brevibacterium acetylicum PNP Not given (22% residual activity compared to inosine) [35] 

Purinethol RnPNP: riboside 

EcPNP: deoxyriboside 

14% 

Km= 126 µM 

[10] 

[11] 

Thioguanin PNP from human sarcoma Not given [12] 

5-Aza-7-deazaguanine E. coli PNP Km= 0.15 mM [13] 

Tegafur Human TP Not given [147] 

Stavudine E. coli TP Not given [132] 

Idoxuridine Salmonella typhimurum TP Not given [135,136] 

Floxuridine Human TP Not given [135,136] 

 
Thermus thermophilus and Brevibacterium acetylicum before. 
However, no phosphorolytic activity was observed [44, 105]. 
In addition to their potential to produce available drugs in industrial 
scale, nucleoside phosphorylases can also be used to synthesize 
new bioactive compounds. 6-phenyl purine riboside was produced 
by bacterial PNP starting with pentose-1-phosphate. It was tested, 
along with other related compounds that bear aromatic substitution 
on the purine ring, against three different cancer cell lines where it 
showed good cytostatic activity against L1210 (lymphocytic leu-
kemia), HeLa (cervical cancer) and CCRF-CEM (acute lym-

phoblastic leukemia) cells [110]. 6-methyl purine riboside which is 
used as substrate by both bacterial PNP and MTAP had antifungal 
(against Ascochyta pisi, Nematospora coryli, Neurospora crassa), 
antiviral (against vesicular stomatitis virus) and antitumor activity 
[175]. Marasco and coworkers successfully tested this compound 
against five human tumor cell lines (ovarian carcinoma, non-small 
cell lung carcinoma, colon adenocarcinoma, breast adenocarcinoma 
and adriamycin resistant breast  adenocarcinoma) [161]. 
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4.6. Mutagenesis Approaches to Alter Substrate Specificity 
 Mutagenesis approaches have been widely used to confirm the 
relevance of amino acid residues for structure and catalytic activity 
in nucleoside phosphorylases. For detailed information see Sup-
plementary Table 1. 
 Additionally, mutagenesis approaches have been used to change 
the substrate specificity of purine nucleoside phosphorylases (Table 
9). Already in 1999 Maynes and coworkers showed the important 
role of Asn243 for substrate specificity of murine PNP [172]. By 
changing asparagine to aspartic acid the substrate specificity was 
changed to that of bacterial PNP and adenosine was recognized as 
substrate. Similar results were obtained for human PNP: The muta-
tion Asn243Asp strongly influences substrate specificity, making 6-
amino- and 6-oxopurines equally good as substrates and clearly 
favoring adenosine over inosine and guanosine [176]. In E. coli 
PNP-II, which is similar to mammalian PNPs, the site-directed 
mutagenesis of Asn239Asp also changed substrate specificity [14]. 
Mutant enzyme shows no activity with the wild-type substrates 
inosine, xanthosine and guanosine. Unlike the wild-type enzyme, 
the mutant enzyme shows activity with adenosine. 
 In human PNP, a single amino acid (Tyr88) was identified to be 
involved in ribose selectivity [39]. A tyrosine to phenylalanine 
mutant (Tyr88Phe) was shown to have improved catalytic activity 

with respect to 2′,3′-dideoxyinosine. Kinetic characterization of this 
mutant determined a 9-fold improvement in kcat and greater than 2-
fold reduction in Km.  
 Point mutations in the active site of calf PNP led to the forma-
tion of non-typical ribosides [177]. While with wild-type calf PNP 
N7- and N8-ribosides are observed as products, the Asn243Asp 
mutant produced ribosyl substitution at positions N9 and N7. Simi-
lar results were observed with a mutated form of E. coli PNP 
(Asp204Asn). It was used to produce non-typical ribosides of 8-
azaadenine and 2,6-diamino-8-azapurine. 
 Interestingly, a natural occurring mutant of E. coli PNP 
(Met64Val) shows a modified substrate spectrum [54, 170]. The 
mutant is able to cleave numerous 5'-modified nucleoside analogs 
like (9-[6-deoxy-α-L-talofuranosyl]-6-methylpurine (methyl(talo)-
MeP-R), 9-[6-deoxy-α-L-talofuranosyl]-2-F-adenine, and 9-[α-L-
lyxofuranosyl]-2-F-adenine) with higher efficiency than the wild 
type enzyme. No activity with adenosine or inosine was observed. 

CONCLUSION 
 Nucleoside phosphorylases are an interesting family of en-
zymes which play a crucial role in nucleoside metabolism. Addi-
tionally, they are very interesting targets for the treatment of viral 
and carcinogenic diseases. Many studies are published that focus on 
the medical importance of nucleoside phosphorylases and the de-

Table 9. Mutations made in nucleoside phosphorylases that change substrate specificity. 

Organism Mutation Description References 

N239D Mutant enzyme shows no activity with the wild-type substrates inosine, xanthosine and 
guanosine. Unlike the wild-type enzyme, the mutant enzyme shows activity with adenosine. 

E. coli-PNP 
II 

Y191L Specificity change to conventional trimeric PNPs. Mutant enzyme shows no activity with the 
wild-type PNP-II substrate xanthosine. Km for inosine decreased. Km of guanosine was in-

creased. 

[14] 

E. coli PNP 
(natural 

mutation) 

M64V The mutant is able to cleave numerous 5'-modified nucleoside analogs (9-[6-deoxy-alpha-L-
talofuranosyl]-6-methylpurine (methyl(talo)-MeP-R), 9-[6-deoxy-alpha-L-talofuranosyl]-2-F-

adenine, and 9-[alpha-L-lyxofuranosyl]-2-F-adenine) with much greater efficiency than the wild 
type enzyme. No activity with adenosine or inosine was observed. 

[54,170] 

N243D The mutation leads to changed substrate specificity, making 6-amino- and 6-oxopurines equally 
good as substrates and clearly favoring adenosine over inosine and guanosine. 

[171] 

Y88A, Y88V, Y88I, 
Y88S, Y88T, Y88N, 

Y88D, Y88E 

Increase in Km for dideoxyinosine. 

Y88F, Y88H, Y88L, 
Y88M, Y88C, Y88Q 

Increase in Km for dideoxyinosine. Y88F displayed the highest overall kcat/Kmand the highest 
turnover rate. 

Y88F/M170T Strong increase in kcat/Km for dideoxyinosine. 

Homo 
sapiens PNP 

Y88F/ M170T/ G4E/ 
Q172L/ T177AC 

Q172L and T177AC counteract the positive effect of M170T on kcat/Km for dideoxyinosine. 

[39] 

K244Q Ration of turnover-number/Km is 83% of that for wild-type enzyme, no activity with adenosine. 

N243D 8-Fold increase in Km-value for inosine and a 100-fold decrease in the ratio of turnover-
number/Km. Phosphorolysis of adenosine with a Km-value of 0.045 mM and ratio of turnover-

number/Km 8-fold that with inosine. 

N243D/K244Q 14-Fold increase in Km-value for inosine and 7-fold decrease in the ratio of turnover-number/Km 
as compared to the wild-type enzyme. Phosphorolysis of adenosine with a Km-value of 0.042 

mM and a ratio of turnover-number/Km twice that of the single D243D substitution. 

Mus muscu-
lus PNP 

N243T Mutant enzyme shows no activity with adenosine. 

[172] 
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velopment of inhibitors thereof. Substrate spectra of NPs were stud-
ied to understand the mechanism of catalysis during phosphorolytic 
cleavage of nucleosides. This knowledge is valuable for the appli-
cation of nucleoside phosphorylases in the production of nucleoside 
based drugs or precursors for modified oligonucleotides like an-
tisense oligonucleotides or aptamers. 

LIST OF ABBREVIATIONS 
NP = Nucleoside Phosphorylases 
PNP = Purine Nucleoside Phosphorylase 
PyNP = Pyrimidine Nucleoside Phosphorylase 
E. coli = Escherichia coli 
Pi = Inorganic Phosphate 
P. falciparum = Plasmodium falciparum 
dGuo = 2’-Deoxyguanosine 
dGTP = Deoxyguanosine Triphosphate 
dCyK = Deoxycytidine Kinase  
dCTP = 2’-Deoxycytidine Triphosphate 
dGMP = Deoxyguanosine Monophosphate 
TP = Thymidine Phosphorylase 
UP = Uridine Phosphorylase 
ANP = Adenosine Nucleoside Phosphorylase 
GP = Guanosine Phosphorylase 
MTAP = S-Methyl-5'-thioadenosine phos-

phorylase 
S. typhimurium = Salmonella typhimurium 
H. sapiens = Homo sapiens 
T. brucei = Trypanosoma brucei 
bPNP = Bovine Purine Nucleoside Phos-

phorylase 
Km = Michaelis-Menten Constant 
MTR = S-methyl-5-thioribose 
kDa = Kilodalton 
M. smegmtis = Mycobacterium smegmatis 
MTA = 5'-Deoxy-5'-(methylthio)adenosine 
ORF = Open Reading Frame 
Thd = Thymidine 
B. stearothermophilus = Bacillus stearothermophilus 
Kcat = Turnover Number 
L. casei = Lactobacillus casei 
FU = 5-Fluorouridine 
5’-dFU = 5’-Deoxy-5’-fluorouridine 
M. hyorhinis = Mycoplasma hyorhinis 
B. subtilis = Bacillus subtilis 
H. influenza = Haemophilus influenza 
E. aerogenes = Enterobacter aerogenes 
S. oneidensis = Shewanella oneidensis 
G. intestinalis = Giardia intestinalis 
S. mansoni =  Schistosoma mansoni 
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1.1 Introduction

1.1.1 Nucleosides and Nucleoside Analogues

Nucleosides primarily consist of a nitrogenous base (nucleobase), which is
either a purine base or a pyrimidine base and a five-carbon sugar (pentose).
!e base and sugar are covalently linked via an N-glycosidic bond (Figure 1.1).
!e pentose sugar moiety of naturally occurring canonical nucleosides is either
ribose or deoxy-ribose whereas the nucleobase might be either a purine (ade-
nine, guanine) or a pyrimidine (cytosine, uracil, thymine). !ese nucleosides are
structural subunits of nucleic acids and are involved in several cellular processes
including enzyme regulation and metabolism, DNA and RNA synthesis, and cell
signaling [1, 2].

Naturally occurring nucleoside analogues (non-canonical nucleosides) are
found in almost all types of RNA especially in tRNAs and they are crucial
for RNA processing. Non-canonical analogues are nucleosides with different
modifications on the pentose and/or the base [3] (Figure 1.1). !ere are more
than 109 known post-transcriptional modifications in the three phylogenetic
domains [4]. Pseudouridine is the most ubiquitous analogue and is sometimes
considered as the fifth RNA-related nucleoside [5].

Non-natural nucleoside analogues are synthetic molecules that structurally
mimic their physiological counterparts and also act as antimetabolites [2]. Nucle-
oside analogues access cells through specific nucleoside transporters. Within the
cells, they are phosphorylated by nucleoside kinases, which leads to increased
levels of di- and tri-phosphorylated nucleoside analogues in virus-infected or
cancer cells. !e first and the second phosphorylation step can also be catalyzed
by viral kinases in cells infected by some DNA viruses. Owing to differences in
the substrate spectrum of human and viral kinases, virus-specific drugs can be
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Enzymatic and Chemical Synthesis of Nucleic Acid Derivatives, First Edition.
Edited by Jesús Fernández-Lucas and María-José Camarasa Rius.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Enzymatic Synthesis of Nucleoside Analogues by Nucleoside Phosphorylases

Nucleosides Nucleoside analogues

Synthetic analoguesNatural occurring
non-canonical analogues

Canonical nucleoside

R1

R1

R2

NH
N

N N
OHO

OH X

Purine nucleoside

R2
NH

O
O

HO

OH X

Pentose

2′O-methyl-

Uracil: X = OH, R1 = O, R2 = H;
Cytosine: X = OH, R1 = NH2, R2 = H;
Deoxy-cytosine: X = H, R1 = NH2, R2 = H;
Thymidine: X = H, R1 = O, R2 = CH3

Adenosine: X = OH, R1 = NH2, R2 = H;
Deoxy-adenosine: X = H, R1 = NH2, R2 = H;
Guanosine: X = OH, R1 = O, R2 = NH2;
Deoxy-guanosine: X = H, R1 = O, R2 = NH2;

Nucleobase Nucleobase

Pentose

Pentose

Dehydroxylation

Hydroxylation

Saturation

Halogenation
(CI, F, I, Br)

Thiolation

Azotation

Deazotation

Methylation

Open ring

2′O-methyl-

Nucleobase

C5,C6 dihydro-

C5-methyl-

C5-ribose

N2,N2-dimethyl-

N1-methyl-

N6-methyl-

Pyrimidine nucleoside

N

Figure 1.1 Classification of nucleosides and nucleoside analogues. Canonical (unmodified)
nucleosides are the building blocks of DNA and RNA. Non-canonical (naturally modified on
pentose moiety, base moiety or both) are mainly occurring in RNA. Synthetic nucleosides are
used in the treatment of viral and bacterial infections as well as in cancer treatment.

developed. !e active forms of nucleoside analogues interfere with intracellular
enzymes such as human and viral polymerases, kinases, DNA methyl transferase,
ribonucleotide reductase, nucleoside phosphorylases (NPs) or thymidylate syn-
thase [2, 6]. Furthermore, they can be incorporated into newly synthesized
DNA and RNA, which may induce termination of the polymerization process,
accumulation of mutations in viral progeny, or induction of apoptosis.

For more than 50 years, nucleosides and their analogues have been used
as small molecule drugs for the treatment of several viral infections as well
as for hematological malignancies and solid tumors. !e first FDA approved
antiviral nucleoside analogue was idoxuridine, which is used for the treatment
of HSV-1 (herpes simplex virus) [7]. In 1969, cytarabine was approved for the
treatment of acute myeloid leukemia [2]. Since then, the interest in nucleoside
analogues based drugs has tremendously grown. Currently, more than 39
approved nucleoside analogue drugs or drug combinations are approved for
the treatment of seven human viral infections, which include HSV, varicella
zoster virus (VZV), hepatitis-B virus (HBV), hepatitis-C virus (HCV), human
immunodeficiency virus (HIV), respiratory syncytial virus (RSV), and human
cytomegalovirus (HCMV) [7]. For treatment of cancer and viral infections, 50%
and 20%, respectively, of all approved drugs belong to the class of nucleoside
analogues [8]. Additional clinical indications for nucleoside analogues applica-
tion include chronic hyperuricemia, immune suppression in organ transplant
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surgeries, and autoimmune disease as well as chronic obstructive pulmonary
disease and asthma [2].

Emerging from the significance of nucleoside analogues, there have been con-
tinuous attempts to improve and simplify their synthesis processes. With the
world moving toward green chemistry approaches, the enzymatic synthesis of
nucleoside analogues offers several advantages over chemical methods, which
include higher total yields, a higher regio- and stereo-selectivity, and higher prod-
uct purity. !is allows for more biological and clinical trials [9]. Accordingly,
enzymatic strategies are considered as a step forward to a more efficient synthesis
of nucleosides and their analogues.

1.1.2 Enzymes Involved in the Enzymatic Synthesis of Nucleoside
Analogues

Two main classes are employed in the enzymatic synthesis of nucleosides and
their analogues: NPs andN-deoxyribosyltransferases (NDTs). In this chapter, the
focus is on enzymatic approaches using NPs. NPs are of high interest as biocata-
lysts because of their wide substrate spectrum and abundance in almost all living
organisms.

