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When I consider Your heavens, the work of Your fingers, 

The moon and the stars, which You have ordained, 

What is man that You are mindful of him, and the son of man that You visit him? 

I will praise You, O Lord, with my whole heart; 

I will tell of all Your marvellous works. 

I will be glad and rejoice in You; 

I will sing praise to Your name, O Most High. 
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Abstract i 
 

Abstract 

Nucleosides represent one class of fundamental building blocks of life systems. Their analogues 

are extensively used as therapeutic agents for cancer and viral diseases; as precursors of 

oligonucleotides for therapeutic or diagnostic use; and as molecular tools in research. 

However, many biologically active nucleosides are difficult to synthesize chemically, which 

hinders biological trials and studies as well as the application of these compounds. The chemo-

enzymatic synthesis in comparison to the pure chemical synthesis offers great benefits as a 

simple, efficient and “green” technology in view of simplicity, costs and yield. The focus of this 

study was on the application of novel nucleoside phosphorylases (NPs) for the 

biocatalytic synthesis of nucleoside analogues. The applied enzymes originate from thermo-

philic microorganisms (Deinococcus geothermalis, Geobacillus thermoglucosidasius, Thermus 

thermphilus, and Aeropyrum pernix). Five thermostable NPs (TtPyNP, GtPyNP, DgPNP, GtPNP 

and ApMTAP) were successfully recombinantly expressed in soluble and active form in the 

Gram-negative bacterium Escherichia coli, and were characterised with respect to 

temperature optimum, stability, substrate specificity, kinetic behaviour, pH optimum and in 

view of their similarity by sequence alignments. The results demonstrate their promising 

biocatalytic properties, especially for TtPyNP and GtPNP, which displayed particularly high 

catalytic activity towards natural substrates (3-6 times higher than the commonly used 

enzymes from E. coli) under the experimental conditions. Furthermore, they showed high 

promiscuity, i.e. they were able to catalyse a broad range of modified substrates. Both 

enzymes accept nucleosides modified in the sugar moiety, e.g. 2’- or 3’-NH2, 2’-F (ribo- or 

arabino-) and 2’-OH (arabino); GtPNP recognizes 2,6-Cl or F substituted purine. In coupled 

reactions with TtPyNP and GtPNP as catalysts various modified purine nucleosides were 

successfully synthesized. For the synthesis of purine nucleoside analogues, TtPyNP and GtPNP 

were successfully immobilized on magnetic microsphere beads with high residual enzyme 

activity, high enzyme loading, and further enhanced enzyme stability. The application of the 

immobilized enzymes in the synthesis of 2,6-dichloropurine riboside and 6-chloro-2-fluoropurine 

riboside (6C2FP-R) resulted in product yields of 78.5 % and 85.5 % (HPLC), the latter molecule 

was isolated and purified ( >98 %) by silica chromatography (normal-phase column) and the 

compound’s structure was confirmed. These results reveal the great practical potential of the 

studied biocatalysts. Hence, it is conceivable to produce a number of nucleoside analogues 

by the described method, which appears more efficient than other synthetic routes described 

in literature so far.  
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Zusammenfassung 

Nukleoside sind bedeutende Bausteine lebender Systeme. Chemisch modifizierte 

Nukleoside sind hochwirksame Pharmaka für die Behandlung von Krebs und 

viralen Erkrankungen. Sie sind wichtige Werkzeuge in der Zellforschung, u.a. sind 

sie Vorstufen für die Herstellung von Oligonukleotiden für theapeutische und 

diagnostische Anwendungen. Allerdings ist die chemische Synthese von 

modifizierten Nukleosiden in den meisten Fällen kompliziert und mit niedrigen 

Ausbeuten verbunden, wodurch ihr Einsatz limitiert ist. Die chemo-enzymatische 

Synthese von Nukleosidanaloga bietet im Vergleich zur traditionellen chemischen 

Synthese als eine einfache und „grüne“ Technologie entscheidende Vorteile in 

Bezug auf Aufwand, Reaktionsausbeuten und Kosten. In der vorliegenden Arbeit 

liegt der Fokus auf neu isolierten Nukleosidphosphorylasen von verschiedenen 

thermophilen Mikroorganismen (Deinococcus geothermalis, Geobacillus 

thermoglucosidasius, Thermus thermophilus, Aeropyrum pernix). Fünf 

thermostabile Nukleosidphosphorylasen (TtPyNP, GtPyNP, DgPNP, GtPNP and 

ApMTAP) wurden rekombinant in dem Gram-negativen Bakterium Escherichia 

coli exprimiert, aufgereinigt und umfassend in Bezug auf die Temperatur- und pH 

Optima, Stabilität, Substratspezifität, ihr kinetisches Verhalten charaktersisiert, 

sowie ihre phylogenetische Sequenzähnlichkeit analysiert. Diese Charakteristika 

demonstrieren die vorteilhaften biokatalytischen Eigenschaften dieser 

Biokatalysatoren, welches besonders für die Enzyme TtPyNP und GtPNP zutrifft. 

Unter Reaktionsbedinungen, die für die biokatalytische Syntheses interessant sind, 

zeichnen sich diese Enzyme nicht nur durch eine hohe katalytische Aktivität 

gegenüber natürlichen Substraten aus, sondern auch durch ein hohes Maß an 

Promiskuität, d.h. eine große Anzahl modifizierter Verbindungen als Substrate 

nutzen können. Beide Enzyme akzeptieren Zucker, die z.B. in folgenden Positionen 

modifiziert sind: 2’- oder 3’-NH2, 2’-F (ribo- oder arabino-) und 2’-OH (arabino). 

GtPNP reagiert auch mit 2,6-Cl- oder F-substituierten Purinen. Zusammen können 

TtPyNP und GtPNP die Synthese verschiedener modifizierter Purinnukleoside 

katalysieren. Für die Anwendung wurden beide Enzyme auf magnetischen 

mikrospherischen Trägern immobilisiert. Die Immobilisate zeigten eine hohe 

Aktivität und eine hohe katalytische Dichte, sowie eine erhöhte Enzymstabilität. 

Bei der Anwendung dieser immobilisierten Biolkatalysatoren für die Synthese von 
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2,6-Dichloropurine Ribosid (2,6CP-R) und 6-Chloro-2-Fluoropurine Ribosid (6C2FP-R) 

wurden Produktausbeuten von  78.5 % bzw. 85.5 % erreicht. 6C2FP-R wurde 

auf >98% über eine Standard Silizium-Chromatographiesäule  aufgereinigt und 

die Struktur verifiziert. Diese Ergebnisse zeigen das große praktische Potenzial der 

hier untersuchten Biokatalysatoren. Es ist daher naheliegend, dass einige 

biologisch wichtige Nucleosid durch das in dieser Arbeit beschriebene Verfahren 

effizienter als wie bisher in der Literatur beschrieben, hergestellt werden können. 
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Preface 

The aim of this thesis was to develop an efficient and “green” method – 

enzymatic synthesis – for the preparation of pharmaceutically or biologically 

important nucleoside analogues.  

In Chapter 1 the most important aspects of enzymatic synthesis of nucleosides 

are reviewed regards to the sorts of enzymes for the synthesis of nucleosides 

(Chapter 1.1); the introduction of the focused enzymes in the present study – 

nucleoside phosphorylases (NPs) – enzyme source, classification and structure 

(Chapter 1.2); and the modes of application of NPs are also addressed and 

discussed (Chapter 1.3).  

Chapter 1 points out the challenges of using biocatalysts in this area and leads to 

the present study investigated logically on (i) the preparation and 

characterization of recombinant NPs from thermophilic microorganisms (Chapter 

2), (ii) the study of transglycosylation reactions catalyzed by the NPs (Chapter 3), 

(iii) immobilization of the NPs and their application for the synthesis of nucleosides 

(Chapter 4), and (iv) enzymatic synthesis of 2,6-dihalogenated purine 

nucleosides (Chapter 5). 

Chapter 2 covers the main data of published Paper I & Paper II as well as the 

unpublished results and discussions e.g. the main factors for the expression of 

thermozymes in E. coli (Chapter 2.2); an overview of the substrate specificity of 

the NPs, pH optimum of the NPs, the enzyme structure-activity relationship based 

on the multiple protein sequence alignments and the phylogenetic analysis of 

the interested NPs (Chapter 2.3). 

Chapter 3 focuses on the analysis of the processes of the transglycosylation 

reactions by the characterised free NPs. According to the reaction equilibrium 

states, the reactions were divided into three types. For each type, the overall 

(one-pot transglycosylation) and sub-step (phosphorolysis and synthesis of 

nucleoside) reactions were studied individually. Thereby the role of various 

factors to achieve high yields of the desired nucleosides is discussed. 
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Chapter 4 contains the full paper (Paper III) about the successful immobilization 

of the thermostable NPs on the magnetic epoxide microspheres and the use of 

these biocatalysts for the small scale synthesis.  

Finally, Chapter 5 (the summary and outlook of the Paper IV) demonstrates the 

immobilized NPs as biocatalysts for nucleosides synthesis are scalable (from 0.5 

mL to 50 mL) and one of the important nucleoside precursors (6Cl-2F-purine 

riboside) was synthesized and isolated in high purity. 

To be mentioned is that the “materials and method” part is written in Paper I~IV 

and throughout the thesis where is necessary.    
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Chapter 1.  Enzymatic synthesis of nucleosides (review) 

Nucleosides, composing of a nucleobase (A, T, C, G or U) and a pentofuranose 

(ribose or 2-deoxyribose), are the fundamental units of the genetic material (DNA 

and RNA) for all the living beings. Nucleosides and their derivates also take part 

in various biological processes. It has been believed that the synthesis of 

nucleosides and their analogues would be “the key to understanding the cellular 

functions and mechanisms involved in a variety of diseases.” (Merino 2013) 

Indeed, nucleoside analogues have been extensively used as drugs for the 

treatment of cancers, viral / bacterial / fungal infections (Robak et al. 2009; De 

Clercq 2009; Böttcher and Sieber 2010; Kirk 2006); as precursors in the preparation 

of artificial oligonucleotides for therapeutic or diagnostic use (Watts and Corey 

2012; Watts and Damha 2008); and as tools for investigation of mechanisms of 

enzyme function in molecular biology (Seela et al. 2009).  

Nucleoside analogues have been synthesized traditionally by chemical methods 

through multistep processes requiring protection and deprotection steps for the 

labile groups, and tedious isolation in almost every step due to the poor regio- or 

stereo- selectivity of the reactions (Anderson et al. 2008; Cen and Sauve 2010; 

Tennilä et al. 2000). These drawbacks lead to a high price of the nucleosides and 

impeding their biological trials and studies, as well as limiting the wide 

therapeutic application (Mikhailopulo and Miroshnikov 2013).  

In contrast, enzymatic methods are taken as an advantageous approach over 

the chemical methods, namely, with simple operation of reaction and product 

isolation, while result in high selectivity and efficiency. In additionally, compared 

with the fine organic synthesis, enzymatic methods to a greater extent meet to 

the demands of “green chemistry” (Mikhailopulo and Miroshnikov 2010). 

In fact, enzymatic methods are “chemo-enzymatic methods” as the substrates of 

the enzymes have to be prepared by chemistry methods. In generally, substrates 

of the enzymes are simple compounds and commercial available. The products - 

nucleoside analogues - are often unavailable because they are difficult to 

synthesize by chemical methods. 
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1.1. Enzymes in the synthesis of nucleosides 

Different kinds of enzymes can be applied in the preparation of nucleoside 

analogues. Along with the synthesis strategies, the enzymes can be divided into 

three groups: (i) enzymes catalysing transglycosylation reactions, e.g. nucleoside 

phosphorylase (NP) and nucleoside deoxyribosyltransferase (NDT); (ii) enzymes 

used in the cascade transformation of pentose into the intermediate for 

nucleoside synthesis, e.g. ribokinase (RK) and phosphopentomutase (PPM); (iii) 

other enzymes used for the local modification of nucleosides, e.g. adenosine 

deaminase (ADA), adenylate deaminase (AMPDA), and xanthine oxidase (XO). 

The enzyme properties and their scopes of application will be specified as follows. 

1.1.1. NP and NDT (transglycosylation) 

Nucleoside phosphorylases (NPs) including pyrimidine NPs (PyNP, UP and TP) and 

purine NPs (PNP and MTAP), are the most used enzymes for the synthesis of 

modified nucleosides (Mikhailopulo and Miroshnikov 2011; Mikhailopulo 2007). 

These enzymes catalyse the reversible phosphorolysis of nucleosides in the 

presence of phosphate to form the corresponding -D-ribofuranose-1-phosphate 

(R-1-P) and nucleobase. NPs display fairly broad substrate specificity, accept 

modified base and sugar moiety as substrates. The strategy of the 

transglycosylation reaction consists in the transfer of a sugar moiety from one 

nucleoside to another purine base, and then a new nucleoside is formed. The 

basic synthetic strategy is illustrated in Scheme 1.1. More details about NPs will be 

discussed later. 

Differing from NPs, nucleoside deoxyribosyltransferases (NDT, EC 2.4.2.6) catalyse 

the direct transfer of the 2’-deoxyribosyl moiety from a 2’-deoxyribosyl nucleoside 

to a free nucleobase without formation of intermediate 2-deoxyribofuranose-1-

phosphate (dR-1-P), and phosphate in not involved. Scheme 1.1 shows the 

transglycosylation reaction of NDTs. Specially, NDTs from Lactobacilli are well 

documented but their 3D structures haven’t been expensively studied and only 

few entries are available from PDB.  



Chapter 1. Enzymatic synthesis of nucleosides (review) 3 
 

OHO

HO

NH

N

O

O OHO

HO

N

NN

N

NH2

OOH

HO

O
P

OH
O

O

PyNP PNP

N

NN

N
H

NH2

O P
OH

O

O

O
P

OH
O

O
NH

N
H

O

O

OH
OH

OH

OHO

HO

NH

N

O

O
O

HO

N

NN

N

NH2

R-1-P

N

NH2

N

N

N

O

OHO

O
GluOH

H

-O

O

Glu-NDT

HO

-O

O

Glu-NDT

NDT

 
Scheme 1.1. Transglycosylation reactions by NPs (above) and NDT (below). 
 

NDTs are classified into two types, NDTI and NDTII, based on their substrate 

specificity. NDTI is specific for purines; NDTII doesn’t distinguish purines and 

pyrimidines (Kaminski 2002) but select cytosine as the best acceptor of 2’-

dexoyribose moiety in all cases (Fresco-Taboada et al. 2013), while NPs have no 

or very low activity towards cytosine or cytidine. NDTs accept a broad range of 

modified bases, including different azole derivatives, size expanded purines, 

deaza- and halogenated purines and pyrimidines (Hutchinson 1990; Betbeder et 

al. 1989; Holguin and Cardinaud 1975; Fernandez-Lucas et al. 2010). NDTs have a 

strict specificity towards 2’-deoxyribonucleosides because of the steric hindrance 

that 3’-OH of the sugar moiety interacts with the catalytic residue Glu for the 

substrate orientation and catalysis (Fresco-Taboada et al. 2013) (see Scheme 1.1). 