1.2 Nucleoside Phosphorylases

NPs are enzymes belonging to the transferases family (EC 2.4 and EC 2.7.7).
NPs catalyze the reversible phosphorolysis of nucleosides into their respective
nucleobase and pentofuranose-1-phosphate (Pentose-1P). NPs have been exten-
sively studied since 1911 when Levene and Medigrecenau [10, 11], and Johnes
[10–13] observed the enzymatic hydrolysis of nucleosides. Later, Levene et al. iso-
lated an enzyme (nucleosidase) from cattle’s spleen, kidney, and pancreas, which
catalyzed the hydrolysis of both inosine and adenosine in phosphate buffer, yield-
ing a base and a ribose moiety [14–16]. In 1947, Kalckar demonstrated that the
formed ribose was in fact ribose-1-phosphate and that the isolated enzyme was a
purine nucleoside phosphorylase (PNP) [17]. Later, it was proven thatEscherichia
coli cells and cell extracts thereof contained enzymes that could phosphorolyze
thymidine to thymine and deoxyribose-1-phosphate [18].

1.2.1 Classification and Substrate Spectra of Nucleoside
Phosphorylases

Nucleoside phosphorylases are classified based either on their substrate speci-
ficity/affinity (Table 1.1) or on their structure [19]. In 2002, Pugmire and Ealick
described a structure-based classification of NPs in two distinct families [19, 20]:
NP-I and NP-II (Figure 1.2). !ey demonstrated that members of an NP-I family
share the following characteristics [20]: (i) they have a single domain subunit, (ii)
they share a common α/β-subunit fold, (iii) their quaternary structure is either
trimeric (mammals/higher organisms) or hexameric (bacteria/lower organisms),
(iv) they accept both purine nucleosides (bacterial and mammalian PNPs) and
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Table 1.1 Nucleoside phosphorylases with acronyms and EC numbers.

Enzyme name Acronym EC number

!ymidine phosphorylase TP 2.4.2.4
Uridine phosphorylase UP 2.4.2.3
Pyrimidine nucleoside phosphorylase PyNP 2.4.2.2
Purine nucleoside phosphorylase PNP 2.4.2.1
5′-Methylthioadenosine phosphorylase MTAP 2.4.2.28
Guanosine phosphorylase GP 2.4.2.15

pyrimidine nucleosides (uridine phosphorylase, UP) as substrates, and (v) their
substrate-binding sites are similarly arranged. Nevertheless, they are quite
different in their quaternary structures, amino acid sequence, and substrate
specificity. Additionally, active sites of the hexameric family members are
significantly different from those of the trimeric enzymes of higher eukaryotes,
which makes them attractive targets for the specific treatment of bacterial or
parasitic infections.

Members of the NP-II family are characterized by (i) having two domain sub-
units: a small α-domain and a large α/β-domain separated by a large cleft, (ii) a
dimeric quaternary structure, (iii) being specific to pyrimidine nucleosides, (iv)
accepting both thymidine and uridine as substrates in case of lower organisms,
and thymidine in higher organisms’ members of the family, (v) having more than
30% sequence similarity, and (vi) undergoing high conformational changes and
domain movements during catalysis.

1.2.1.1 Nucleoside Phosphorylase-I Family
Members of the NP-I family are subdivided into PNP, uridine nucleoside
phosphorylase and 5′-deoxy-5′-methythioadenoside phosphorylase (MTAP)
(Figure 1.2). !ey catalyze reversible phosphorolysis of the N-glycosidic bond
of purines, uridine, and 5′-deoxy-5′-methythioadenoside (MTA), respectively.
PNPs are the most widely studied group of nucleoside phosphorylases due to
their importance as drug targets.

Purine Nucleoside Phosphorylases (PNPs) PNPs are further classified into two main
groups, trimeric PNPs and hexameric PNPs (Figure 1.2). Trimeric PNPs also
named as low molecular mass PNPs (approx. 31 kDa per subunit) are specific for
6-oxopurines (guanine and hypoxanthine) and their nucleosides. !e hexameric
PNPs (also known as high molecular mass PNPs) consist of subunits with a
size of approximately 26 kDa [20] and have a broader substrate spectrum. !ey
accept both, 6-oxopurines and 6-aminopurines (adenine) and their nucleosides.
Initially, trimeric forms were described to be specific for mammals and hexam-
eric forms for bacteria. However, later it was shown that E. coli, Bacillus subtilis,
and Bacillus stearothermophilus possess both forms [20–24].

Several reports showed that PNPs accept a wide range of substrate, thereby
showing the wide substrate spectrum of these enzymes. Generally, the substrate
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• Homodimer, two-domain subunit
• High degree of sequence identity
• Significant domain movement needed for catalysis
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Figure 1.2 Classification of nucleoside phosphorylases (NPs) and their substrate affinities. NPs
are classified into two main families: NP-I and NP-II. NP-I family is further subdivided into
hexameric and Trimeric NPs. NP-II family is subdivided into two main classes: TP and PyNP.
Residues labeled in red are crucial for enzyme–substrate interaction; green and blue labeled
substitutions are those accepted by enzymes.

spectrum of hexameric PNPs is larger than that of the trimeric ones [19]. As it
will be mentioned in detail later, modifications on the nucleobase and the sugar
moiety highly influence the substrate recognition by the enzyme, and both the
binding to and releasing from the active sites (Figure 1.2).

PNPs mostly recognize and cleave the N9-C1′ glycosidic bond of purines.
However, bonds between N3-C1′ and N7-C1′ are cleaved as well by PNPs from
different origins including E. coli and bovine and human PNPs [25–27]. Base
substitutions with electronegative groups (thiol, halogen, and thioalkyl) at C6
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and small alkyl substitution at N7 are well accepted by some members of the
PNP family (Figure 1.2). Unexpectedly, open ring purine nucleoside analogues
(as ribavirin) bearing structure similarities to inosine were found to be cleaved by
some PNPs from various organisms including E. coli, B. subtilis, Brevibacterium
acetylicum, calf, and human [27–29].

Maintaining the electronegativity at C1′ is crucial for substrate recognition by
PNPs. Hence, ribo- and arabinonucleosides are well accepted by PNPs of E. coli
and a number of thermostable PNPs [30–32]. !e loss of 2′-OH and or 3′-OH
reduced the phosphorylation efficiency of human PNP.!e replacement of 3′-OH
by an amino group improved the activity compared to 3′-deoxy-nucleosides due
to the retained electronegativity [33]. Nonetheless, there are some exceptions that
also accept 3′-deoxynucleosides, such as PNPs isolated from B. acetylicum, Plas-
modium carotovorum, and Geobacillus thermoglucosidasius [30, 34, 35].

An interesting feature of PNPs is their ability to accept pyrimidine nucleosides
as substrate. !us, they may be interesting catalysts for the synthesis of cytidine
and deoxycytidine that are not utilized by many pyrimidine nucleoside phospho-
rylases (PyNPs) [30].

5′-Deoxy-5′-methylthioadenoside Phosphorylase (MTAP) An interesting member
of the NP-I family is MTAP, which was primarily characterized in rats to work
on MTA. MTAPs show a wide substrate spectrum. In addition to MTA some
MTAPs as those isolated from Pyrococcus furiosus and Sulfolobus solfataricus
accept 6-oxopurine nucleosides (guanosine and inosine). For these enzymes,
higher sequence similarities to PNPs compared to the known MTAPs were
shown [36–38]. Substitutions with halogen or amino groups at the C2 position
of the purine ring are very well tolerated [39–43] (Figure 1.2). MTAP isolated
from Aeropyrum pernix has some unique characteristics: on one hand, it is active
toward some pyrimidines including cytidine and deoxycytidine, and on the
other hand, unlike most reported MTAPs, it phosphorolyzes 2′-fluoro-modified
arabinoside [30], which is an interesting activity when considering the enzymatic
synthesis of nucleoside analogues that can be used as drugs.

Uridine Nucleoside Phosphorylase Different prokaryotic and eukaryotic organ-
isms including E. coli, Lactobacillus casei, Enterobacter aerogenes, Salmonella
typhimurium, Saccharomyces cerevisiae, Schistosoma mansoni, Mus musculus,
Rattus norvegicus, and Homo sapiens were reported to possess a UP [19].

Although UPs of different origins vary in their substrate spectrum, they show
some common features: none of the reported UPs catalyze cytidine phosphorol-
ysis except the UP from S. cerevisiae. However, all accept 2′-deoxy nucleosides,
although with much lower affinity compared to uridine. Nucleosides that are
halogenated or methylated at the C5 position are generally well accepted and
tolerated [19] (Figure 1.2).

1.2.1.2 Nucleoside Phosphorylase-II Family
!e NP-II family comprises phosphorylases that catalyze the reversible cleavage
of the glycosidic bond of thymidine (thymidine phosphorylase [TP]) and pyrim-
idines (PyNPs) in the presence of phosphate. Although UP catalyzes a similar
reaction, it has been classified under the NP-I family due to its distinct structural
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features. As mentioned earlier, both TP and PyNP share two-domain subunits
with a high percentage (≈40%) of sequence and structural similarities [19, 20, 44].
However, one major catalytic difference between TP and PyNP exists: TP has a
high specificity toward C2′ deoxy nucleosides compared to PyNPs [45]. Hence,
PyNPs possess a wider substrate spectrum than TP.

Thymidine Phosphorylase Structure–function relationship studies have pro-
vided some insight into the acceptance of base and sugar modifications by
TP. Regarding the sugar moiety, the absence of a hydroxyl group (—OH) at
the C2′ position of the nucleoside is crucial for TP binding. Both, E. coli and
human TP, do not accept uridine as a substrate. In fact, uridine and 2′-methyl
uridine were shown to inhibit the catalytic action of E. coli TP [46–49]. On the
other hand, the presence of the 3′-OH group of the nucleoside is crucial for
interactions between the substrate and the enzyme. !is is reinforced by the
fact that 3′-amino-3′-deoxythymidine was phosphorolyzed by TP only at pH 8
and not at pH 6.5, because at pH 6.5 both the 3′-amino group of the nucleoside
and the amino group of the enzyme are positively charged [48]. !e 5′-position
of the nucleoside does not strongly influence the catalytic reaction. Various 5′

modifications were tolerated by E. coli TP including halogens, thio, amino, and
deoxy substitutions [48–50] (Figure 1.2). Modifications in the C5 position of
the base are generally well tolerated by TP, while substitutions at C6 have a big
impact on the catalytic potential. Substitutions that increase the aromaticity of
the nucleobase hinder the base to leave the catalytic pocket of the enzyme [49].

Pyrimidine Nucleoside Phosphorylases PyNPs have been isolated and charac-
terized from several organisms including B. stearothermophilus, B. subtilis,
G. thermoglucosidasius, !ermus thermophilus, Hameophilus influenza, and
Mycoplasma hyorhinis [45, 51–55]. PyNPs are of increasing interest due to their
broader substrate affinity and tolerability compared to those of TP or UP. !us, a
wider application of these enzymes to produce synthetic nucleoside analogues is
envisioned.

PyNPs well tolerate modification at the C5 position of the base. PyNPs
from various organisms are able to catalyze the glyosidic bond cleavage of
2′-deoxy-5-halogenated nucleoside analogues (Figure 1.2). Additionally, a bro-
movinyl (CH=CHBr) group at C5 was tolerated by E. coliTP andB. subtilis PyNP.
Several other modifications at C5 including alkyl groups are also well accepted by
PyNPs from various sources [45, 56–58] (Figure 1.2). Interestingly, compounds
with modifications at the C2′ position of the nucleoside are also accepted as
substrates by PyNPs. Arabinosides as well as 2′-deoxy-2′-fluororibosides and
2′-deoxy-2′-fluoroarabinosides are substrates for some PyNPs, predominantly
for those isolated from thermophilic organisms such as T. thermophilus [54]
(Figure 1.2).

1.2.2 Limitations in the Current Classification

Although the classification of PNPs into two main categories as proposed by Pug-
mire and Ealick [20] is applicable for most of the known PNPs, there are still some
exceptions that do not fit into this categories.
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!e low molecular mass inosine-guanosine phosphorylase extracted from the
vegetative state and the spores of Bacillus cereus was shown to either have a
tetrameric quaternary structure or to equilibrate between the dimeric and the
tetrameric form [24]. B. stearothermophilus (JTS-859 strain) as mentioned ear-
lier contains both forms of PNPs: a low molecular mass and a high molecular
mass PNP. It was reported that the low molecular mass enzyme forms a dimer
rather than a trimer whereas the high molecular mass form is a tetramer rather
than a hexamer [24].
E. coli hexameric PNP-II (product of xapA gene) has an amino acid sequence,

promotor structure, and substrate specificity similar to the low molecular mass
PNPs. As observed for low molecular mass PNPs, E. coli PNP-II does not accept
adenosine or adenosine derivatives as substrates [19, 24, 59].

1.2.3 Reaction Mechanism

Nucleoside phosphorylases reversibly cleaveN-glycosidic bonds of β-nucleosides
with configurational inversion producing α-pentofuranose-1-phosphate and a
free nucleobase. !e catalytic mechanism of the phosphorolytic cleavage has
been reported for several members of the NP-I family. Most of the reported NPs
were shown to have a similar catalytic mechanism (Figure 1.3). NP-II members
are expected to follow the same pattern.
!e mechanism described for human PNP illustrated that the general reaction

follows an SN1 mechanism [20, 60]. !e nucleoside binds to the enzyme in a high
energy conformation producing a steric strain on the glycosidic bond, thus favor-
ing bond cleavage. An oxocarbenium ion is formed during the transition state by
the flow of an electron from O4′ to the purine base rendering the base with a
negative charge. !e formed oxocarbenium ion is stabilized by phosphate ions.
Additionally, negative charges on the base moiety are stabilized by interactions
of the enzymes active site to the N-atom of the base, thus facilitating glycosidic
bond cleavage [19, 20, 60, 61].
!e mechanism of phosphorolytic cleavage became clear by the availability

of crystal structures; however, the exact mechanism of nucleoside synthesis
is still not clear and difficult to elaborate due to the difficulty of crystallizing
pentose-1-phospahte alone with PNP. Yet, it is suggested that the presence of the
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Figure 1.3 Catalytic mechanism described for PNP.
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base favors the binding of pentose-1-phosphate to the catalytic site. Otherwise,
the latter would cause steric hindrance of base binding [24, 60, 61].

PNP reactions follow non-Michaelis Menten kinetics. However, an exact
kinetic mechanistic model was not agreed upon so far [24, 60]. Crystal struc-
ture data suggest the formation of ternary complexes of enzyme/nucleoside/
phosphate and enzyme/base/pentose-1-phosphate. Whether these complexes
are formed in a sequentially defined order or by random binding was not yet
confirmed. Nevertheless, while there is no evidence for the occurrence of a
ping–pong mechanism, a sequential order of the reaction is assumed by most
authors [24].

1.2.4 Domain Structure and Active Site Residues of Nucleoside
Phosphorylases

1.2.4.1 NP-I Family Members
As mentioned earlier, members of the NP-I family share a single domain structure
that is highly conserved [62]. Nevertheless, amino acid residues in the active sites
are not necessarily conserved among different members of the NP-I family.

One interesting difference between the four subgroups (trimeric PNP, MTAP,
hexameric PNP, and UP) of the NP-I family is the observed sequence motifs.
Although sequence motifs do not necessarily reflect functional differences, they
help to show differences and similarities between subgroups of enzymes. !ere
are nine identified sequence motifs in NP-I family (Figure 1.4). !ese structural
regions are denoted with letters A–I. !eir exact position in the primary amino
acid sequence was reviewed by Pugmire and Ealick in 2002 [20]. Numbering
codes were assigned based on structure similarities, for example B1, and B2 are
similar regarding their quaternary structure’s position; however, their amino acid
sequence differs significantly. Not all members of the subclasses have the same
number of motifs, but all of them encompass motif A1. Noteworthy, MTAP (E3,
H2) and UP (H3, I1) have two unique motifs that are involved in the active site
and inter-subunit interactions [20].

From nine motifs identified in the members of the NP-I family, seven are
involved in the formation of the active site and six are involved in subunit
interaction. !e observed structural similarities between trimeric PNP and
MTAP as well as between hexameric PNP and UP are also reflected in the motif
structure (Figure 1.4). Amino acid residues involved in binding of phosphate,

A1Trimeric

MTAP

Hexameric

UP

B1 C1 D1 E1 F1 G1 H1

A1 B1 C1 D1 E3 F1 G1

A1 B2 C2 D2 E2

A1 B2 C2 D2 E2

F2 G2

G2 H3 I1

H2

Figure 1.4 Structural motifs described for members of the NP-I family. Highlighted in grey are
domains that are unique for either MTAP or UP. Trimeric- trimeric PNP, Hexameric-hexameric
PNP.
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Figure 1.5 Schematic presentation of amino acid residues that define substrate specificity of
different nucleoside phosphorylases.

nucleobase, and pentose sugar differ between hexameric and trimeric members
of the NP-I family [19, 20]. Detailed information on amino acids involved in
substrate binding has been recently reviewed [19].

Functionally, the four subclasses of the NP-I family showed different specifici-
ties toward substrates. Trimeric PNPs are specific to 6-oxopurines and MTAPs
are described to be specific for 5′deoxy-5′-methylthioadenosinde, whereas hex-
americ PNPs accept both 6-oxopurines and 6-aminopurines (adenosine). UP is
strictly specific to pyrimidine derivatives with no distinct specificity toward the
C2′ position. !ese functional divergences are also reflected by differences in the
amino acid residues found in the active sites. hMTAP (Asp220) and E. coli PNP
(Asp204) form hydrogen bonds with the 6-amino group of the purine base. !e
replacement of an aspartic acid residue (Asp) with asparagine (Asn) as in the case
of human and bovine PNP (Asn243) restricted the activity of human and bovine
PNP toward 6-oxopurines (Figure 1.5). As another example, E. coli and human
UP are conserved in residues Gln166, Arg168, and Arg223, which are described
to be responsible for the specificity of UP [19].

1.2.4.2 NP-II Family Members
TP and PyNP are the main two enzyme groups within the NP-II family.
Enzymes from both classes share a high degree of sequence similarity (33–67%).
Furthermore, they share two main domain subunits, a large α/β domain
and a smaller α domain, that are separated from each other by a large cleft.
!e amino acid residues of the α domain are more conserved. Detailed
information on amino acids involved in substrate binding has been recently
summarized [19].

Active site residues are highly conserved among TP and PyNP with few
exceptions that might be responsible for differences in substrate acceptance.
While TP is highly specific for 2′-deoxy nucleosides, PyNP catalyzes the
cleavage of a number of 2′-modified nucleosides. A possible explanation that
is revealed by structural studies is the substitution of lysine (Lys108) of PyNP
with methionine in both E. coli and human TP [19]. !is replacement alters the
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hydrogen bonding organization between the 2′-hydroxyl group of the nucleoside
and the oxygen atom of the phosphate. An alternative explanation is a different
positioning of 2′-modified nucleosides in the active site of TP compared to
2′-deoxy nucleosides [63].

1.3 Enzymatic Approaches to Produce Nucleoside
Analogues Using Nucleoside Phosphorylases

Despite the huge advances achieved in the chemical synthesis of nucleosides and
their analogues, the existing drawbacks led to a continuous interest in developing
enzymatic approaches. In 1954, M. Friedkin and D. Roberts [64, 65] reported the
first attempts to enzymatically synthesize pyrimidine nucleoside analogues using
TP isolated from horse liver. Since then several studies have been conducted on
enzymes to be used in the synthesis of nucleoside analogues.

As mentioned earlier, nucleoside phosphorylases catalyze the reversible cleav-
age of N-glycosidic bond of nucleosides. !us, the condensation of a nucleobase
and pentose-1-phosphate can be used for the synthesis of nucleosides or their
analogues. Different synthesis strategies were developed based on this mecha-
nism of action.

1.3.1 One-pot Two-Step Transglycosylation Reaction

Enzymatic transglycosylation has been extensively studied [9, 66, 67]. It is the
transfer of a pentofuranose moiety from a chemically synthesized or a naturally
occurring nucleoside to a base of interest. Pentose-1P is formed as an intermedi-
ate in the reaction (Figure 1.6a). Sugar donor is a pyrimidine nucleoside (cleavage
reaction) and sugar acceptor is a purine base (synthesis reaction) or vice versa.
!is reaction takes place in the presence of phosphate. As noted earlier, reac-
tions catalyzed by NPs are reversible, thus both cleavage and synthesis take place
simultaneously and the reaction applies to equilibrium rules and dynamics that
might hinder high product yields.

In case of producing a purine nucleoside via transglycosylation, it is generally
assumed that the reaction equilibrium is on the side of the starting nucleoside
and that the reaction of the PyNP is faster compared to the PNP due to the
modifications in the purine base. In other words, in a transglycosylation reaction
the formed intermediate (Pentose-1P) may easily undergo the backward reac-
tion to the starting nucleoside than to the final product. High phosphate con-
centration enhances nucleoside cleavage [19], but hinders the synthesis of the
nucleoside of interest.!erefore, adjusting the phosphate concentration in trans-
glycosylation reactions is a critical factor. Although the transglycosylation reac-
tion was proven to be an efficient way for the synthesis of mainly riboside and
deoxy-ribosides nucleoside analogues, the synthesis of some arabinosides and
fluoro-modified-ribosides/arabinosides is more challenging [66–68]. Hence, fur-
ther enzymatic approaches were investigated.
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1.3.2 Pentofuranose-1-phosphate as Universal Glycosylating
Substrate for Nucleoside Phosphorylase (NP)

1.3.2.1 Nucleoside Synthesis from Chemically Synthesized Pentose-1P
!e chemical synthesis of glycosyl phosphates has a long history and has been
thoroughly studied and reported [69–73]. Although details of the chemical syn-
thesis will not be discussed in this chapter, it is worth mentioning that the most
efficient and currently used method for the synthesis of pyranose-1-phosphate
is that proposed by MacDonald in 1962 [70]. Later, this method was also used
for the production of α--pentofuranose-1-phosphate (Pentose-1P) [68, 74].
Tediousness of the chemical synthesis of Pentose-1P as well as low yields, and the
difficulty of purifying the wanted α-anomeric isoform have so far restricted the
use of Pentose-1P as a substrate for NPs; generally, the availability of Pentose-1P
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is a serious bottleneck for the synthesis of modified nucleoside analogues.
Nevertheless, the chemical synthesis of Pentose-1P followed by the enzymatic
condensation with a nucleobase using NPs is still considered as a valuable
chemo-enzymatic route for nucleoside synthesis.

1.3.2.2 Nucleosides Synthesis from D-Glyceraldehyde-3-phosphate
2′-deoxyribonucleoside synthesis from glyceraldehyde-3-phosphate was first
reported as a potential enzymatic approach for nucleoside synthesis in the
beginning of this century [75, 76]. !e authors described the transformation
of -glyceraldehyde-3-phosphate or dihydroxyacetone monophosphate to
nucleoside analogues through three main consecutive steps. !e transformation
was performed as a one-pot reaction without purification of the interme-
diates. In the first step, a condensation of -glyceraldehyde-3-phosphate or
dihydroxyacetone-phosphate with acetaldehyde is catalyzed by-2-deoxyribose-
5-phosphate aldolase (DERA) and triose phosphate isomerase (TRI).
!e observed product is -ribofuranose-5-phosphate. In the second step
the stereospecific transformation of -ribofuranose-5-phosphate into
α--ribofuranose-1-phosphate (Rib-1P) by phosphopentomutase (PPM) is
performed. Finally, the enzymatic condensation of Rib-1P with a heterocyclic
nucleobase is catalyzed by NPs (Figure 1.6b(I)).

1.3.2.3 Nucleoside Synthesis from D-Pentose
In 2008 [77], the chemo-enzymatic synthesis of β--ribofuranosyl, β--deoxy-
ribofuranosyl and β--arabinofuranosyl nucleosides from 5-phosphate of
-ribose, -arabinose and 2-deoxy--ribose was reported. !e pentose-5-
phosphate was chemo-enzymatically prepared through different selective steps
of acetylation and deacetylation in the presence of lipase B from Candida antar-
tica. !e formed pentofuranose-5-phosphate (Pentose-5P) was transformed into
Pentose-1P using PPM. Pentose-1P was then used by nucleoside phosphorylase
for the enzymatic condensation reaction with nucleobase yielding nucleosides
and their analogues (Figure 1.6b(II)). Inosine, 6-mercaptopurine riboside and
ribavirin were successfully synthesized by the above method [77].

More recently [78], a different and more efficient strategy was proposed based
on transforming -pentose to Pentose-5P using ribokinase (RK). Pentose-5P was
later converted to Pentose-1P by PPM. Pentose-1P was used as a substrate for NP
to synthesize nucleoside analogues in the presence of heterocyclic nucleobases
like uracil, thymine, and hypoxanthine (Figure 1.6b(III)).

1.3.2.4 Nucleoside Synthesis from Enzymatically Produced Pentose-1P
We have recently proposed a two-pot enzymatic approach to produce nucleoside
analogues as an alternative to the one-pot transglycosylation [79]. !is approach
is based on the ability of nucleoside phosphorylase to cleave the glycosidic bond
of nucleoside yielding Pentose-1P, which is then purified as barium salt. It is
applied in a separate step as a substrate for the synthesis of modified nucleosides
using NPs (Figure 1.6a). !is approach allows for easier optimization of each of
the reactions, which leads to increased yields of the desired nucleoside analogue.
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1.4 Approaches to Produce Nucleoside Analogues

Since nucleoside phosphorylases were first described by Kalckar [80], many
research projects were conducted to test whether definite nucleoside analogues
are used as substrates for nucleoside phosphorylases. Different forms of the
enzyme (e.g. free or immobilized) were applied for the production of known
drugs. One common objective of various studies was the optimization of already
existing methods for large-scale industrial production with the aim to overcome
some drawbacks and limitations such as (i) product inhibition, (ii) poor solubility
of substrates, and/or (iii) consumption of large amounts of enzymes that might
be hard to express. Such scale-up activities focused mainly on compounds with
biological activity or of commercial value. In the coming sections, we try to
summarize these approaches.

1.4.1 Whole Cell Catalysis

!e application of whole cells can be regarded as an easy, time-saving, and eco-
nomic option to produce nucleoside analogues. Expensive and time-consuming
steps like cells lysis, enzyme extraction, and purification are avoided. Addition-
ally, the retrieval and reuse of cells via centrifugation or ultrafiltration is possible.
Best yields and conversion rates were achieved by cells harvested at the stationary
phase where the salvage pathway for nucleoside production is strongly activated,
which correlate with large amounts of nucleoside phosphorylases [81]. Ribavirin,
dideoxyinosine, adenine arabinoside, and 2′-amino-2′-deoxyadenosine were
synthesized using whole cells and different pentofuranosyl donors [81–86].
One requirement for the successful application of whole cell biocatalysts is that
both the sugar donor and acceptor are well soluble. Using whole cell catalysts,
side reactions that are catalyzed by other enzymes acting on the same class of
substrates have to be considered, for example deaminases or lipases [87, 88].

Complex media were proven to be better than defined media for producing
NPs in Enterobacter species [89]. Many nucleobases, nucleosides, Rib-1P, and
nucleotide monophosphates as inducing agents for potentiating the expression
of NPs were tested. Conversion by some eukaryotic cancer cell lines was also
reported [90, 91].

Another biologically important molecule is benzimidazole, whose nucleoside
exhibits antitumor, antifungal, antiparasitic, analgesics, antiviral, and antihis-
tamine activities, and is being used in the treatment of cardiovascular diseases
and in therapies related to neurology, endocrinology, and ophthalmology.
Bentancor and coworkers [92] published a screening study for producing benz-
imidazole riboside and 2′-deoxyriboside using whole cells catalysts. Uridine was
applied as a ribose donor and thymidine as the 2′-deoxyribose donor, respec-
tively. Optimal temperature for the reaction was 60 ∘C for ribosides and 45 ∘C
for deoxyribosides, respectively, suggesting that the higher temperature inhibits
the action of thymidine phosphorylase [93, 94]. However, recent data show that
α-deoxyribose-1-phosphate is unstable and degrades at higher temperature [95].

Mainly, free cells were applied to produce nucleoside analogues, but immobi-
lized cells were also used. Immobilized whole cells can be either alive or dead
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depending on (i) whether the enzyme is intra- or extracellular, (ii) the molecular
weight and the size of the enzyme, (iii) substrate and product, and (iv) the cell’s
permeability to them. As an example,Aeromonas hydrophila cells were entrapped
in agarose beads and afforded the same kinetics and yields as those by the free
cells. !e entrapped cells, however, were used three times before any decrease
in activity was detected [81]. A mutant strain of E. coli was cross-linked to glu-
taraldehyde and successfully used to produce ribavirin and the anticancer drug
cladribine [96].
!e widespread application of whole cell extracts is restricted because broadly

used bacterial whole cells that are used as biocatalysts for the production of
modified nucleosides co-express a number of enzymes that can (i) consume
substrates; (ii) catalyze undesired transformations of substrates or formed
nucleosides; and (iii) secrete desired products in the medium, which makes
purification challenging [97].

1.4.2 Crude Enzyme Extract

Compared to purified enzyme, the application of crude cell extract is a less labo-
rious and a more economical approach. It is suitable to carry out preliminary
screening assays to determine the catalytic potential of enzymes especially in the
cases of overexpression where the target enzyme is available in high concentra-
tion. A drawback of crude enzyme extracts is a shorter half-life compared to that
of purified enzymes [53, 56, 82, 98–100].
!e application of crude enzyme extracts is principally advantageous in case of

thermophilic enzymes. If the enzymes are heterologously expressed in a recom-
binant host, proteolysis and interference from the host proteins can be inhibited
through an additional heat shock step [101].!is was implemented in the prelim-
inary tests conducted for the characterization of nucleoside phosphorylases of
T. thermophilus. !e extract was heated at 80 ∘C for one hour and then
centrifuged. Afterward, the supernatant was successfully tested for its phospho-
rolysis activity with a variety of nucleosides [31].

As compared to whole cell catalysis, cell lysate or enzyme extracts result in
a more reproducible and robust reaction as the Pentose-1P intermediate is not
consumed as an energy source, which might happen under certain conditions
using bacterial cells. It can finally end up with the reaction being totally reserved
in the backward direction [102].