However, some studies have revealed that the NDT from Lactobacillus reuteri 

exhibits unexpected new arabinosyl- and 2’-deoxy-2’-fluororibsyl-transferase 

activities (Fernandez-Lucas et al. 2010); the NDT from Lactobacillus helveticus 

shows activity towards 2’,3’-dideoxynucleosides (Carson and Wasson 1988); and 

the engineered NDT obtained an improved activity in regards to the synthesis of 

2’,3’-dideoxy and 2’,3’-didehydro-2’,3’-dideoxy purine nucleosides (Kaminski et al. 

2008). Thus, in some degree, NDT may have as broad substrate specificity as NPs. 
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From the viewpoint of practical synthesis, both NDTs and NPs are potent 

biocatalysts and each of them has unique properties which can complement 

each other. 

1.1.2. PPM and RK et al. (cascade biotransformation) 

In E. coli, the deo operon consists of four structural genes: deoC, 

deoxyriboaldolase (DERA, EC 4.1.2.4); deoA, TP; deoB, phosphopentomutase 

(PPM, EC 2.7.5.6 or 5.4.2.7) and deoD, PNP. Interestingly, all of them could and 

have been used as biocatalysts for the synthesis of nucleosides in the cascade 

transformation from 2~3 carbon compounds to nucleoside (Ouwerkerk et al. 2002; 

Ishige et al. 2005). It is a good bionics example that we learn from the cell to use 

the simple starting materials (e.g. acetaldehyde, D-glyceraldehyde-3-phosphate 

and nucleobase) to synthesize nucleosides. The basic strategy is illustrated in 

Scheme 1.2. 

Comparing with the cell metabolic transformations of pentoses and the de novo 

and salvage synthesis of nucleosides, the in vitro nucleoside synthesis is actually a 

reversed pathway (retro-pathway); therefore it is necessary to add great excess 

of acetaldehyde to direct the metabolic reaction in the reverse synthetic 

direction, thus a special strain Klebsiella pneumonia which tolerates high 

concentration of acetaldehyde was used. Moreover, this method is limited to the 

insufficient production of dR-1-P and much depending on the solubility of 

nucleobase. The off-pathway activities of the cells also prevent the efficiency of 

the desired product formation (e.g. in the cell, product dAdo was converted into 

dIno by adenosine deaminase, see Scheme 1.2). For a comprehensive review 

see (Mikhailopulo and Miroshnikov 2010). 
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Recently, Mikhailopulo and co-workers proposed a novel nucleoside synthesis 

strategy of the cascade transformation (Mikhailopulo and Miroshnikov 2013; 

Chuvikovsky et al. 2006). It starts from D-pentose, which is phosphorolysed by 

ribokinase (RK, EC 2.7.1.15) into D-pentose-5-phosphate (PF-5-P), and the latter is 

converted to -D-pentofuranose-1-phosphate (PF-1-P). The process is illustrated in 

Scheme 1.3. Noteworthy, the recombinant E. coli RK is able to phosphorolyse a 

set of D-pentofuranoses by which D-ribose, 2-deoxy-D-ribose, D-arabinose or 2-

deoxy-2-fluoro-D-arabinose have been successfully transformed into the 

respective nucleosides in good yields. In this way, the anti-leukemic drugs 

Cladribine, Fludarabine, Clofarabine and Nelarabine (see Figure 2.9 for their 

structures), and a number of biologically important nucleosides (e.g. 8-azapurine 

and 8-aza-7-deazapurine 2'-deoxyriboncleosides) have been synthesized and 

the pure products have been obtained (Mikhailopulo and Miroshnikov 2013; 

Stepchenko et al. 2012). No doubt it is a simpler and more efficient method 

versus the retro-pathway in the cell.  
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It can be inferred that PF-1-P is the universal glycosylation agent for the 

enzymatic synthesis of pyrimidine and purine nucleoside. For this reason, various 

attempts have been made to synthesize PF-1-P by chemical way. However, the 

laborious and low-yielding preparation is the common bottleneck of the 

chemical approach. A relatively simple method proposed by D.L. MacDonald in 

1960s has been taken as the most effective one. Recently Konstantinova and co-

workers modified the MacDonald method and successfully combined it with the 

enzymatic method (using E. coli PNP or UP) for the preparation of purine and 

pyrimidine β-D-arabinofuranosides (Konstantinova et al. 2011).  

It is worthy to point out that NPs play the key role in the abovementioned 

approaches. It was found that E. coli TP and UP show no activity towards some 

PF-1-Ps, e.g. 2-deoxy-2-fluoro--D-arabinofuranose-1-phosphate, thus the 

corresponding pyrimidine nucleosides cannot be synthesized by this method. 

Therefore, new NPs are demanded for the preparation of desired nucleosides. 
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1.1.3. ADA, AMPDA, OX (modification) 

Other enzymes e.g. adenosine deaminase (ADA), adenylate deaminase 

(AMPDA), xanthine oxidase (XO) have been also used for the positional 

modification of nucleosides. They usually display broad substrate specificity and 

function on the special group of the nucleosides. For example, ADA catalyses 

the deamination of 6-aminopurines; AMPDA displaces 6-substitution (-NH2, -OCH3, 

-Cl) of purine by hydroxyl group; XO catalyses regioselective oxidations of 

numerous azaheterocycles (on C6 of purine). Since these enzymes are used for 

special purpose (e.g. deamination, acylation, deacylation halogenation) and 

are out of the scope of this thesis (see reviews (Li et al. 2010; Sinisterra et al. 2009)), 

no details will be further discussed here. 

1.2. Nucleoside phosphorylases as biocatalysts 

As it is shown either in the transglycosylation, or in the cascade transformation 

approaches, nucleoside phosphorylases (NPs) play the key role and are the most 

widely used biocatalysts for synthesis of modified nucleosides. To utilize NPs as 

biocatalysts, the enzyme source of the potential NPs for synthesis, their 

classification and their structures and catalytic mechanisms will be introduced. 

1.2.1. Enzyme source 

NPs are ubiquitous enzymes and have been found in bacteria, eukaryota, 

Archaea, and even in dsDNA viruses (Kang et al. 2010). Usually, an organism 

needs at least two kinds of NPs, i.e. PyNP (UP or TP) and PNP, which catalyse the 

phosphorolysis of pyrimidine and purine nucleosides, respectively.  

A number of NPs or the original cells have been reported to be used as 

biocatalysts. A few of them are from thermophiles or with stable NPs above 50 °C, 

which include but are not limited to Geobacillus stearothermophilus (previously 

Bacillus stearothermophilus) (Hori et al. 1991a; Taran et al. 2009), Enterobacter 

aerogenes (Utagawa et al. 1985; Wei et al. 2008b), Thermus thermophilus 

(Almendros et al. 2012), and the hyperthermophilic Archaea Aeropyrum pernix 

(Zhu et al. 2012b), Sulfolobus solfataricus (Cacciapuoti et al. 1994; Cacciapuoti et 

al. 2005) and Pyrococcus furiosus (Cacciapuoti et al. 2003).  
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Thermozymes have special advantages and recently attract much attention of 

researchers. From the viewpoint of practical synthesis, thermozymes offer the 

possibility to perform reactions at high temperature resulting in decrease of the 

viscosity of the medium, increase diffusion coefficients of substrates and lead to 

higher overall reaction rates. The product yield may be improved due to the 

higher solubility of substrates at the high temperature (Bruins et al. 2001). 

Moreover, thermozymes are often resistant to pressure and organic solvents (Hei 

and Clark 1994). They can be expressed in E. coli at high levels and easily purified 

by heat treatment (Almendros et al. 2012). Therefore, thermostable NP is the 

focus for this study. 

1.2.2. Classification & structure 

Based on the enzyme structures, NPs are classified into two big families: NPI and 

NPII (Pugmire and Ealick 2002). The NPI family contains enzymes which share a 

common single-domain subunit with a trimeric or a hexameric quaternary 

structure, which includes purine nucleoside phosphorylase (PNP, EC 2.4.2.1), 5′-

methylthioadenosine phosphorylase (MTAP, EC 2.4.2.28) and uridine 

phosphorylase (UP, EC 2.4.2.3). Enzymes from the NPII family share a common 

two-domain subunit fold and a dimeric structure; they include pyrimidine 

nucleoside phosphorylase (PyNP, EC 2.4.2.2) and thymidine phosphorylase (TP, 

EC 2.4.2.4).  

Despite of the wide range of substrate specificities and low sequence identity 

among the enzymes of the NPI family, they share a conserved structure which 

distinguishes them from the NPII family. The subunit fold of NPI enzymes contains a 

distorted β-barrel surrounded by several -helices (Figure 1.1 A) while the subunit 

fold of NPII enzymes consists a large -domain and a smaller -helical domain 

(Figure 1.1 B). 
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Figure 1.1. Structure of NPI and NPII family enzymes. Ribbon drawing of the subunit of (A) 
EcPNP (PDB: 1P7W, with adenosine and phosphate) and (B) EcTP (PDB: 4EAF, with SO42-). 
 

From the substrate point of view, PNP and MTAP of the NPI family can be divided 

into PNPI and PNPII subfamilies and the former has a broader substrate specificity 

and is specific for both 6-oxopurine and 6-aminopurine nucleosides; the latter is 

only specific for 6-oxopurine nucleosides. Empirically, PNPI has a hexameric 

structure or a high molecular mass (110~160 kDa) which mainly exists in bacteria; 

PNPII has a trimetric structure or a low molecular mass (80~100 kDa) and mainly 

exists in mammals and some bacteria (Bzowska et al. 2000). The typical 

representatives are E. coli PNPI and PNPII from deoD and xapA gene products, 

respectively. MTAP was categorized as PNPII, probably due to the fact that the 

earlier reported MTAPs were isolated from mammals. Recently, a number of 

MTAPs from hyperthermophilic Archaea have been characterised, which are 

from A. pernix (paper II), S. solfataricus (Cacciapuoti et al. 1994; Cacciapuoti et 

al. 2005) and P. furiosus (Cacciapuoti et al. 2003; Cacciapuoti et al. 2007). Like 

many bacteria, Archaea express two kinds of PNPs (MTAPI and MTAPII) with 

different substrate specificities, but their oligomeric states are unclear. For utilizing 

these enzymes as biocatalysts, it is more practical to classify them according to 

their substrate specificities, namely, (i) specific for 6-oxo- and 6-aminopurines 

(most PNPI members); (ii) specific for 6-oxopurines (most PNPII members, TtPNPI as 

A B 
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an exception); (iii) hightly specific for 6-aminopurines (e.g. Ado-PNP from Bacillus 

cereus and Bacillus subtilis, SsMTAPII, TtPNPII). 

UP (hexamer) is very special because it has a similar structure as NPI family 

members but shares the same substrate as PyNP from NPII family, i.e. UP and 

PyNP catalyse pyrimidine nucleosides (uridine and thymidine) and do not 

distinguish ribose and 2’-deoxyribose moieties, while TP is specific for 2’-

deoxynucleosides and does not distinguish thymine and uracil. 

PyNP and TP from the NPII family share a high degree of sequence identity 

(above 30 %) and they require significant domain movements for substrates 

binding, which leads to the conformation change of domains from open to close 

state (Pugmire and Ealick 1998). This is an important property to be considered in 

immobilization, since rigid supports may hinder the domain movements and result 

in an activity lost (Serra et al. 2013b). 

Interestingly, iterative BLAST searches with various members of NPI family reveal 

great similarities between the subunit of the hexameric NPI members and both 

MTA/SAH and AMP nucleosidases (Pugmire and Ealick 2002). They all cleave the 

glycosidic bond, but nucleosidases use water as the nucleophile while 

phosphorylases (NP) use phosphate as the nucleophile. On the other hand, it 

suggests a possible structural relationship between NPII (PyNP) and anthranilate 

phosphoribosyltransferase (AnPRT, EC 2.4.2.18) due to the similarities of their 

catalysed reactions, the properties of the reactants and products, and their 2D 

and 3D structures (Pugmire and Ealick 2002; Mushegian and Koonin 1994). These 

data can be used for analysis of the potential substrate specificity of NPs. 

Although big differences exist in the 2D and 3D structures of NPs, the basic 

catalytic mechanism of their phosphorolysis is presumed to be similar, which 

undergoes (i) nucleoside binding in a high energy conformation in order to 

produce steric strain for the glycosidic bond breaking; (ii) an oxocarbenium ion 

formation through electron movement from O4’ of the pentose moiety to the 

purine ring; (iii) a nucleophilic attack at C1’ of the pentose by a phosphate ion. 

Finally, the glycoside bond is broken and phosphate is connected to the C1’ 
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position in -configuration, i. e. an -D-Ribose-1-phosphate is formed and a 

nucleobase is released (from the sugar moiety). 

1.3. Modes of NP application 

There are mainly two modes of using NPs in synthesis applications: (i) the whole 

cells as natural encapsulated enzymes; and (ii) recombinant enzymes. As the 

whole cells or the enzymes can be used as extracts or in an immobilized form, 

there are in total four modes of how NPs are applied. Examples of each mode 

will be given to analyse their advantages and disadvantages.  

1.3.1. Whole cells as natural encapsulated enzymes 

E. coli cells after treatment or modification at gene level can be applied as 

biocatalysts for the synthesis. For example, Barai and co-workers used 

glutaraldehyde treated E. coli cells BMT 4D/1A as biocatalysts for the synthesis of 

Cladribine (Barai et al. 2002), with 2Cl-Ade as an acceptor and dGuo as a donor 

of 2-deoxyribofuranose (1:3 mol ratio)  of the transglycosylation reaction. In this 

heterogeneous reaction mixture (10 mM K-phosphate buffer, pH 7.5; 65oC), 2Cl-

Adewas converted in two steps (4 h reaction followed by the separation of 

substrates and biocatalyst which were both incubated in fresh buffer for 

additional 3 h) to obtain finally, after silica gel column chromatography, pure 

Cladribine in a yield of 81% based on 2Cl-Ado taken into reaction.  

Another example is about screening of different strains from Thermus 

thermophilus (Almendros et al. 2009). The pellet from the harvested cells was 

tested in order to detect the transglycosylation activity using (d)Urd or Thd as the 

sugar donor and adenine or hypoxanthine as bases (1:1 mole ratio) in 30 mM 

phosphate or Tris/HCl buffer at 65 °C for 1 h. The author supposed T.thermophilus 

may contain NDT as a higher activity was observed with 2’-deoxynucleoside as 

sugar donor and the reaction was performed in absence of phosphate. 