1.4.3 Application of Purified Enzymes

!e use of purified enzyme preparations has the advantage that side-reactions are
avoided. To date, NPs from different mesophiles, like E. coli [103–105] or B. sub-
tilis [106], were applied in the synthesis of pharmacologically active compounds
[103, 104].
!ermostable NPs from thermophilic or hyperthermophilic microorganisms

catalyze enzymatic reactions with the same high regio- and stereo-selectivity
compared to mesophilic NPs, but have several advantages for large-scale applica-
tions: (i) thermophilic enzymes can be easily purified with high protein recovery
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after heterologous production and costs are low as a heat treatment usually is
sufficient as a purification step [31]; (ii) a high pH tolerance is observed, which
reduces the need to finely regulate the pH of the reaction; (iii) it was shown
that PNPs of T. thermophilus show a remarkable resistance to aggressive organic
solvents such as dimethylformamide or dimethyl sulfoxide, which are required in
the synthesis of compounds with low water solubility; (iv) using thermophilic cat-
alysts, reactions can be performed at elevated temperatures, which are frequently
required to reduce the viscosity of the medium or to increase the solubility and
concentration of some substrates [107]; (v) it was observed that an increased
thermal stability correlates with a broader substrate spectrum [30, 31, 54, 108].

For industrial applications of purified enzymes, it is highly desirable to use
either immobilized catalysts or continuous reactors to be able to recover the
enzyme from the reaction mixture. !is simplifies downstream processing and
facilitates biocatalyst recycling. As immobilization might also increase the stabil-
ity of nucleoside phosphorylases, diverse methods have been exploited [57, 101,
109, 110]. Approaches for both immobilized enzymes and continuous reactors
are described in more detail in the following paragraphs.

1.4.3.1 Immobilized Enzymes
Biocatalyst immobilization denotes binding an enzyme to an inert support (nat-
ural, synthetic, or inorganic in nature) where it maintains its activity without
blocking or disrupting the active sites. !e ideal support has to be stable, endures
sheering force of the reaction, can be regenerated, and has no effect on the type of
reaction [111, 112]. Usually, enzyme immobilization has a positive effect regard-
ing thermal stability, pH resistance, and longevity (e.g. storage time and number
of operational cycles).

Immobilization of purified enzymes is an important tool for large-scale com-
mercial application of biocatalysts. Considering the cost load of the enzyme in the
reaction, one economically favorable feature is the ability to reuse the enzyme as
long as it retains its activity. !e general immobilization principles for enzymes
are (i) adsorption to the support’s surface, (ii) cross-linking (enzyme molecules
bind to each other) in the presence of spacers (e.g. polyethylene glycol) to reduce
steric hindrance, (iii) covalent binding to a support, (iv) entrapment within a
polymer, (v) encapsulation within a surrounding matrix, and (vi) affinity bind-
ing [113, 114] (Figure 1.7). !e most described immobilization method for NPs
is entrapment in different matrices like agar, agarose, and alginates [81, 86, 116].

Immobilization of pure enzyme to produce nucleoside analogues in a transgly-
cosylation reaction might be a complicated process as it involves the co-binding
of a PNP and PyNP. Multimeric enzymes are known to be quite difficult to immo-
bilize as it is necessary to consider the correct assembly and multisubunit attach-
ment, least desorption, and minimal deactivation [117–119]. However, feasibility
was proven as immobilized PyNPs from B. subtilis and TP from E. coli were
applied for the synthesis of 5-halogenated-pyrimidine-2′-deoxyribonucleosides
by transglycosylation in fully aqueous medium [57]. For both enzymes, immo-
bilization was shown to strongly enhance the stability upon incubation in ace-
tonitrile. Both PyNP and TP could be re-used for at least five times with no loss
of productivity. In another approach, immobilized UP of Clostridium perfringens
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Figure 1.7 Immobilization techniques applied for whole cells and purified enzymes. Source:
Adapted from Sirisha et al. 2016 [111] and Zhao et al. 2015 [115].

and PNP of A. hydrophila were used as biocatalysts for the production of vidara-
bine in a transglycosylation reaction [120].

Different matrices and techniques were compared by Rocchietti and cowork-
ers for UP and PNP from B. subtilis [117]. While covalent bonding distorted the
protein structure and resulted in decreased activity and stability, UP was best
immobilized via ionic bonding to Sepabeads and post-immobilization treatment
with polyaldehyde was necessary to cross-link the support and protein. PNP was
best immobilized on glycoxyl-agarose using the surfactant Triton X-100 that pre-
vents agglomeration of the protein and hence, allows diffusion into the support.
!e combined use of these two enzymes allowed the reaction to take place at
a higher optimal temperature (45 ∘C) and pH (pH = 10) compared to the free
enzymes. Using these conditions, guanine conversion proceeded, which is usu-
ally limited due to low solubility.

1.4.3.2 Enzyme Reactors
Few trials were recorded in literature using different NPs in enzyme reactors for
the production of nucleoside analogues. Preparative scale nucleoside synthesis
was conducted in column reactors by some research groups. Hori and colleagues
operated their experiment for 17 days at 60 ∘C to produce 5-methyl uridine from
a thymine and inosine mixture [101]. Immobilized crude enzyme extract from
the thermophilic bacteriumB. stearothermophiluswas bound to an ion-exchange
column. !e reaction mixture was fed in a pre-optimized rate with the aim to
overcome the equilibrium constant and to guarantee that the hypoxanthine sol-
ubility limit is not exceeded [101].

In two other approaches an enzyme column reactor was connected to a HPLC
[121, 122]. !e purified PNP from A. hydrophila was immobilized on silica par-
ticles of definite particle size. !e system could run over the analytical column
or bypass it via a six-port switching valve and it was used to test the substrate
affinity of the enzyme and compare the reaction kinetics of free and immobilized
enzyme [121]. Later it was shown that the system was stable for 10 months [122].
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!e described system was used for a faster routine activity screening. Based on a
“design of experiment” optimized study, they produced different modified nucle-
osides including a number of halogenated analogues.

1.5 Upscaling Approaches for the Production
of Nucleoside Analogues

Despite the high cost of soluble enzymes that limited the wide-spread appli-
cation of nucleoside phosphorylases in industrial processes, some successful
upscaling approaches were reported. !ese are almost all dedicated to the
synthesis of molecules with known biological activity. For example, many
research studies were conducted to execute large-scale industrial enzymatic
or chemo-enzymatic processes to produce the antiviral drug ribavirin from
1,2,4-triazole-3-carboxamide (TCA) using purified enzymes or bacterial cell
cultures.

Chen et al. performed a fed-batch fermentation process for a recombinant
Bacillus strain using glucose as the sole carbon source in an attempt to produce
ribavirin in a preparative scale [123]. !e fermentation was carried out in 3 l
volume and TCA was added in the middle of the log phase. Tween 80 was added
to increase the permeability of the cell membrane for the enzyme and thereby
increase TCA conversion to ribavirin.

A method carried out in 7.5 l volume was described using a genetically
engineered Bacillus strain that secretes PNP extracellularly. TCA was used as
the substrate for the production of ribavirin [124]. In another upscaling exper-
iment, the chemo-enzymatic synthesis of ribavirin in a 20 l reaction volume
was described [125]. A conversion rate of 97% was observed in the enzymatic
reaction using TCA and guanosine as substrates and a heterologously produced
E. coli PNP as biocatalyst.

1.6 Production of Pharmaceutically Active Compounds
by Nucleoside Phosphorylases

!e chemo-enzymatic synthesis of nucleosides with biological relevance was well
described in a review by Mikhailopulo in 2007 [67]. !e application of nucleo-
side phosphorylases in the production of drugs like cladribine or mizoribine was
proven (Table 1.2). Both are useful drugs for the treatment of cancer. In 2003,
the enzymatic synthesis of clofarabine, fludarabine, or vidarabine with E. coli RK,
PPM, and PNP [136] was shown.
!e phosphorolytic cleavage of a number of other approved drugs like ribavirin

or didanosin was also shown [34] (Table 1.2). Using PNP of B. acetylicum the
relative activity was 22% for both compounds compared to inosine. Recently,
the phosphorolytic cleavage of nucleoside analogue drugs listed in the European
Pharmacopoeia by thermophilic PyNPs, PNPs, and MTAPs was tested [19].
Both cytarabine and zidovudine were accepted as substrates by PyNP, while



1.7 Outlook for the Application of Nucleoside Phosphorylase 19

Table 1.2 Drugs synthesized by different nucleoside phosphorylases.

Pyrimidine-based drugsPurine-based drugs

Purine nucleoside
phosphorylase (PNP)

S-methylthio-
adenine
phosphorylase
(MTAP)

Pyrimidine
phosphorylase
(PyNP)

phosphorylase
(TP)

Uridine!ymidine
phosphorylase
(UP)

Cordycepin [34, 108]

6-Methyl purine [32, 39]

[128]
Vidarabine
[31, 120]

Fludarabine [32]

Nelarabine [131]

Clofarabine

Ribavirin

6-Phenyl
purine riboside
[32]

Idoxuridine [129, 130]

Floxuridine [57, 126, 127]

[28, 29]
Cladribine
[41]

Tegafur [132]

Didanosine
[34, 35]

Purinethol
riboside [116]

Stavudine
[133]

riboside [134]
!ioguanine 5-Aza-7-

deazaguanine
[9, 135]

gemcitabine and lamivudine were not cleaved. PNPs and MTAPs of thermophilic
microorganisms phosphorolyzed ribavirin and didanosin. Nucleoside analogues
with open sugar ring structures like aciclovir, ganciclovir, and tenofovir were
not accepted as substrate. !is is in accordance with studies performed with
three PNPs of T. thermophilus or B. acetylicum and aciclovir as substrate. No
phosphorolytic activity was observed [31, 137]. For ganciclovir it was even
shown that it is an inhibitor for PNP [24].

1.7 Outlook for the Application of Nucleoside
Phosphorylase in the Production of Nucleoside
Analogues

Nucleoside phosphorylases play a crucial role in nucleoside metabolism. !e
substrate spectra of naturally available NPs have been studied intensively during
the past decades. !is knowledge was the basis for the application of nucleoside
phosphorylases in the production of nucleoside based drugs or precursors for
modified oligonucleotides (e.g. aptamers). A number of different approaches
have been developed to increase product yields and drastically reduce costs,
which opens the way to use NPs for industrial-scale production. !e limitations
of available nucleoside phosphorylases will be overcome in the near future by
optimizing the biocatalysts using genetic engineering.
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A B S T R A C T

α-D-pentofuranose-1-phosphates (Pentose-1Ps) are key intermediates in nucleoside metabolism and important
precursors for the enzymatic synthesis of modified nucleosides. To date, Pentose-1Ps are mainly produced by
chemical approaches which have numerous disadvantages. Therefore, several enzymatic methods employing
mesophilic enzymes have been developed but are not widely applied due to their limited substrate spectrum.
Here we report the use of thermostable nucleoside phosphorylases for the chemo-enzymatic synthesis of mod-
ified Pentose-1Ps (2-deoxy-2-fluoro-α-D-ribofuranose-1-phosphate, α-D-arabinofuranose-1-phosphate, and 2-
deoxy-2-fluoro-α-D-arabinofuranose-1-phosphate), which are interesting building blocks for the synthesis of
modified nucleosides. After optimizing the synthesis protocol using the natural substrates uridine and thymidine,
grams of modified Pentose-1Ps were purified as their Ba-salts with over 95% purity. Their structures were
confirmed by NMR spectroscopy and the temperature and pH stability of natural and modified Pentose-1Ps in
aqueous solution was -evaluated. Four of the Pentose-1P-Ba salts were stable with no visible degradation up to
60 °C and pH above 5, while 2-deoxy-α-D-ribofuranose-1-phosphate was less stable. The presented protocol
provides an easy, fast, and environmentally-friendly method to produce grams of modified Pentose-1P-Ba salts of
high purity.

1. Introduction

α-D-pentofuranose-1-phosphates (Pentose-1Ps) are essential
building blocks of larger biomolecules and are known to be involved in
many physiological pathways, including energy storage and nucleoside
metabolism. They can be processed further and incorporated in path-
ways for histidine or riboflavin synthesis [1]. Among them, 2-deoxy-α-
D-ribofuranose-1-phosphate (dRib-1P) is synthesized from thymidine by
phosphorolytic cleavage by thymidine phosphorylase (TP), an enzyme

involved in nucleoside metabolism, angiogenesis and the degradation
of antiviral agents [2]. TP was shown to be highly expressed in some
cancer cells, leading to increased levels of dRib-1P and its corre-
sponding sugar (2-deoxy-D-ribose) [3,4], which promotes resistance to
hypoxia-induced apoptosis.

Several analogues of 2-deoxyribose-1-phosphate were tested for
their biological activity against HIV or cancer cell proliferation [5,6].
While 2-deoxyribose-1-phosphate derivatives showed no or only low
activity, the free carbosugars revealed micromolar activity against HIV.

https://doi.org/10.1016/j.mcat.2018.07.028
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3,5-Dichlorobenzoyl-substituted 2-deoxy-D-ribose-1-phosphate was
found to inhibit a variety of pyrimidine and purine nucleoside phos-
phorylases (with preference to uridine and inosine hydrolyzing en-
zymes), leading to increased half-life of pyrimidine analogues drugs
used for the treatment of viral infections and cancer [5].

Pentose-1Ps have drawn attention as precursors in the chemoenzy-
matic synthesis of nucleosides and their analogues [7,8]. So far, enzy-
matic transglycosylation is used as a standard technique for the
synthesis of purine nucleoside analogues and has been extensively
studied and reviewed [8–12]. Transglycosylation reactions were shown
to be successful for the production of riboside and deoxyriboside ana-
logues, however, the synthesis of some arabinosides or C2´-fluoro-
modified purine nucleosides was more challenging [9–11]. C2´-mod-
ified nucleosides are highly relevant both in molecular biology and
pharmaceutical industry. Several C2´-modified drugs, such as fludar-
abine, 2´-deoxy-2´-fluorocytidine or clofarabine, are approved and used
for the treatment of cancer [13,14]. Therefore, the direct synthesis of
nucleoside analogues, starting form Pentose-1Ps, is an interesting ap-
proach to reach high product yields for base and sugar modified nu-
cleoside analogues.

The chemical synthesis of natural Pentose-1Ps and their haloge-
nated analogues has been investigated and several methods were re-
ported during the 20th century [9,10,15–20]. However, the described
protocols are laborious and result in unsatisfactory yields. Furthermore,
the chemical synthesis mostly results in a mixture of both anomeric
forms (α- and β-anomers), which complicates purification.

Due to challenges observed with chemical synthesis routes, different
chemo-enzymatic approaches were developed for the synthesis of
Pentose-1Ps [8]: i) A retro-synthesis starting from glyceraldehyde-3-
phosphate (Gla-3P)/ dihydroxyacetone phosphate (DHAP) using D-2-
deoxyribose-5-phosphate aldolase (DERA), triose phosphate isomerase
(TRI) and phosphopentomutase (PPM) [21,22]. ii) A one-pot enzymatic
transformation of D-pentoses to Pentose-1Ps by ribokinase (RK) and
PPM [7]. iii) An enzymatic transformation of furanoses by a lipase from
Candida antartica followed by several acetylation and deacetylation
steps. The intermediate D-pentofuranose-5-phosphate was converted to
Pentose-1P by PPM [23]. iv) Enzymatic phosphorolysis of nucleosides
using mesophilic nucleoside phosphorylases (NPs) to produce Rib-1P,
dRib-1P [24–26] and Ara-1P [27] as barium or cyclohexylamine salts.
As the latter is a one-step reaction, conditions can be adjusted to
achieve high product yields much easier than for approaches i. to iii.