Recently, Nobile and co-workers (Nóbile et al. 2012) selected Citrobacter koseri 

(CECT 856) from a collection of microorganisms as the best biocatalyst for the 

preparation of purine arabinosides. The selected whole cells were immobilized in 

agarose (catalyst load: 1.4 ×1011 cells g-1 to prepare arabinonucleosides) and 
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used as biocatalysts for the synthesis of three drugs at 60 °C from 0.05 mL to 150 

mL enlarged scale with 3 mM 2-F-Ade and 6 mM AraU for fludarabine, 10 mM 

adenine and 20 mM AraU for vidarabine, or 10 mM 2,6-diamiopurine (DAP) and 

30 mM AraU (in 30 mM potassium phosphate buffer, pH 7) with 58 % yield in 14 h, 

71 % yield in 26 h, and 77 % yield in 24 h, respectively. This work proved that the 

biotransformation is scalable since no significant changes were observed in the 

profile of the reactions from 0.05 mL to 150 mL. 

1.3.2. Recombinant enzymes 

With molecule cloning techniques, many enzymes from the microorganisms 

which are hard to grow under the lab conditions (e.g. hypothermophilies) have 

been recombinantly expressed in E. coli (Zhu et al. 2012a; Almendros et al. 2012; 

Cacciapuoti et al. 2007). Recombinant enzymes are often used without 

immobilisation as free enzymes for the enzyme characterisation and down-

stream optimization; however if they are applied in the synthesis of nucleosides 

they need to be immobilized to reduce biocatalyst cost and to increase enzyme 

recovery.  

Taran et al (Taran et al. 2009) immobilized recombinant PyNP and PNP from G. 

stearothermophilus on aminopropylated macroporous glass AP-CPG-170  and 

used them as a biocatalyst in the transglycosylation reaction (5 mM K-phosphate 

buffer, pH 7.5; 70-75 °C; 2-8 h) for the synthesis of Cladribine (thymidine & 2Cl-Ade 

as substrates with a mol ratio of 3:1) and Fladarabine (AraU and adenine as 

substrates with a mol ratio of 3:1) in the reactions containing 10-20 % DMSO (for 

increasing solubility of substrates). Analysis of the reaction mixtures by HPLC 

showed the conversion of the respective bases to Cladribine and Fladarabine 

with a yield of 86 and 88 %, respectively. The yields are very promising, however, 

the low solubility of the substrates is the drawback and the use of DMSO causes 

difficulties in the separation and purification of the final product. 

In summary, for the synthesis of nucleosides, especially for 2’-deoxynucleosides 

and arabinonucleosides, the enzymatic method has obvious advantages over 

the chemical method in many ways. A rational combination of chemical 

approach (e.g. MacDonald method for the preparation of PF-1-P) and 
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enzymatic methods (by immobilized NP or NDT) are the new trend for the 

application of biotechnology in fine chemistry. 
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Chapter 2.  From gene sequences to the active NPs 

In this chapter, six target enzymes were selected for the investigation based on 

two criteria: 1. the candidate enzymes are intrinsic stable; 2. the enzymes should 

have as broad substrates specificity as possible. Thanks to the nature’s abundant 

gene resources, the enzymes from the microorganisms which are able to survive 

and even thrive at high temperatures (thermophiles) would fulfil the above 

requirements. Therefore, taking advantage of the bioinformatics and cloning 

techniques, strategies for the production of six promising enzymes (GtPyNP, 

TtPyNP, DgPNP, GtPNP, ApMTAP and ApUP) were developed, and the first five 

enzymes were successfully expressed, purified and characterised.  

The main work and the results 1  on the subject of enzymes expression and 

characterisation were published in paper I (GtPyNP and TtPyNP) (Szeker et al. 

2012) and paper II (DgPNP, GtPNP and ApMTAP) (Zhou et al. 2013). Materials and 

methods are consistent with the papers mentioned above if not otherwise stated. 

A summary of the enzyme source, an overview of the related gene cloning, 

enzyme expression and their physicochemical properties as well as the 

characterisation results will be provided; new insights on bioinformatics will be 

also given hereafter.  

2.1. Enzyme source 

The thermophilic bacteria Deinococcus geothermalis, Geobacillus 

thermoglucosidans (formerly Bacillus thermoglucosidasius (Suzuki et al. 1983) and 

G. thermoglucosidasius (Nazina et al. 2001)), Thermus thermophilus, and the 

hyperthermophilic archaeon Aeropyrum pernix were the microbial sources for 

the target gene isolation. The desired enzymes and the information of the species 

are summarized in Table 2.1.  

                                                 

1 Most of the cloning work (except TtPyNP) was done by Kathleen Szeker (previously PhD 
student, Neubauer group, TU Berlin). The expression, optimization and characterisation of 
the enzymes was done in close cooperation with K. Szeker. 
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Table 2.1. Thermophilic organisms as the source for the target enzymes in this study. 

Organism Deinococcus 
geothermalis 

Geobacillus 
thermoglucosidans 

Thermus 
thermophilus HB 27 

Aeropyrum 
pernixK1 

Reference (Ferreira et al. 
1997) (Suzuki et al. 1983) (Oshima and 

Imahori 1974) (Sako et al. 1996) 

Temperatur
e optimum 
[°C] 

30~55 
(45~50) 

42~69 
(61~63) 

47~85 
(65~72) 

68~102 
(90~95) 

pH (opt.) 4.5~8.5 (6.5) 6.5~8.5 (6.5) 5.1~9.6 (7.0) 5.0~9.0 (7.0) 

Characterist
ics 

Strictly aerobic, 
extreme 
radiation 

resistance, 
slightly 

acidophilic, able 
to grow in 

minimal medium 
without yeast 

extract 

Strictly aerobic, 
obligate thermophilic 

spore-former, 
neutrophilic, 
amylolytic 

 

Strictly aerobic, 
obligate 

thermophile, 
nonsporulating, 

lysozyme resistant 
below 60 °C, 
proteolytic 

 

Strictly aerobic, 
hyperthermo-

philic archaeon, 
highly 

developed 
thiosulfate-

oxidizing 
heterotrophs 

 

Gram 
staining positive positive negative negative 

C+G cont. 
[mol %] 65.9 43.9 69.4 67 

Isolation 
place Hot springs, Italy Soils, Japan Hot springs, Japan Coastal solfataric 

vent, Japan 

Genome 
sequence CP000856 (2007) CP002835 (2011); 

(Zhao et al. 2012) 
NC_005835 

(Henne et al. 2004) 

NC_000854 
(Yamazaki et al. 

2006) 

Target 
enzymes DgPNP GtPNP, GtPyNP TtPyNP ApMTAP, ApUP 

 

The reason of isolating enzymes from different thermophilic organisms is to have 

more opportunities to get the potential biocatalysts activity towards different 

substrates, on the one hand, and the different microorganisms having different 

optimal growth temperatures (Table 2.1), which might provide an enzyme with a 

lower temperature optimum especially suitable for the process involving 

thermolabile reactants, on the other hand. 

As shown in Table 2.1, four thermophilic organisms demonstrate diverse 

characteristics, since they are phylogenetically far from each other. D. 

geothermalis and T. thermophilus are from the same phylum Deinococcus-

Thermus as well as the same class Deinococci, but the former is in the order 

Deinococcales and the latter is in the order Thermales. From a different phylum 
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Firmicutes, G. thermoglucosidans is in the same genus as G. stearothermophilus, 

and the latter is the enzyme source of the thermostable NPs (GsPNP and GsPyNP) 

that have been intensively studied and proved to be promising biocatalysts 

(Rivero et al. 2012; Trelles et al. 2005; Taran et al. 2009; Hamamoto et al. 1996; Hori 

et al. 1991a; Hori et al. 1991b). Hence, the enzymes derived from G. 

thermoglucosidans (GtPNP and GtPyNP) are expected to have the desired 

properties. A. pernix is a distinct species from the third domain of life - Archaea 

(Pace 2006). Most of their metabolic enzymes are common to bacteria, while 

their proteins involved in gene expression are common to Eukarya, thus it was 

suggested that they might provide NPs with unique activities. Besides, a few 

reported NPs from Archaea are all hyperthermophilic enzymes, which are SsMTAP 

I/II derived from Sulfolobus solfataricus (Cacciapuoti et al. 2005; Cacciapuoti et 

al. 2001; Appleby et al. 2001; Cacciapuoti et al. 1994), PfMTAP and PfPNP from 

Pyrococcus furiosus (Cacciapuoti et al. 2011; Cacciapuoti et al. 2007; 

Cacciapuoti et al. 2004; Cacciapuoti et al. 2003), as well as  ApMTAP and ApUP 

from A. pernix (Zhu et al. 2012a; Zhu et al. 2012b; Montilla Arevalo et al. 2011). 

These studies were mainly focussed on the basic research of the structure or the 

catalytic mechanisms of these enzymes as a basis for their later application. In 

this study hyperthermozymes ApMTAP and ApUP are selected although they 

have been considered for synthetic applications, their catalytic characteristics 

are not available (Zhu et al. 2012b), which prompt us to investigate them further. 

2.2. Recombinant expression 

Thermozymes become applicable biocatalysts only when they can be produced 

in their active form in an adequate amount. However, most thermophiles are 

difficult to grow under laboratory conditions. Using recombinant DNA technology, 

the target genes can be cloned into suitable hosts, e.g. in E. coli, which is the 

most convenient and extensively utilized organism for the expression of 

heterologous proteins with many related successful examples. Therefore, E. coli 

was chosen as the microbial host for the expression of the recombinant enzymes 

in this study. The detailed experiments and the results have been published in the 

thesis of K. Szeker (Szeker 2012) as well as in the papers I & II. The confronted 

challenges and the lessons learned through them will be discussed here. 
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2.2.1. Expression vectors 

Initially, the DgPNP gene was cloned into the expression vector pCTUT7 (Siurkus et 

al. 2010), and later in a derivative of this plasmid, called pCTUT7A (Szeker 2012), 

by substituting the chloramphenicol resistance cassette with the plasmid 

stabilizing parB locus (Gerdes 1988) and an ampicillin resistance cassette (Figure 

2.1). Both vectors contain an IPTG inducible lac promoter, a pBR322 origin of 

replication, and an upstream (in N-terminal) hexahistidine tag with additional 

amino acids of the attB1 recombination site and the TEV protease cleavage site 

(Figure 2.2). 

 

 

Figure 2.1. Vector maps of pCTUT7 and pCTUT7A. 
 

DgPNP was only expressed in insoluble form with the pCTUT7 vector. To prevent 

DgPNP aggregation, a set of plasmids encoding chaperones (Takara plasmid 

pGro7, encoding groES-groEL, and pG-KJE8, encoding groES-groEL together with 

dnaK-dnaJ-grpE) was co-transformed into E. coli BL21 pCTUT7A_DgPNP. The 

results showed that the coexpression of chaperones improved the soluble DgPNP 

expression, but the protein couldn’t withstand a 50 °C heat-treatment, which 

indicated that DgPNP was not expressed in its native conformation. 

pCTUT7
4779 bp

Cmr

ccdB

6XHis

lacI

CTU
SD T7

pBR322 ori

attR1

attR2Hin dIII (2410)

Nde I (1379)

Nco I (3655)
pCTUT7A

5131 bp

Cmr

ccdB

6XHis

lacI

Ampr

CTU
SD T7

pBR322 ori

attR1

attR2parB

Nco I (4007)

NdeI (1379)

HindIII (2410)
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Figure 2.2.  Map of the expression vector pCTUT7A_DgPNP. 

 

 

Figure 2.3. Map of the expression vectors of pKS1_DgPNP and pKS2_ApUP. 
 

The extra amino acids in the “long” his-tag (Figure 2.2) were supposed to be the 

reason of wrong folding of the expressed protein. Thus two new expression 

vectors – one without his-tag (pKS1) and another one with a “short” his-tag (pKS2) 

- were constructed by cloning the DgPNP gene and the “short his-tag + BamHI + 

ApUP” sequence into the pCTUT7A expression vector, respectively (Figure 2.3). 

Start  codon

ATGCATCACCATCACCATCAC GCTAGC ACAAGTTTGTACAAAAAAGCAGGCTTC GAAAACCTGTATTTTCAGGGCATG

6His attB1 TEV cleavage site DgPNP

ATGGTG…

pCTUT7A DgPNP
4991 bp

Cmr

lacI

attB1

attB2

parB

6XHis

TEV

Ampr

CTU
SD T7

pBR322 ori

DgPNP

Nco I (2421)

NdeI (4924)

HindIII (824)

Start  codonStart  codon

pKS1 DgPNP
4916 bp

Cmr

lacI attB2

parB

Ampr

CTU
SD T7

pBR322 ori

DgPNP

Nco I (2410)

NdeI (4913)

HindIII (813)

AGATATA CATATG ATGAGAGGATCGCATCACCATCACCATCAC GGATCC 

His tag ApUP

GGAGAC…

NdeI BamHIDgPNP

GTGGCGC…

NdeI
AGATATA CATATG 

pKS2-ApUP
4987 bp

Cmr
lacI

parB

6Xhis

AmprCTU

pBR322 ori

ApUP
BamHI (4136)

HindIII (1)

NdeI (4101)

Not I (4560)
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Thereafter, the other NP genes could be conveniently inserted into the vectors 

pKS1 and pKS2 to test the effect of this his-tag on protein expression. 

Other expression vectors: pET21a (with C-terminal his-tag and without), pQE40 

(with N-terminal his-tag), and pKS2 with co-transformed pMJS9 or pFH 255 for 

disulfide bond containing protein expression (Nguyen et al. 2011; Hatahet et al. 

2010) were also tested. Since no obvious advantage was observed with them, 

the final expression vector was pKS2 for all the enzymes expressed in this study 

(Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Final expression vectors of the target enzymes. 
 

2.2.2. Expression optimization 

The theoretically calculation (by Vector NTI software, Invitrogen) of the enzymes’ 
physicochemical properties from the protein sequence are listed in Table 2.2 
(without his-tag) and Table 2.3 (with his-tag). 

 

pKS2-DgPNP
4924 bp

lacI
Cmr

parB

6XHis

Ampr
CTU

pBR322 ori

DgPNP

Nco I (1598)

NdeI (4101)

HindIII (1)

BamHI (4136)

pKS2-ApMTAP
4873 bp

lacI
Cmr

his tag

parB

Ampr
CTU

pBR322 ori

ApMTAP
BamHI (4136)

HindIII (1)

Nco I (1598)

NdeI (4101)

pKS2-GtPNP
4849 bp

lacI
Cmr

parB

His tag

Ampr
CTU

pBR322 ori

GtPNP
BamHI (4136)

HindIII (1)

Nco I (1598)

NdeI (4101)

pKS2-TtPyNP
5839 bp

lacI Cmr

parB

His tag

AmprCTU

pBR322 ori

TtPyNP

BamHI (4564)

NdeI (4529)

Not I (1)

pKS2-GtPyNP
5866 bp

lacI Cmr

parB

his tag

AmprCTU

pBR322 ori

GtPyNP

BamHI (4564)

Not I (1)

NdeI (4529)
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Table 2.2. Theoretical analysis of the enzymes without his-tag. 