A more widespread application of enzymatic phosphorolysis is
hampered by the substrate spectrum of mesophilic enzymes. Within the
last few years thermostable NPs have drawn more and more attention in
the production of modified nucleosides. These enzymes, from thermo-
philic or hyperthermophilic microorganisms, catalyze reactions with
the same stereoselectivity as mesophilic NPs, but they show a broader
substrate spectrum [28–32]. While mesophilic enzymes show only a
low activity against C2´-sugar-modified compounds such as 1-(β-D-
arabinofuranosyl)uracil (Ara-U), 2′-deoxy-2′-fluorouridine (2FRibo-U)
or 1(2′-deoxy2′-fluoro-β-D-arabinofuranosyl)uracil (2FAra-U), thermo-
philic enzymes are highly active on these substrates. Therefore, NPs of
thermophilic organisms are interesting enzymes to produce a wide
variety of modified Pentose-1Ps.

The present study describes the enzymatic synthesis and purifica-
tion of three Pentose-1Ps (2-deoxy-2-fluoro-α-D-ribofuranose-1-phos-
phate, α-D-arabinofuranose-1-phosphate, and 2-deoxy-2-fluoro-α-D-
arabinofuranose-1-phosphate) as α-anomers. These are precursors of
nucleoside-based drugs (e.g. ribavirin or cytarabine) of utmost im-
portance in the treatment of cancer or viral infections. Good product
yields were obtained for Pentose-1Ps synthesis using the corresponding
uracil nucleosides as substrates and a thermostable pyrimidine nu-
cleoside phosphorylase as a biocatalyst. Pentose-1Ps were purified as
barium salts in g-scale by three consecutive precipitation steps. Purity
was above 95% and NMR spectroscopy revealed the exclusive forma-
tion of the α-anomer. To improve downstream processing of the

Pentose-1Ps, i.e. their purification or their use in enzymatic reactions,
temperature and pH stability of Pentose-1Ps was determined. Both
natural and modified Pentose-1Ps showed increased stability at pH
values above 9. New possibilities to study the roles of Pentose-1Ps in
metabolism and cancer development are enabled by the availability of
modified Pentose-1Ps. Additionally, they can be used to produce base
and sugar modified nucleosides through a straightforward and en-
vironmentally-friendly enzymatic reaction.

2. Methods

2.1. General information

All chemicals and solvents were of analytical grade or higher and
purchased, if not stated otherwise, from Sigma-Aldrich (Steinheim,
Germany), Carl Roth (Karlsruhe, Germany), TCI Deutschland
(Eschborn, Germany), Carbosynth (Berkshire, UK) or VWR (Darmstadt,
Germany). HPLC analyses were carried out with an Agilent 1200 series
system equipped with an Agilent DAD detector using a Phenomenex
(Torrance, CA, United States) reversed phase C18 column
(150× 4.6mm). Thermostable NPs: PyNP-Y02 (E-PyNP-0002) and
PyNP-Y04 (E-PyNP-0004) were obtained from BioNukleo (Berlin,
Germany) and used as recommended by the manufacturer.

2.2. Enzymatic synthesis of Pentose-1Ps

For the production of Pentose-1Ps in gram scale, Urd, Thd, Ara-U,
2′-deoxy-2′-fluorouridine (2FRibo-U) and 2FAra-U were phosphorolyzed
using thermostable pyrimidine nucleoside phosphorylases (PyNPs)
PyNP-Y02 or PyNP-Y04 to Rib-1P, dRib-1P, Ara-1P, 2FRib-1P and 2FAra-
1P (Scheme 1 ). PyNPs were heterologously expressed in E. coli and
originate from thermophilic bacteria with temperature optima of 60 °C

Scheme 1. Schematic representation of approaches used for the enzymatic
synthesis of Pentose-1Ps. The enzymatic reaction catalyzed by thermostable
nucleoside phosphorylases PyNP-Y02 or PyNP-Y04 is framed (iv). Different
nucleosides with modifications at the C2-position of the sugar are applied. Urd:
R1= ribo-OH, X=H, Thd: R1=H, X=Me, Ara-U: R2= arabino-OH, X=H,
2FRibo-U: R2= ribo-F, X= H, 2FAra-U: R2= arabino-F, X=H. Gla-3P: gly-
ceraldehyde-3-phosphate, DHAP: dihydroxyacetone phosphate, DERA: D-2-
deoxyribose-5-phosphate aldolase, TRI: triose phosphate isomerase, PPM:
phosphopentomutase, CAL B: Candida antartica lipase, RK: ribose kinase.
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(PyNP-Y02) and 80 °C (PyNP-Y04). Enzymes were purified by affinity
chromatography. Substrate concentrations were 200mM for Urd, Ara-
U, 2FRibo-U and 2FAra-U. 350mM of Thd was used to produce dRib-1P
(Table 1). Enzyme concentrations between 0.1 and 1mg/ml were used.
Enzymatic reactions were performed in 500mM potassium phosphate
(KP) buffer at pH 7. Reaction temperatures between 40 °C and 80 °C
were applied. Regular samples were taken to monitor enzymatic clea-
vage of nucleoside and Pentose-1Ps formation by high performance li-
quid chromatography (HPLC) and thin layer chromatography (TLC),
respectively.

To determine the optimum substrate to phosphate ratio, enzymatic
reactions were performed in 500mM KP buffer using Urd and Thd
concentrations ranging from 50mM to 200mM. Thermostable PyNP-
Y02 was applied at concentrations of 0.1 or 0.5 mg/ml. For Urd and Thd
reactions’ temperatures of 50 °C and 40 °C were used, respectively.

2.3. High performance liquid chromatography (HPLC)

HPLC was performed as previously reported [29]. Nucleoside de-
pletion and base formation were quantified at 260 nm using pure
compound standards. Retention times were as follows: Urd (3.2 min),
Thd (4.7 min), Ara-U (3.5 min), 2FRibo-U (4.3 min), 2FAra-U (4.5 min),
O-2,2′-anhydro-D-uridine (Anhydro-U, 2.5 min), uracil (Ura, 2.7 min),
thymine (3.7 min). The % of conversion of nucleosides was calculated
as described previously (Formula (1)) [28]. Standard deviations were
calculated from at least 3 independent experiments unless otherwise
specified. Average standard deviation of all enzymatic reactions is
calculated to be 5% to 15%.

= + ×Conversion
Conc of the product mM

Conc of the product mM Conc of the substrate mM

%
. [ ]

. [ ] . [ ]
100

(1)

2.4. Thin layer chromatography (TLC)

2 μl of standard mixture and samples from different time points
were loaded on silica plates (Merck). 10mM standard solution was used
unless otherwise specified. A solvent mixture of n-propanol, ammonia
and H2O was used in a ratio of 11 : 2 : 7 [33] for Rib-1P and dRib-1P
reactions, whereas the three solvents were applied in a ratio of 11 : 2 : 5
for Ara-1P, 2FRib-1P and 2FAra-1P.

Nucleoside and base signals were detected by UV light at 254 nm
(Merck). Pentose-1Ps were detected colorimetrically by heating the TLC
plates at 110 °C for 5–15min after treatment with p-anisaldehyde-sul-
phuric acid solution (p-anisaldehyde, concentrated H2SO4 and 96%
ethanol at a ratio of 1 : 1 : 18 [34]). Inorganic phosphate as well as
fluoro-modified Pentose-1Ps were detected using Hanes reagent [35].

2.5. Purification of Pentose-1Ps as barium salts

The previously described protocols [24–26] were modified
(Fig. 1C). After the enzymatic synthesis, an equilibrium was reached for
Urd and Thd phosphorolysis, and the reaction mixture was incubated at
4 °C overnight and filtered through a polyvinylidene difluoride (PVDF)

filter (0.8 μm) to remove the precipitated nucleobase/nucleosides. An
amount of aqueous ammonia solution (25% w/v) equal to 1/3 of the
reaction mixture’s volume was added. Phosphate was precipitated with
a solution of MgCl2 and NH4Cl. MgCl2 was applied in an equimolar
concentration to the phosphate and NH4Cl was 10x the phosphate
concentration. The solution was incubated for 3 h at 4 °C and subse-
quently filtered.

For Rib-1P (Rib-1P-protocol), the filtrate was evaporated down to
the original reaction volume. Ammonia (25% w/v) was again added
equal to 1/10 of the concentrated volume, followed by the addition of
barium acetate. For dRib-1P (dRib-1P-protocol) the filtrate was used
directly for barium precipitation.

Barium acetate was added to the filtrate at an equimolar con-
centration compared to the nucleoside substrate, followed by addition
of absolute ethanol. The barium salts of Pentose-1Ps were precipitated
at 4 °C over 24 h. The precipitated salts were collected by centrifugation
at 10,000xg for 10min. The collected pellets were washed 2–3 times
with absolute ethanol and dried at 40 °C to 50 °C depending on and
optimized for the specific product. The relative yield of Pentose-1P-Ba
salts compared to the starting concentration of the substrate was cal-
culated as the ratio of Pentose-1Ps concentration (mmol) to substrate
concentration (mmol) (Formula (2)). Standard deviations were calcu-
lated from at least 3 independent experiments unless otherwise speci-
fied.

= −
×

Yield Amount of the produced barium salt of pentose P mmol
Amount of the substrate mmol

% 1 [ ]
[ ]

100 (2)

2.6. NMR spectroscopic analysis

1H, 13C, 19F, and 31P NMR spectra were recorded in D2O (purchased
from Euriso-Top) on a Bruker Avence III 700MHz or Bruker Avence III
500MHz instrument. Chemical shifts are reported in parts per million
(ppm) and are referenced to the residual solvent resonance as the in-
ternal standard (δ=4.79 ppm for HDO). 13C, 19F and 31P NMR spectra
are referenced in compliance with the unified scale for NMR chemical
shifts as recommended by the IUPAC stating the chemical shift relative
to Me4Si, CCl3F and H3PO4. Data are reported as follows: chemical shift,
multiplicity (s= singlet, d= doublet, m=multiplet,
mc= centrosymmetric multiplet), coupling constants (Hz) and in-
tegration.

2.7. Pentose-1Ps half-life and residual [%] determination at different
temperature and different pH

To determine the half-life (t1/2) of Pentose-1P-Ba salts at different
temperatures and pH values, 25mM solutions of the Pentose-1P-Ba salts
were prepared in 10mM KP buffer (pH 7). For the temperature stabi-
lity, samples were incubated at different temperatures (room tem-
perature (RT), 40 °C, 60 °C, 80 °C). To evaluate stability at different pH
values, samples were incubated at room temperature in buffers of pH
values of 1, 3, 5, 7, 9, 11 or 13 (Suppl. Table 1). Daily samples were
taken over a period of 14 days and analyzed by TLC. The concentration
was determined by TLC with reference to the standard solutions

Table 1
Conditions used for the synthesis of Pentose-1Ps.

Rib-1P dRib-1P 2FRib-1P Ara-1P 2FAra-1P

Substrate concentration [mM] 200mM 350mM 200mM 200mM 200mM
Phosphate concentration [mM] 500mM 500mM 500mM 500mM 500mM
Enzyme/ final enzyme conc. [mg/ml] PyNP-Y02/ 0.1 PyNP-Y02/ 0.5 PyNP-Y04/ 1 PyNP-Y04/ 1 PyNP-Y04/ 1
Reaction temperature [°C] 50 °C 40 °C 65 °C 80 °C 80 °C
Protocol to produce the Ba-salt Rib-1P-Protocol dRib-1P-Protocol Rib-1P-Protocol dRib-1P-Protocol Rib-1P-Protocol
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(25mM) of Pentose-1P-Ba salts and the corresponding pentoses. For
2FAra-1P and 2FRib-1P the corresponding sugars were not available.
Images of the TLC plates were taken, and signal intensity was used for
quantification using the ChemiDocMP imaging system (Biorad, Ger-
many). Percentage of the residual amounts of Pentose-1P-Ba salts were
calculated relatively to day 0. The t1/2 was extrapolated after fitting the
data points with a nonlinear regression model using GraphPad Prism
7.0 (GraphPad Software Inc, San Diego, CA, http://www.graphpad.
com/).

3. Results

3.1. Developing a protocol to produce Pentose-1Ps using thermostable NPs

To identify optimum synthesis conditions for Pentose-1Ps using
thermostable NPs, methods as described in literature for Rib-1P and
dRib-1P were used [26]. For the synthesis of Rib-1P, 50mM Urd was
cleaved in the presence of 100mM phosphate. Urd conversion reached
40% after 6 h of incubation at 50 °C (Fig. 1A). dRib-1P was en-
zymatically synthesized using 350mM Thd in 500mM potassium
phosphate buffer [26]. After 6 h, 25% of Thd was cleaved to dRib-1P
and thymine (Fig. 1A). PyNP-Y02 was used as biocatalyst for both re-
actions.

The reaction solutions were directly used for the purification pro-
cess. Rib-1P and dRib-1P were purified as their barium salts, as pre-
viously described [24–26]. Rib-1P and dRib-1P remained in solution
during the precipitation steps for base/nucleoside and phosphate with a
quite constant concentration (Fig. 1D, E). Almost all Rib-1P and dRib-
1P were precipitated with barium. Both TLC and HPLC analysis con-
firmed the purity of the barium salts of Rib-1P (Rib-1P-Ba) and dRib-1P

(dRib-1P-Ba) to be higher than 95%. Only traces of Urd and Thd were
detected. The yield of Rib-1P-Ba and dRib-1P-Ba was 13% and 25%
(Fig. 1 B), respectively, compared to the amount of substrate added to
the enzymatic cleavage reaction.

Compared to the results of Fateev et al [26], yields for barium salts
of Rib-1P and dRib-1P were lower. Therefore, the reaction conditions
for the enzymatic synthesis of Rib-1P and dRib-1P were modulated.
Especially the impact of the phosphate to substrate ratio was in-
vestigated further.

Different substrate to phosphate ratios (1:10 to 1:2.5) were tested by
keeping the phosphate concentration constant at 500mM but changing
the substrate concentrations between 50 and 200mM. For both com-
pounds the percentage of conversion was decreasing upon increasing
substrate concentration (Fig. 2A, B). By increasing the Urd concentra-
tion from 50 to 200mM, the substrate conversion decreased from 70 to
40% (Fig. 2A), while the yield of Rib-1P-Ba increased from 0% to 25%,
(Fig. 2C). An increase of the Thd concentration from 50mM to 200mM
resulted in decreased conversion percentages from 71 to 43% (Fig. 2B).
In contrast, the determined yields of dRib-1P-Ba were 0% at 50mM and
100mM substrate concentration and 27% at 200mM substrate con-
centration (Fig. 2D). In summary, substrate and phosphate concentra-
tions of 200mM and 500mM, respectively, gave the best results to
produce barium salts of Rib-1P and dRib-1P.