Analysis DgPNP ApMTAP GtPNP GtPyNP TtPyNP ApUP 

Length (aa) 261 244 235 432 424 283 

Mw [kDa] 28.45 25.47 26.00 46.03 45.41 30.32 

[mmol g-1] 35.150 39.267 38.465 21.724 22.022 32.983 

[M-1cm-1] 18730 23710 24420 19890 26150 38480 

1 A280 corr. to 
[mg ml-1] 1.52 1.07 1.06 2.31 1.74 0.79 

A280 of 1 % [AU] 6.6 9.3 9.4 4.3 5.8 12.7 

Isoelectric Point 5.4 6.0 5.3 5.2 6.1 6.4 

Charge at pH 7 -6.7 -2.0 -5.9 -9.8 -4.4 1.0 

 
 
Table 2.3.Theoretical analysis of the expressed his-tagged enzymes. 

Analysis h_DgPNP h_ApMTAP h_GtPNP h_GtPyNP h_TtPyNP h_ApUP 

Length (aa) 274 257 249 445 436 295 

Mw [kDa] 29.96 26.98 27.62 47.56 46.81 31.74 

[mmol g-1] 33.379 37.070 36.205 21.025 21.364 31.511 

[M-1cm-1] 18730 23710 24420 19890 26150 38480 

1 A280 corr. to 
[mg ml-1] 1.60 1.14 1.13 2.39 1.79 0.82 

A280 of 1 % [AU] 6.3 8.8 8.8 4.2 5.6 12.1 

Isoelectric Point 6.0 6.8 6.1 5.7 6.5 7.3 

Charge at pH 7 -5.2 -0.4 -4.3 -8.3 -2.8 0.6 

 

The enzyme expression conditions (including expression vector, expression strain, 

cultivation medium and temperature) and the results as well as the final 

expression conditions and results used for purification and characterisation are 

summarized in Table 2.4 – Table 2.9. 
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DgPNP 

Table 2.4. Expression of DgPNP. 

Vector_strain Tag Note Results 

BL21 pCTUT7 N-his-tag 
(long) TB medium, 20~37 °C insoluble 

BL21 pCTUT7A N-his-tag 
(long) 

co-expression of 
chaperones, TB 
medium, 30 °C 

soluble but not folded rightly 
(degraded > 50 °C) 

BL21 pKS1 None 
optimized 5’-mRNA 
(cultivation at 
30~42 °C), TB medium 

soluble and active; expression level 
increased at higher cultivation 
temperature (Szeker et al. 2011) 

BL21 pKS2 N-his-tag 
(short) 

TB medium, 37 °C mostly insoluble; OD600=16 (2.5 h) 

EnPresso® B, 37 °C soluble and active; OD600= 25 (24 h) 

 

Final expression conditions: E. coli BL21 pKS2_DgPNP, EnPresso B medium, 37 °C, 

cells were harvested at 24 h after induction (20 μM IPTG). Final OD600= 25. 

ApMTAP 

Table 2.5. Expression of ApMTAP. 

Vector_strain Tag Note Results 

BL21 
pKS1_ApMTAP 
 
BL21(Rosetta) 
pKS1_ApMTAP 

None 

optimized 5’-mRNA 
(cultivation at 
30~42 °C), TB 
medium, 0~100 μM 
IPTG 

soluble and thermostable; expression 
level increased at high cultivation temp.; 
Rosetta showed no advantage vs BL21;  
higher cell density was obtained in BL21 

BL21 
pKS2_ApMTAP

N-his-tag 
(short) 

TB medium, 37 °C mostly soluble; thermostable at 90 °C; 
OD600=10 (2.5 h) 

EnPresso B, 37 °C mostly soluble; active; OD600=20 (22 h) 

 

Final expression conditions: pKS2_BL21_ApMTAP, EnPresso medium, 37 °C, cells 

were harvested at 22 h after induction (20 μM IPTG). Final OD600= 20.  
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GtPNP 

Table 2.6. Expression of GtPNP. 

Vector_strain Tag Note Results 

Rosetta2(DE3) 
pET21a_GtPNP 
 

None 

TB medium, 37 °C, 
100 μM IPTG 

high amount soluble fraction; 
thermostable at 65 °C 

C-his-tag insoluble 

BL21 
pKS2_GtPNP 

N-his-tag 
(short) 

soluble; active; OD600=16 (3.5 h) 

 

Final expression conditions: E. coli BL21pKS2_GtPNP, TB medium, 37 °C, cells were 

harvested at 3.5 h after induction (100 μM IPTG). Final OD600= 16. 

 

GtPyNP 

Table 2.7. Expression of GtPyNP. 

Vector_strain Tag Note Results 

Rosetta2 
(DE3)or Rosetta-
gami(DE3) 
pET21a_GtPyNP 

None 

TB medium, 37 °C, 
100 μM IPTG 

high amount soluble fraction; not 
thermostable >45°C with 
BugBuster® 

BL21 
pKS2_GtPyNP 

N-his-tag 
(short) 

high amount soluble fraction; not 
thermostable>45°C with 
BugBuster, but thermostable at 
60°C with sonication buffer (50 
mM KP, pH 8.0) 

 

Final expression conditions: E. coli BL21 pKS2_GtPyNP, TB medium, 37 °C, cells 

were harvested at 3.5 h after induction (100 μM IPTG). Final OD600= 11. 
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TtPyNP 

Table 2.8. Expression of TtPyNP. 

Vector_strain Tag Note Results 

Rosetta2 (DE3) 
pET21a_TtPyNP C-his-tag 30/37°C, LB/TB 

medium, 100 μM IPTG 
soluble and thermostable at 
80 °C 

RB791 
pQE40_KK8_TtPy
NP 

N-his-tag 30/37°C, TB/EnPresso B 
medium, 100 μM IPTG 

soluble, thermostable and 
active; very low expression 
level; no advantage of using 
Rosetta Rosetta2(DE3) or 

BL21pKS2_TtPyNP 
N-his-tag 

(short) 
TB/EnPressoB medium, 
37 °C, 0.1-10 mM IPTG 

 

Final expression conditions: E. coliBL21 pKS2_TtPyNP (or Rosetta2(DE3) 

pET21a_TtPyNP), EnPresso B medium, 37 °C, cells were harvested at 24 h after 

induction (1 mM IPTG). Final OD600= 24. 

ApUP 

Table 2.9. Expression of ApUP. 

Vector_strain Tag Note Results 

BL21 pKS1_ApUP 

None 

37°C, TB 
medium,0~100 μM 
IPTG 

small soluble fraction 
Rosetta-gami pKS1_ 
ApUP big amount of insoluble fraction 

Origami pKS1_ApUP Insoluble fraction 

BL21pKS1_ApUP 
ApUP1 (remove the 
potential internal 
ribosomal binding site) No visible improvement 

BL21pKS2_ApUP 

N-his-
tag  

(short) 

ApUP1(see above) 

ApUPsh (84 bp shorter) insoluble 

BL21/Rosetta2/Orig
amipKS2_ApUP 

TB/EnPresso 
Bmedium, 
30/37 °C, 0-100 
μMIPTG 

Rosetta strongly expressed but 
only in insoluble form; Origami 
and Rosetta-gami weakly 
expressed in soluble form 

BL21 pKS2_ApUP 
+pMJS9(or pFH255) 

Arabinose 0.5 % + 
0.1 mM IPTG 

Erv1p (pMJS9 or pFH 255)showed 
no improvement 

 

ApUP was not successfully expressed in this study. The best results obtained from 

pKS1_BL21 with 20 μM IPTG in TB medium at 37 °C. However, ApUP was expressed 

by others with different tags (Table 2.10).  
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Table 2.10. Expression of ApUP from the literature. 