3.2. Enzymatic synthesis of Ara-1P, 2FRib-1P and 2FAra-1P

Based on the results obtained for Rib-1P and dRib-1P, the produc-
tion of Ara-1P, 2FRib-1P and 2FAra-1P was examined using substrate
and phosphate concentrations of 200mM and 500mM. For these
syntheses, thermostable PyNP-Y04 was used, as it showed a higher

Fig. 1. Chemoenzymatic synthesis of the barium salts of Rib-1P and dRib-1P using thermostable PyNP-Y02. (A) Relative conversion of uridine and thymidine to Rib-
1P and dRib-1P, respectively. (B) Relative yields of Rib-1P-Ba and dRib-1P-Ba compared to the starting concentration of uridine and thymidine, respectively. (C)
Schematic presentation of the steps used for the purification of Rib-1P (Rib-1P-protocol) and dRib-1P (dRib-1P-protocol). (D and E) Samples taken during the
purification of Rib-1P-Ba and dRib-1P-Ba were analyzed by TLC. Nucleosides and nucleobases were detected by UV. Phosphate was visualized colorimetrically using
Hanes reagent. Rib-1P and dRib-1P were detected colorimetrically using p-anisaldehyde stain. S1.1: Solution after precipitation of base/nucleoside; S1.2: Solution
after addition of NH3; S2.1: Solution after precipitation of phosphate with NH4Cl/MgCl2; S3: Solution after precipitation of Pentose-1P as barium salt.
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synthesis rate in the phosphorolysis reaction compared to PyNP-Y02
(Suppl. Table 2).

The synthesis of Ara-1P was carried out at 80 °C for 24 h. Conversion
of Ara-U was about 37% after 24 h (Fig. 3A). With increasing reaction
time, an increasing amount of Ara-1P was observed (Fig. 3C). Extending
the reaction time up to 72 h led to an increased conversion of Ara-U to
47%. Equilibrium of the reaction was reached after 48 h (Suppl. Fig. 1).
However, with increased incubation time, degradation of Ara-1P to
arabinose was observed in TLC experiments. Accordingly, 24 h reac-
tions were used for the production of Ara-1P.

2FRib-1P was synthesized from 2FRibo-U at 65 °C for 72 h. After 72 h
34% of 2FRib-U was converted to 2FRib-1P and Ura (Fig. 3B). Increasing
amounts of 2FRib-1P were observed with increasing reaction time
(Fig. 3C). Pre-synthesis trials were conducted at 80 °C as well, however,
two non-specific peaks were detected by HPLC. The formation of these
by-products has previously been described in transglycosylation reac-
tions to produce purine nucleosides using 2FRibo-U as a sugar donor and
they were identified to be Ara-U and Anhydro-U [29]. At high tem-
perature, the chemical formation of the Anhydro-U is observed in cor-
relation with HF group release from the C2′-position of 2FRibo-U. An-
hydro-U is subsequently hydrolyzed to Ara-U at elevated temperature
[29]. These by-products were not observed at a reaction temperature of
65 °C.

Phosphorolysis of 2FAra-U into 2FAra-1P and Ura was tested at 65 °C
and 80 °C for 72 h using thermostable PyNP-Y04. After 72 h, conversion
of 2FAra-U was higher at 80 °C (27%) than at 65 °C (16%) (Fig. 3B,
Suppl. Fig. 1). No by-products or degradation peaks were detected by
HPLC. Formation of 2FAra-1P was followed by TLC (Fig. 3D) and

increasing amounts of 2FAra-1P were confirmed with increasing reac-
tion time.

3.3. Purification of Ara-1P, 2FRib-1P and 2FAra-1P as their barium salts

To identify a suitable purification method for the production of
modified Pentose-1P-Ba salts, the available purification protocols for
Rib-1P and dRib-1P were compared. Relative to the dRib-1P-protocol,
the Rib-1P-protocol gave lower final yields for Ara-1P, while for 2FRib-
1P and 2FAra-1P the opposite was observed (Fig. 3D). In correlation to
the starting substrate concentration, the yield of Ara-1P-Ba was 13%
using the dRib-1P-protocol (Fig. 3D). For both, 2FRib-1P-Ba and 2FAra-
1P-Ba relative yields were approximately 23% using the Rib-1P-pro-
tocol (Fig. 3D). Using the improved protocols with a reaction volume of
25ml 0.2 g and 0.4 g of Ara-1P-Ba and 2FRib-1P-Ba, respectively, were
obtained. Using a reaction volume of 50ml 0.4 g of 2FAra-1P-Ba were
attained. The purity of the Pentose-1Ps was determined by TLC (Suppl.
Fig. 2) and HPLC to be> 95%. Traces of base and nucleoside were
detected in all preparations.

3.4. Structure confirmation of Rib-1P, dRib-1P, Ara-1P, 2FRib-1P and
2FAra-1P by NMR spectroscopy

The structure of all produced Pentose-1Ps was confirmed by 1H,
13C{1H}, and 31P{1H} NMR spectroscopy (Table 2, Suppl. Fig. 4–8).
Additionally, 19F{1H} NMR spectroscopy was applied for structure
confirmation of fluoro-modified Pentose-1Ps (Table 2, Suppl. Fig. 7, 8).

Fig. 2. Optimization of the reaction conditions to produce barium salts of Rib-1P and dRib-1P using thermostable PyNP-Y02. Substrate concentrations of 50mM,
100mM and 200mM were used at a constant phosphate concentration of 500mM. (A and B) Relative conversion of uridine and thymidine to Rib-1P and Ura(A) and
dRib-1P and Thy (B) at varying substrate to phosphate ratios. (C and D) Relative yields of the barium salts of Rib-1P (C) and dRib-1P (D) compared to the starting Urd
and Thd concentrations, respectively.
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3.5. Stability of Pentose-1Ps at different pH values and temperatures

The stability of Pentose-1Ps was assessed to evaluate their behavior
during the purification process or as substrate for enzymatic reactions.
All synthesized Pentose-1P-Ba salts were incubated in buffers with
different pH values (1–13) and temperatures (room temperature (RT),
40 °C, 60 °C, 80 °C) over a period of 14 days in aqueous solution
(Table 3, Suppl. Fig. 3).

All tested Pentose-1P-Ba salts were completely degraded at 80 °C
after 14 days. The most unstable compound was dRib-1P-Ba, which is in
good accordance with the results of Pontis [36]. The minimum t1/2 of
12 h was observed at 80 °C. The maximum t1/2 for dRib-1P was 1.2 days
at room temperature. 2FAra-1P-Ba was completely stable with 100%
residual amount after 14 days at 60 °C.

Stability of all Pentose-1P-Ba salts was dependent on the pH used.
They all showed high stability at pH values between 9–13 with residual
amounts ranging between 75% and 100%. At lower pH values, Pentose-
1P-Ba salts were less stable. At pH 1, half-lives ranged between 0.5 days
(Rib-1P-Ba) to 2 days (2FAra-1P-Ba). As dRib-1P-Ba was immediately
degraded at pH 1, its half-life could not be calculated.

4. Discussion

Here we show the enzymatic synthesis and purification of grams of
natural (Rib-1P and dRib-1P) and modified (2FRib-1P, Ara-1P and
2FAra-1P) Pentose-1Ps using thermostable PyNPs. The synthesis and
purification methods earlier described for Rib-1P and dRib-1P were
optimized to increase the product yields [26].

Due to the importance of Pentose-1Ps, more and more synthesis
routes are being developed. Recently, a special focus on the production
of 2FAra-1P was observed as it is a building block of 2FAra-nucleosides.

The presence of a fluorine atom at the C2´-arabino position of nucleo-
sides or nucleotides is known to exert a wide variety of physicochemical
effects [37]. These include a strengthening of the glycosidic bond which
has led to a widespread application of C2´-arabino nucleotides in
modified oligonucleotides. A number of chemical synthesis routes for
2FAra-1P [38–40] were recently published. Yamada et al. studied the
synthesis of 2FAra-1P starting from the commercially available 1,3,5-tri-
O-benzoyl-2-deoxy-2-fluoro-α-D-arabinofuranose (6 steps; three SiO2

and one ion-exchange column chromatography; 20% combined yield,
α/β=21) and its C1-bromo derivative (35% combined yield, α/
β=1.2) [38,40]. Later, Fateev et al. described the transformation of
1,3,5-tri-O-benzoyl-2-deoxy-2-fluoro-α-D-arabinofuranose into 2FAra-1P
without purification of all the intermediate compounds, which gave rise
to the desired phosphate at a yield of 45–50% (α/β=ca. 1:1) [39]. The
synthesized 2FAra-1P was used for the synthesis of purine nucleosides
employing purine nucleoside phosphorylases as biocatalysts. However,
it was shown [39] that chemically synthesized 2FAra-1P was not a
substrate for uridine phosphorylase and thymidine phosphorylase of E.
coli. Possible explanations are remnants of the chemical synthesis or a
mixture of α and β anomers may have blocked the reaction. Therefore,
enzymatic synthesis of 2FAra-1P is a valuable alternative to provide this
very important sugar-phosphate on multi-gram scale.

Phosphorolytic cleavage of pyrimidine nucleosides analogues was
strongly dependent on the modification in the C2´-position. After 6 h of
reaction time, Pentose-1Ps were formed with the following percentages:
43% (dRib-1P), 38% (Rib-1P), 25% (Ara-1P), 8% (2FRib-1P), and 6%
(2FAra-1P). The lower conversion of modified nucleosides compared to
the natural nucleoside substrates correlates with the stabilization of the
N-glycosidic bond by the presence of a fluoro-atom at the C2′position of
the sugar [11]. Crystallographic data have shown decreased length of
the N-glycosidic bond of 2FRibo-U (1.45 Å) and 2FAra-U (1.46 Å) as well

Table 2
Structures of Pentose-1Ps were confirmed by NMR spectroscopy.

Pentose-1P-Ba salts NMR spectroscopic data

1H NMR (500MHz, D2O): δ=3.68 (dd, 2JH,H=12.3 Hz, 3JH,H=5.4 Hz, 1H, H-5 A), 3.79 (dd, 2JH,H=12.3 Hz, 3JH,H=3.0 Hz, 1H,
H-5B), 4.12 (mc, 1H, H-3), 4.19 (mc, 1H, H-2), 4.30 (mc, 1H, H-4), 5.68 (dd, 3JH,H=4.7 Hz, 3JH,H=4.7 Hz, 1H, H-1) ppm.
13C{1H} NMR (126MHz, D2O): δ=61.7 (C-5), 69.9 (C-3), 71.8 (d, 3JC,P= 5.7 Hz, C-2), 84.9 (C-4), 97.4 (C-1) ppm.
31P{1H} NMR (203MHz, D2O): δ=2.3 ppm.

1H NMR (500MHz, D2O): δ=2.08 (d, 2JH,H=14.4 Hz, 1H, H-2 A), 2.37 (ddd, 2JH,H=14.4 Hz, 3JH,H=5.7 Hz, 3JH,H=5.7 Hz, 1H,
H-2B), 3.60 (dd, 2JH,H=12.1 Hz, 3JH,H=5.6 Hz, 1H, H-5 A), 3.73 (dd, 2JH,H=12.1 Hz, 3JH,H=3.2 Hz, 1H, H-5B), 4.21–4.24 (m,
2H, H-3, H-4), 5.78 (dd, 3JH,H=5.6 Hz, 3JH,H=5.6 Hz, 1H, H-1) ppm.
13C{1H} NMR (126MHz, D2O): δ=41.7 (d, 3JC,P= 5.4 Hz, C-2), 61.9 (C-5), 71.2 (C-3), 86.1 (C-4), 99.6 (d, 2JC,P= 4.4 Hz, C-1)
ppm.
31P{1H} NMR (202MHz, D2O): δ=1.8 ppm.
1H NMR (500MHz, D2O): δ=3.69 (dd, 2JH,H=12.2 Hz, 3JH,H=6.5 Hz, 1H, H-5 A), 3.84 (dd, 2JH,H=12.2 Hz, 3JH,H=3.3 Hz, 1H,
H-5B), 3.92 (dd, 3JH,H=5.8 Hz, 3JH,H=3.2 Hz, 1H, H-3), 4.18 (dd, 3JH,H=3.1 Hz, 3JH,H=1.7 Hz, 1H, H-2), 4.23 (ddd,
3JH,H=6.3 Hz,3JH,H=6.1 Hz, 3JH,H=3.3 Hz, 1H, H-4), 5.49 (d, 3JH,H=6.6 Hz, 1H, H-1) ppm.
13C{1H} NMR (126MHz, D2O): δ=61.6 (C-5), 76.5 (C-3), 81.9 (d, 3JC,P= 7.0 Hz, C-2), 84.2 (C-4), 102.6 (d, 2JC,P= 4.2 Hz, C-1)
ppm.
31P{1H} NMR (203MHz, D2O): δ=1.7 ppm.
1H NMR (500MHz, D2O): δ=3.70 (d, 2JH,H=11.8 Hz, 1H, H-5 A), 3.88 (d, 2JH,H=11.8 Hz, 3JH,H=3.0 Hz, 1H, H-5B), 4.24 (mc,
1H, H-4), 4.28 (mc, 1H, H-3), 4.96 (d, 2JH,F= 53.4 Hz, 1H, H-2), 5.77 (mc, 1H, H-1) ppm.
13C{1H} NMR (176MHz, D2O): δ=60.9 (C-5), 68.8 (C-3), 82.3 (C-4), 90.0 (d, 1JC,F= 187.6 Hz, C-2), 96.1 (C-1) ppm.
31P{1H} NMR (202MHz, D2O): δ=2.2 ppm.
19F NMR (659MHz, D2O): δ= –121.7 ppm.

1H NMR (500MHz, D2O): δ=3.76 (dd, 2JH,H=12.3 Hz, 3JH,H=5.9 Hz, 1H, H-5 A), 3.90 (dd, 2JH,H=12.3 Hz, 3JH,H=3.3 Hz, 1H,
H-5B), 4.22 (dd, 3JH,F= 24.2 Hz, 3JH,H=5.4 Hz, 1H, H-3), 4.29 (ddd, 3JH,H=5.6 Hz, 3JH,H=5.6 Hz, 3JH,H=3.3 Hz, 1H, H-4), 5.05
(d, 2JH,F= 50.2 Hz, 1H, H-2), 5.74 (dd, 3JH,F= 9.9 Hz, 3JH,H=7.0 Hz, 1H, H-1) ppm. 13C{1H} NMR (176MHz, D2O): δ=61.2 (C-
5), 74.8 (d, 2JC,F= 27.1 Hz, C-3), 84.7 (C-4), 100.3 (d, 2JC,P= 3.5 Hz, C-1), 100.8 (dd, 1JC,F= 180.4 Hz, 3JC,P= 7.6 Hz, C-2) ppm.
31P{1H} NMR (202MHz, D2O): δ=1.8 ppm.
19F{1H} NMR (471MHz, D2O): δ= –120.9 ppm
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as Ara-U (1.47 Å) [43–45] compared to Urd (aver. value 1.49 Å) and
Thd (1.48 Å) [46,47]. The strength of the glycosyl N1-C1′ bond is evi-
dently reflected in the rate of phosphorolysis.

Losses during the purification process (up to 80%) were noticed. In
previous publications a co-precipitation of phosphate and Rib-1P
using barium was described [25]. Increased recovery of Pentose-1Ps
was described by an initial precipitation of phosphate as insoluble
NH4MgPO4 [26]. However, co-precipitation of Pentose-1Ps and
phosphate in the presence of NH4Cl and MgCl2 was previously de-
scribed due to similar ionization pattern of both compounds at the
applied pH [48].

5. Conclusions

Applying thermostable nucleoside phosphorylases, we successfully
synthesized gram quantities of modified Pentose-1Ps, 2FRib-1P, Ara-1P
and 2FAra-1P, at a purity above 95%. Modified Pentose-1Ps were stable
at temperatures up to 60 °C, allowing for downstream processing at
elevated temperatures. The availability of the Pentose-1Ps in g-scale
and high purity (only α-anomer) will allow for (i) a comparison of
substrate activities of nucleoside phosphorylases, (ii) better under-
standing of nucleoside phosphorylases kinetics (iii) the development of
efficient enzymatic methods for the synthesis of biologically valuable

Fig. 3. Chemo-enzymatic synthesis of Ara-1P, 2FRib-1P and 2FAra-1P at substrate and phosphate concentrations of 200mM and 500mM, respectively, using the
thermostable PyNP-Y04. (A) Relative conversion of Ara-U to Ara-1P and uracil at 80 °C. (B) Relative conversion of 2FRib-U and 2FAra-U at 65 °C and 80 °C, re-
spectively. (C) Formation of Ara-1P, 2FRib-1P and 2FAra-1P during the enzymatic reaction was evaluated colorimetrically by TLC. Standard solutions were used in
concentration of 30mM. Ara-1P was detected by p-anisaldehyde solution. 2FRib-1P and 2FAra-1P were visualized by Hanes reagent. (D) Relative yields of the barium
salts of Ara-1P, 2FRib-1P and 2FAra-1P using either the Rib-1P-protocol or dRib-1P-protocol for purification. The relative yield was calculated in relation to the
starting concentration of the respective substrate.

Table 3
Stability of Pentose-1P Ba salts at different pH and temperatures after an incubation time of 14 days. To determine t1/2 of Pentose-1P-Ba salts at different tem-
peratures 25mM solutions of the Pentose-1P-Ba salts were prepared in 10mM KP buffer (pH 7) and incubated at different temperatures (room temperature (RT),
40 °C, 60 °C, 80 °C). To evaluate stability at different pH values, samples were incubated at room temperature in buffers with varying pH values of 1, 3, 5, 7, 9, 11 or
13.

Pentose-1Ps-Ba salt Residual [%] / t1/2 [d]

pH Temp

1 3 5 7 9 11 13 RT 40 °C 60 °C 80 °C

Rib-1P-Ba 0 / 0.5 ≥25 / 5.5 ≥50 / n.r. ≥75 / n.r. ≥50 / n.r. ≥75 / n.r. 100 / n.r. ≥75 / n.r. 100 / n.r. ≥25 / 12.7 0 / 1
2FRib-1P-Ba 0 / 0.8 ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. 100 / n.r. 0 / 1.5
dRib-1P-Ba 0a 0a 0a 0 / 1.7 100 / n.r. ≥75 / n.r. ≥75 / n.r. 0 / 1.2 0 / 0.5 0 / 0.5 0 / 0.5
Ara-1P-Ba 0 / 0.5 ≥25 / 8 ≥75 / n.r. ≥75 / n.r. 100 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. ≥75 / n.r. 100 / n.r. 0 / 2.5
2FAra-1P-Ba 0 / 2 ≥75 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 100 / n.r. 0 / 6.5

a Total loss occurred right away starting from the first sample;≥25%: 25%–49%;≥50%: 50%–74%,≥75%: 75%–99%; n.r. t1/2 were not reached within 14 days.
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nucleosides, (iv) more detailed metabolic studies and (v) studies of their
therapeutic or diagnostic potential.
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pH Buffer pH adjustment 

1 HCl/KCl HCl 

3 Sodium acetate Acetate - Acetic acid 

5 Acetate Acetate - Acetic acid 

7 Potassium phosphate Potassium dihydrogen phosphate 

9 Tris HCl 

11 Sodium bicarbonate NaOH 

13 KCl/ NaOH KCl - NaOH 

Supplementary table 1. Buffers used for pentose-1P pH stability testing  

Enzyme 
Reaction 

temp./ 
Protein conc. 

2’-deoxy-2’-
fluorouridine 
(2FRibo-U) 

1-(2’-deoxy-2’-
fluoro-β-D-

arabinofuranosyl) 
uracil (2FAra-U) 

1-(β-D-
Arabinofuranosyl) 

uracil (Ara-U) 

PyNP-Y04 80°C / 
1 mg/mL 57% 52% 81% 

PyNP-Y02 50°C/ 
0.59 mg/mL 4% 0% 3.3% 

Supplementary table 2. Activity of both used PyNPs towards the sugar modified 
nucleosides. 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Supplementary figure 1. Relative conversion of 2FAra-U and Ara-U using thermostable PyNP-Y04 at 

a reaction temperature of 65°C. Substrate and phosphate concentrations of 200 mM and 500 mM were 

applied. 

Supplementary figure 2. Purity of barium salts Ara-1P (A), 2FRib-1P (B) and 2FAra-1P (C). 



  Supplementary figure 3. Temperature (A, C, E, G, I) and pH (B, D, F, H, K) stability of Rib-1P (A, B), 

dRib-1P (C, D), Ara-1P (E, F), 2FRib-1P (G, H) and 2FAra-1P (I, K). Data points were fitted through a 

non-linear regression model and t1/2 life was estimated and plotted on the curves.  



 

  

Supplementary figure 4. NMR spectra of Rib-1P. (A) 1H NMR (500 MHz, D2O). (B) 13C{1H} NMR (126 

MHz, D2O). (C) 31P{1H} NMR (203 MHz, D2O). 



 

  

Supplementary figure 5. NMR spectra of dRib-1P. (A) 1H NMR (500 MHz, D2O). (B) 13C{1H} NMR (126 

MHz, D2O). (C) 31P{1H} NMR (202 MHz, D2O). 



 

  

Supplementary figure 6. NMR spectra of Ara-1P. (A) 1H NMR (500 MHz, D2O). (B) 13C{1H} NMR (126 

MHz, D2O). (C) 31P{1H} NMR (203 MHz, D2O). 



 

  

Supplementary figure 7. NMR spectra of 2FRib-1P. (A) 1H NMR (500 MHz, D2O). (B) 13C{1H} NMR (176 

MHz, D2O). (C) 31P{1H} NMR (202 MHz, D2O). (D) 19F NMR (659 MHz, D2O). 



 

 Supplementary figure 8. NMR spectra of 2FAra-1P. (A) 1H NMR (500 MHz, D2O). (B) 13C{1H} NMR (176 

MHz, D2O). (C) 31P{1H} NMR (202 MHz, D2O). (D) 19F NMR (471 MHz, D2O). 
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Abstract:  

5-Ethynyluracil containing nucleosides like 5-ethynyl-2′-deoxyuridine are widely used for 

metabolic labeling of DNA. The standard production route is still based on chemical methods. 

In a first attempt, we used thermostable nucleoside phosphorylases to produce 5-ethynyl-2′-

deoxyuridine and its sugar-modified derivatives in a one-pot transglycosylation reaction. For 

5-ethynyl-2′-deoxyuridine and 2′-fluoro-5-ethynyluridine 41% and 18% of ethynyluracil was 

converted into the corresponding products, respectively. However, no product was obtained 

for (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine. Therefore, an alternative approach was used to 

produce 5-ethynyl-2′-deoxyuridine derivatives using natural and modified a-D-pentofuranose-

1-phosphates and 5-ethynyluracil as substrates for thermostable nucleoside phosphorylases. 

Using this synthesis route, the efficient production of 5-ethynyluracil containing nucleoside 

analogues was successful. Percentages of conversion were 60%, 47% and 51% for 5-ethynyl-

2′-deoxyuridine, 2′-fluoro-5-ethynyluridine and (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine, 

respectively. Also, for 5-ethynyl-2′-deoxyuridine and 2′-fluoro-5-ethynyluridine significantly 

higher product yields were obtained compared to transglycosylation reactions. 

1 Introduction 

Nucleoside analogues (NAs) are important molecules used in the treatment of several viral 

and bacterial infections as well as cancer [1–4]. Additionally, they have been used in several 

biotechnological applications like DNA and RNA labelling [5,6]. 5-Bromo-2’-deoxyuridine 

(BrdU) is one of the commonly used nucleoside analogues for molecular DNA labelling [7–9]. 

After incorporation into cellular DNA, it can be detected by immunostaining with antibodies. 

Due to several drawbacks of BrdU, like poor tissue penetration or high cytotoxicity, alternatives 

were developed.  

The introduction of the bioorthogonal chemical reporting concept revolutionized the study of 

biological macromolecules in their native environment [10]. The concept is based on the 

application of small chemical groups (like azide or alkyne) that are efficiently up-taken into 

cells. Furthermore, these molecules are efficiently incorporated into functional biomolecules 

without affecting any cellular or biochemical reactions [10]. Modified molecules can be 

detected by the coupling with a reporter molecule by copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAZ), also known as copper-catalyzed click reaction [11,12]. This method 

was initially modified from the Huisgen 1,3-dipolar cycloaddition [11]. It is, however, more 

advantageous as it does not require high temperatures or prolonged reaction times. Due to its 

high stereoselectivity only 1,4-disubstituted isomers are formed. In contrast, the Huisgen 

reaction leads to a mixture of both 1,4- and 1,5-disubstituted isomers.  



5-ethynyl modified nucleoside analogues, particularly 5-ethynyl-2’-deoxyuridine (EdU) and 

(2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine (2FAra-EdU), are widely used for DNA labeling 

[10,13–15]. The introduction of EdU was considered a big advancement in the field of 

metabolic labelling by applying click chemistry. Since then, EdU is being used in cell 

proliferation and differentiation studies, cell cycle analysis or to study repair mechanisms [13]. 

In 2011, 2FAra-EdU was reported to be less cytotoxic while maintaining DNA incorporation 

properties and efficient detection [10]. Therefore, it is one of the most suitable compounds for 

longer-term imaging. 

As most nucleoside analogues, EdU and 2FAra-EdU are so far only synthesized chemically 

through multistep and laborious procedures [16,17]. Enzymatic synthesis routes have not yet 

been described for derivatives of EdU although they are widely applied to produce nucleoside 

analogues. One-pot two-steps transglycosylation reactions were extensively studied as an 

efficient method for the synthesis of nucleosides and their analogues [4,18–20]. The reaction 

includes the exchange of two nucleobases over a pentose-sugar moiety using nucleoside 

phosphorylases (NPs). Despite the advantages of the transglycosylation reaction, it showed 

low product yields especially for nucleosides with modifications on the sugar moiety [4,18]. As 

a substitution, the direct enzymatic glycosylation of nucleobases with a-D-pentofuranose-1-

phosphates (Pentose-1Ps) using NPs was previously reported (Scheme 1) [18,19,21]. The 

availability of modified Pentose-1Ps was for a long time the bottleneck of this approach. The 

recently described method for the efficient and environmentally-friendly production of natural 

and modified Pentose-1Ps, however, creates new opportunities for future applications [22]. 

Here we present the enzymatic synthesis of EdU, 2′-fluoro-5-ethynyluridine (2FRib-EdU) and 
2FAra-EdU using thermostable NPs. While transglycosylation for the synthesis of EdU works 

in principle, the synthesis of 2FRib-EdU and 2FAra-EdU, respectively, were not successful. 

Therefore, 2-deoxy-α-D-ribofuranose-1-phosphate (dRib-1P), 2-deoxy-2-fluoro-α-D-

ribofuranose-1-phosphate (2FRib-1P) and 2-deoxy-2-fluoro-α-D-arabinofuranose-1-phosphate 

(2FAra-1P) were enzymatically synthesized and used for the direct enzymatic glycosylation 

with 5-ethynyluracil with yields of the corresponding nucleoside analogues between 47 and 

60%. 

 



 

2 Methods 

General information 

All chemicals and solvents were of analytical grade or higher and purchased, if not stated 

otherwise, from Sigma-Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, Germany), TCI 

Deutschland (Eschborn, Germany), Carbosynth (Berkshire, UK) or VWR (Darmstadt, 

Germany). HPLC analyses were carried out with an Agilent 1200 series system equipped with 

an Agilent DAD detector using a Phenomenex (Torrance, United States) reversed phase C18 

column (150 × 4.6 mm). Thermostable nucleoside phosphorylases PyNP-Y02 (E-PyNP-0002), 

PyNP-Y04 (E-PyNP-0004) and PNP-N02 (E-PNP-0002) were obtained from BioNukleo 

(Berlin, Germany) and used as recommended by the manufacturer. 

Synthesis of modified nucleosides by transglycosylation 

EdU, 2FAra-EdU and 2FRib-EdU were synthesized in a one-pot transglycosylation reaction 

using pyrimidine nucleoside phosphorylase (PyNP) and purine nucleoside phosphorylase 

(PNP) as biocatalyst and 5-ethynyluracil as sugar acceptor. Sugar donors were thymidine 

(Thd) or 2’-deoxyadenosine (dAdo) for the synthesis of EdU, and 1-(2’-deoxy-2’-fluoro-β-D-

Scheme 1. Schematic representation of the investigated enzymatic approaches for the synthesis of 5-

ethynyl-nucleoside derivatives: transglycosylation reaction and direct glycosylation. Substrates for the 

direct glycosylation were Pentose-1Ps that were produced in a chemo-enzymatic process beforehand 



arabinofuranosyl)uracil (2FAra-U) and 2’-deoxy-2’-fluorouridine (2FRib-U) for the synthesis of 
2FAra-EdU and 2FRib-EdU, respectively. 

Using Thd, 2FRib-U, 2FAra-U as sugar donors, 2 ml reaction mixtures of 10 mM sugar donor, 1 

mM sugar acceptor and 5U of PyNP-Y04 in 2mM potassium phosphate (KP) buffer (pH 7) 

were prepared. The reaction mixture was incubated at 40°C for 30 h. With dAdo as a sugar 

donor, a final reaction volume of 2 mL was used. A reaction mixture of 10 mM sugar donor, 1 

mM sugar acceptor, 5U of PyNP-Y04 and 5U PNP-N02 in 2mM KP buffer (pH 7) was 

prepared. The reaction was incubated at 40°C for 30 h. 

Chemo-enzymatic synthesis and purification of Pentose-1Ps as barium salts 

Pentose-1Ps were synthesized and purified as their barium salts as previously described [22]. 

Thd, 2FAra-U and 2FRib-U were used for the synthesis of dRib-1P, 2FAra-1P and 2FRib-1P, 

respectively. To a mixture of 200 mM nucleoside in 500 mM KP buffer (pH 7), PyNP-Y02 or 

PyNP-Y04 were added in concentrations of 0.1 – 1 mg/ml. Reaction temperatures between 

40°C and 80°C were used. All Pentose-1Ps were purified as their barium salts and used for 

direct glycosylation reactions. 

Synthesis of 5-ethynyluracil-containing nucleoside by direct glycosylation 

EdU, 2FAra-EdU and 2FRib-EdU were synthesized in a direct glycosylation reaction using 

dRib-1P, 2FAra-1P or 2FRib-1P, respectively, and 5-ethynyluracil as a sugar acceptor in a ratio 

of 2:1 (sugar: sugar acceptor). EdU was synthesized in a final volume of 2 mL with 8 mM 5-

ethynyluracil, 16 mM dRib-1P-Ba salt and 0.1 or 0.5 mg/mL PyNP-Y04 at 40°C for 5h. 2FAra-

EdU and 2FRib-EdU were enzymatically-synthesized at 50°C in a total reaction volume of 2 

mL with 6 mM 5-ethynyluracil and 12 mM 2FAra-1P-Ba salt or 2FRib-1P-Ba salt at 50°C for 24h 

and PyNP-Y04 concentration of 0.5 mg/mL. 

High performance liquid chromatography (HPLC) 

To monitor the enzymatic synthesis of Pentose-1Ps, HPLC analyses were performed. 

Conversion percentages were calculated as previously reported [22]. 

For the synthesis of 5-ethynyuracil-containing nucleoside analogues, HPLC analysis was 

performed with the following gradient: from 97% 20 mM ammonium acetate and 3% 

acetonitrile to 72% 20 mM ammonium acetate and 28% acetonitrile in 11 min. The reaction 

yields were determined by quantifying the nucleosides and nucleobases at 260 nm (Formula 
1). Retention times under these conditions were as follows: Uracil (2.9 min), Thd (5.6 min), 



Thymine (Thy) (4.3 min), 5-ethynyluracil (4.4 min), dAdo (6.2 min), adenine (4.6 min), 2FRib-U 

(5.06 min), 2FAra-U (5.38 min), EdU (6.01 min), 2FRib-EdU (4.11 min), 2FAra-EdU (4.12 min). 

Formula 1. 

Reaction	yield = Conc. of	the	formed	nucleoside	[mM]
Conc. of	the	residual	nucleobase	[mM] + 	Conc. of	the	formed	nucleoside	[mM]		 × 	100 

Thin layer chromatography (TLC) 

Pentose-1Ps were detected colorimetrically by TLC as previously described [22]. 2 µl of the 

standard mixtures and the purified Pentose-1P were loaded on silica plates (Merck). Mobile 

phase of n-propanol, ammonia and H2O (11: 2: 7) was used for dRib-1P reactions. A ratio of 

the same solvents of 11: 2: 5 was used for 2FRib-1P and 2FAra-1P. Fluoro-modified 

Pentose-1Ps were detected colorimetrically using Hanes reagent, whereas dRib-1P was 

detected using p-anisaldehyde-sulphoric acid solution. 

3 Results 

Synthesis of EdU in a transglycosylation reaction 

Initially, a one-pot transglycosylation reaction setup was used to enzymatically produce EdU, 

with either Thd or dAdo as sugar donors and 5-ethynyluracil as sugar acceptor (scheme 1). 

Based on preliminary results, transglycosylation reactions were performed in 2 mM phosphate 

buffer using a 10:1 ratio of the sugar donor to the sugar acceptor. Thermostable NPs were 

applied as biocatalyst. 

Two strategies were examined to produce EdU. In the first approach only one enzyme was 

applied. PyNP-04 was used for both the cleavage of the sugar donor thymidine and the 

subsequent formation of EdU from the dRib-1P intermediate and 5-ethynyluracil. In the second 

approach, dAdo was used as sugar donor. It was cleaved by PNP-N02 to form the dRib-1P 

intermediate. The latter was then used by PyNP-Y04 to produce EdU from 5-ethynyluracil.  

In the one enzyme approach, the cleavage percentage for Thd was 30% (Fig. 1A). Using 

dAdo as sugar donor a percentage of cleavage of 26% was observed (Fig. 1A). Product yields 

for EdU were 41% and 16% with Thd and dAdo as sugar donors, respectively (Fig. 1B). As 

higher product yields were obtained with the one-enzyme strategy, it was used for reactions 

with sugar-modified substrates 



. 

Transglycosylation reaction for the synthesis of 2’-fluoro-5-ethynyluracil 
nucleoside derivatives 

2FRib-EdU and 2FAra-EdU were synthesized using PyNP-Y04 and the sugar donors 2FRib-U 

and 2FAra-U, respectively. A percentage of cleavage to their corresponding Pentose-1P and 

uracil after 30 h was 3% and 0.5%, respectively, (Fig. 1A). The cleavage reaction progressed 

very slowly over the monitored reaction time of 30 h and equilibrium was not reached. The 

formation of the products 2FRib-EdU and 2FAra-EdU was correlating with sugar donor 

cleavage. Product yields after 30 h were 18% and 0% for 2FRib-EdU and 2FAra-EdU, 

respectively (Fig. 1B). The formation of 6.5% 2FRib-EdU was already detected 15 min after 

starting the reaction. Afterwards, product formation slowly increased to 18% till the end of the 

reaction. An equilibrium was not reached within 30 h. 

Chemo-enzymatic synthesis and purification of dRib-1P, 2FRib-1P, and 2FAra-1P 

Figure 1 . Enzymatic synthesis of 5-ethynyl-deoxyuridine (●, ●), 2′-fluoro-5-ethynyluridine (▼) 
and (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine (▲) in one-pot transglycosylation reactions using 
thermostable nucleoside phosphorylase. 5-Ethynyl-deoxyuridine was produced either with Thd (●) 

or dAdo (●) as sugar donors. For the synthesis of 2′-fluoro-5-ethynyluridine and (2′S)-2′-deoxy-2′-fluoro-

5-ethynyluridine, 2FRib-U or 2FAra-U were used as sugar donors, respectively. The one-pot 
transglycosylation reaction was performed at 40°C and the reaction was monitored over a period of 30 

h. (A) The cleavage of the sugar donors Thd, dAdo, 2FRib-U or 2FAra-U. Pyrimidine nucleosides were 

converted by PyNP-Y04 and dAdo by PNP-N02. (B) The formation of the of 5-ethynyl-containing 

nucleoside analogues by PyNP-Y04. Thd: thymidine; dAdo: 2’deoxyadenosine; 2FRib-U: 2’-deoxy-2’-

fluorouridine; 2FAra-U: 1-(2’-deoxy-2’-fluoro-β-D-arabinofuranosyl)uracil. 



As product yields for 2FRib-EdU and 2FAra-EdU were low, the direct glycosylation approach 

starting from purified Pentose-1Ps, was evaluated. Therefore, dRib-1P, 2FRib-1P, and 2FAra-

1P were enzymatically synthesized and purified as their corresponding barium salts as 

previously described [22]. PyNP-Y02 was used as a biocatalyst for the synthesis of dRib-1P 

using Thd as a substrate. Due its higher tolerance to sugar-modifications, PyNP-Y04 was 

chosen to produce 2FRib-1P and 2FAra-1P. The percentages of enzymatic cleavage of Thd, 

2FRib-U and 2FAra-U were 43%, 35% and 22%, respectively (Fig. 2A). A reaction time of 6 h 

was chosen for Thd due to the instability of dRib-1P [23]. A reaction time of 72 h was used for 

2FRib-U and 2FAra-U. For Thd cleavage, the reaction proceeded very fast and equilibrium was 

reached after 1 h. The formation of both 2FRib-1P and 2FAra-1P was steady over the reaction 

duration. Equilibrium was not reached within 72h. 

Pentose-1Ps were purified as barium salts after phosphate depletion by manganese ammonia 

precipitation. Based on the starting substrate concentrations, final yields for Pentose-1P-Ba 

salts were 22% for dRib-1P-Ba and 23% for both 2FRib-1P-Ba and 2FAra-1P-Ba after 

purification (Fig. 2A). Purity of the Pentose-1Ps was determined by TLC and HPLC to be 

higher than 95% (Fig. 2B and 2C). TLC showed clear bands for each of the tested Pentose-

1Ps with no detectable traces of the nucleoside or the nucleobase. Residues of phosphate, 

however, were detected in 2FRib-1P-Ba. 

Figure 2. Enzymatic synthesis of natural and modified Pentose-1P. (A) Product yield of Pentose-
1Ps after the enzymatic reaction (black bars) and the purified Pentose-1P as Ba salts (grey bars). (B) 
Assessment of the purity of the synthesized dRib-1P-Ba salts by thin layer chromatography (TLC). (C) 
Assessment of the purity of the synthesized fluoro-modified Pentose-1P-Ba salts (2FRib-1P-Ba and 
2FAra-1P-Ba)  by TLC. Thd: thymidine; Thy: thymine; dRib-1P: 2-deoxy-α-D-ribofuranose-1-phosphate; 

Pi: inorganic phosphate; 2FRib-U: 2’-deoxy-2’-fluorouridine; 2FAra-U: 1-(2’-deoxy-2’-fluoro-β-D-

arabinofuranosyl)uracil; 2FRib-1P: 2-deoxy-2-fluoro-α-D-ribofuranose-1-phosphate; 2FAra-1P: 2-deoxy-

2-fluoro-α-D-arabinofuranose-1-phosphate. 



Synthesis of 5-ethynyluracil-containing modified nucleosides in a direct 
glycosylation reaction 

To produce EdU, 2FRib-EdU and 2FAra-EdU in a direct glycosylation reaction, 5-ethynyluracil 

and Pentose-1Ps were used as substrate. The percentage of EdU formation was 60% and 

37% using ratios for dRib-1P-Ba and base of 2:1 and 1:1, respectively (Fig. 3A). For both 

reaction conditions, equilibrium was reached after 1 to 3 h. Varying enzyme concentrations 

did not significantly influence the final product yields. 

As higher product yields were obtained with a ratio of 2:1 for Pentose-1P to base, the same 

conditions were applied for the synthesis of 2FRib-EdU and 2FAra-EdU. However, no product 

formation was observed with enzyme concentrations of 0.1 mg/mL. Therefore, final enzyme 

concentrations were increased to 0.5 mg/ml. Yields for 2FRib-EdU and 2FAra-EdU were 47% 

(2.8 mM) and 51% (3 mM) after 24h, respectively (Fig. 3B). A reaction equilibrium was not 

reached over the reaction duration. Compared to transglycosylation reactions product yields 

increased 2.5 and 0.9 fold for 2FRib-EdU and EdU respectively. 

 

Figure 3. Enzymatic synthesis of 5-ethynyl-containing nucleoside analogues by direct 
glycosylation reactions using thermostable nucleoside phosphorylase PyNP-Y04. (A) EdU 
synthesis [%] was performed with 8mM 5-ethynyluracil as a sugar acceptor. dRib-1P concentrations of 

8 mM (●,▲) and 16 mM (●,▲) and the enzyme concentration of 0.1 mg/ml (●, ●) and 0.5 mg/ml (▲,▲) 

were applied. Reaction was performed at 40°C for 4h. (B) Synthesis of 2FRib-EdU (●) and 2FAra-EdU 

(●) using a ratio of 2:1 Pentose-1P to 5-ethynyluracil (sugar acceptor) and enzyme concentration of 

0.5mg/ml. Reaction was performed at 50°C for 24h. The Concentration of the formed nucleoside and 

the depleted nucleobase was evaluated by HPLC. EdU: 5-ethynyl-deoxyuridine; dRib-1P: 2-deoxy-α-

D-ribofuranose-1-phosphate; 2FRib-EdU: 2′-fluoro-5-ethynyluridine; 2FAra-EdU: (2′S)-2′-deoxy-2′-fluoro- 
5-ethynyluridine. 



4 Discussion 

In this study, the efficient enzymatic synthesis of 5-ethynyluracil-containing nucleoside 

analogues using thermostable NPs was shown. In a glycosylation reaction using purified 

Pentose-1P analogues and 5-ethynyluracil as substrates, product yields between 47% to 60% 

were reached for EdU, 2FRib-EdU and 2FAra-EdU. The results are in accordance with previous 

reports where direct enzymatic glycosylation of different nucleobases using PNPs or PyNPs 

was successfully demonstrated [24–27]. 

During the past decade, the use of nucleoside analogues with 5-ethynyluracil as base moiety 

has been of increasing interest as a powerful tool to track DNA replication and cell proliferation 

[13]. EdU is a highly sensitive, quick and efficient labelling tool with several prominent features. 

The small size of the linker azide group allows good tissue penetrability hence, denaturation 

treatment is not required and therefore the DNA structure is preserved. Despite the 

advantages of EdU, it is a toxic antimetabolite that might cause DNA instability, cell-cycle 

arrest or necrosis [10]. 2FAra-EdU, a Less toxic derivative, was described as suitable 

alternative [10]. However, a widespread use is hampered due to the complex and inefficient 

chemical synthesis route. Therefore, more efficient synthesis routes are of big interest. 

Transglycosylation reaction is widely described for the synthesis of nucleosides and their 

analogues. It is generally applied when natural nucleosides or arabinosides are used as sugar 

donors [4,18,19]. In this study, EdU was produced with moderate yield in a transglycosylation 

reaction with PyNP-Y04 as biocatalyst. Hence, the base 5-ethynyluracil was well accepted by 

the applied enzyme. The electron withdrawing ethynyl group (C≡CH) at the 5-position is 

comparable to halogen, alkene and haloalkenyl groups that were tolerated well by other 

PyNPs [28]. Furthermore it is less bulky than some of these substituents, which enhances the 

acceptance by the enzymes [28–30]. 

In the case of fluororiboside and fluoroarabinoside synthesis, transglycosylation was 

described to show only low product yields even if extremely extended reaction times and 

excessive amounts of enzyme were used [31]. When 2’-deoxy-2’-fluorouridine was used as a 

sugar donor to produce different modified 2’deoxy-2’fluoro-purine nucleosides with potential 

antiviral and cytotoxic activity, reaction times reached almost two months in some cases and 

the amount of enzyme was almost 6000 U of TP and double that of PNP to achieve acceptable 

yields [32]. In this study, only low or no product formation was observed for 2FRib-EdU and 
2FAra-EdU synthesis using the transglycosylation approach. Low yields can be mainly 

correlated to the low cleavage percentage of the sugar donor nucleosides. While the cleavage 

percentages for 2FAra-U and 2FRib-U were only 0.5% and 3%, respectively, it was around 30% 



for the natural nucleoside thymidine. This might be attributed to the high electronegativity of 

the fluorine substitution on 2´-position of the sugar moiety. It leads to a shorter and hence, 

stronger glycosidic bond [33]. Consequently, a different conformation of the sugar moiety is 

formed which affects the Walden inversion at the tetrahedral C1’ atom and the SN2 reaction 

catalyzed by NPs [31,34]. 

Direct glycosylation in contrast, was as a viable approach to drastically increase product 

yields. This approach offers many advantages as it allows for an independent optimization of 

reaction conditions for each step (cleavage and glycosylation reactions). One critical factor of 

transglycosylation reactions is the phosphate concentration. High phosphate ions 

concentration shifts the equilibrium towards the nucleoside cleavage and synthesis of the 

Pentose-1P. Therefore, its presence favors the cleavage reaction but hinders the glycosylation 

reaction starting from the Pentose-1P intermediate [35]. If the sugar donor is a good substrate 

for the first enzyme, this critical balance is overcome and the equilibrium is shifted towards the 

synthesis of the second nucleoside. However, in cases where Km values are high, the reaction 

fails to proceed towards nucleoside 2 as the pentose-1P production via phosphorolysis 

becomes the rate determining step [33]. 

5 Conclusions 

It is well known that fluorine atom in the 2’-position has a favorable effect on the stability and 

the bioavailability of the corresponding compounds. However, the availability of these 

compounds is limited by the ease of their production. So far, both chemical and enzymatic 

methods have shown several drawbacks and led to low product yields. The application of 

glycosylation reactions is a promising strategy to produce base and sugar modified 

nucleosides with high product yields. It is not only limited to EdU derivatives but could be 

transferred to the production of therapeutic nucleoside analogues with modification at the 

sugar moiety. 
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