Vector_strain Tag Note Results 

D-TOPO®_BL21 
pET102 

N-his-
thioredoxin 
& C-his-tag 

ApUPsh (84 bp 
shorter), 37 °C, 
0.1 g L-1 IPTG, 8 h 

thermostable at 80 °C for 10 h; 
resistant to 5 % DMSO (Montilla 
Arevalo et al. 2011)a 

BL21(DE3) 
pET28a/30a 

C-his-
tag/None 

37 °C, LB 
medium, 1 mM 
IPTG 

only no-his-tag ApUP was active and 
soluble (hexamer), OD580=1.2 (4 h), 
thermostable at 90 °C(Zhu et al. 
2012b)b 

 

a OD value is not available. A shorter ApUP gene sequence was applied, which was 
supposed that the sequence started after the internal ribosomal binding site. 

b The same ApUP gene sequence as we used  in this study. 
 

On the whole, five of the six nucleoside phosphorylases from thermophiles or 

hypothermophiles were successfully expressed in E. coli, although in different 

yields. The main factors which need to be considered for the expression of 

thermozymes in E. coli could be summed up as follows. 

 His-tag: with or without, position (N- or C-terminal) and its length (e.g. 

whether including TEV cleavage site or other extra amino acids) may be 

harmful to the protein folding, but it may be helpful for reducing the 5’ mRNA 

structure stability to facilitate translation initiation (e.g. pKS2 functions in this 

way). 

 5’ mRNA stability: A stable 5’ mRNA structure of the thermozymes’ gene can 

be easily formed at low cultivation temperature, which might impede the 

protein translation/expression. Two approaches were valid for alleviating this 

problem – increasing cultivation temperature and making silent mutations in 

the 5’ mRNA region.  

 Native enzyme or not: native enzyme should be expressed in soluble form; at 

the same time it should be resistant to the heat-treatment at least at the 

temperature of the origin cell’s optimal growth. 

 Disulfide bonds: The online tool CYSPRED predicted that two enzymes 

(ApMTAP and ApUP) from A. pernix contain one and two disulfide bonds, 

respectively (Szeker 2012). Origami and Rosetta-gami, two E. coli strains 

engineered to enhance disulfide bond formation in the cytoplasm, were 
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employed in this study. However, none of them showed significant 

improvement for the soluble protein expression compared with BL21. In 

addition, Origami and Rosetta-gami showed much slower growth rate than 

BL21, and they are not suitable for fermentation application. 

 Rare codons: It was shown that the amount of rare codons in a gene 

sequence was related with the phylogenetic distance of the thermophile 

from E. coli (Szeker 2012). Indeed, the codon adaption index (CAI, a 

parameter used to predict gene expression levels, value “1” is optimal (Sharp 

and Li 1987)) decreased from 0.74 (DgPNP) to 0.5 (ApMTAP), and the 

expression level (in BL21) did become lower. Rosetta, an E. coli derivative 

designed to supply rare tRNAs for the expression of heterologous genes 

encoding many rare codons, was applied in all cases except for the 

expression of DgPNP. The results did not show any positive effects of the 

Rosetta strain. Thus BL21 was chosen as the expression strain for the final 

expression. 

 Medium: The soluble enzymes were substantially increased when the 

controlled substrate delivery technology (EnPresso B medium) (Ukkonen et al. 

2011; Krause et al. 2010) was applied especially in the case of DgPNP and 

ApMTAP. Another advantage of EnPresso B is that high cell-densities can be 

reached, and thus high volumetric yields of the enzymes were obtained. 

2.2.3. Enzyme purification and production yield 

Due to the his-tag and the thermostable property, the studied enzymes were 

purified by the combination of heat-treatment and immobilized metal affinity 

chromatography. The purified enzymes showed good purity (Figure 2.5). It is 

worthy to note that a second band of ApMTAP in the purified sample (Figure 2.5, 

lane 6) was confirmed to be the hexameric form of ApMTAP by MS analysis 

(paper II, fig. 1B, table S1, S2).  But the second band in the purified DgPNP (Figure 

2.5, lane 2) has not been tested yet. 

To evaluate the enzyme cost for the future process engineering, an estimation of 

volumetric yield and the productivity per OD600 based on the final purified 

enzymes is provided in Table 2.11. It is shown that the expression levels agree well 



26 Chapter 2. From gene sequences to the active NPs 
 

with the CAI prediction, which in the order of expression difficulty from high to low 

was:  ApMTAP > TtPyNP > DgPNP > GtPyNP > GtPNP. 

 

 

Figure 2.5. SDS-PAGE analysis of recombinant NPs overexpressed in E. coli BL21. Soluble 
fraction after incubation of the cell lysis at 55 °C (lane1), 65 °C (lane3), 85 °C (lane5), 
80 °C (lane7) and 60 °C (lane9) for 15 min. Pooled purified enzymes (lanes 2, 4, 6, 8 and 
10) were obtained from the Ni ion affinity chromatography and followed desalting 
chromatography. M: marker of protein molecular weight. 

 

Table 2.11. Optimized production yield of the purified enzymes. 

Parameters DgPNP GtPNP ApMTAP TtPyNP GtPyNP 

Medium EnPresso TB EnPresso EnPresso TB 

Cultivation time a [h] 36 7.5 36 36 7.5 

Volumetric yield b [mg L-1] 83.5 297.0 20.8 22.8 166.5 

Productivity [mg per OD600] 1.7 7.4 0.5 0.5 6.0 
a The whole time of the main culture (starts from inoculation). 
b 400 ~500 mL culture. 
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2.3. Characterisation 

To make use of the thermostable nucleoside phosphorylases, the purified 

enzymes were characterised in the aspects of the enzymes’ temperature 

optimum, stability, substrate specificity, kinetic studies, pH optimum, and the 

multiple sequence alignment. These characteristics are the basis for their further 

immobilization and application for syntheses. 

2.3.1. Temperature optimum 

The recombinant expression in E. coli resulted in moderate to high yields of 

biologically active enzymes. The effect of temperature on the activity of each 

enzyme was examined from 30 °C to 99 °C. Except for TtPyNP and ApMTAP, 

whose reaction rates increased with the temperature until the highest point 

tested (99 °C), DgPNP, GtPNP, and GtPyNP showed an optimum temperature at 

55 °C, 70 °C, and 60 °C, respectively (paper I, fig. 4; paper II, fig. 2).  

It is worth to note that for the hyperthermozymes TtPyNP and ApMTAP lower 

temperatures were unfavourable concerning their activity. For example, the 

reaction rate of TtPyNP at 60 °C was less than 5 % compared to 99 °C, and 12.7 % 

compared to 80 °C (paper I, fig. 4). At 40 °C the residual activity of TtPyNP was 

only 1 % of that at 80 °C (data not published). The situation was similar for 

ApMTAP: from 30 °C to 40 °C, less than 5 % activity remained compared with its 

activity at 80 °C (paper II, fig. 2). Compared with the specific activity of GtPyNP 

at 60 °C towards Urd (51.5 U mg-1, paper II, table 3), TtPyNP at 80 °C, 70 °C and 

60 °C showed an activity as 3-fold, 1-fold and one-third of that of GtPyNP, 

respectively. In other words, when Urd is used as the pentofuranosyl donor (see 

Scheme 1.1) and the reaction temperature is below 70 °C, it is advantageous to 

use GtPyNP than TtPyNP because of its higher activity and lower enzyme cost 

(Table 2.11).  

Specifically, for TtPyNP and ApMTAP, the dramatic loss of activity at low 

temperature could be attributed to the rigidification of their structures which 

need high energy (temperature) to trigger the conformational changes and to 

induce the fluctuations of the backbone to the active site (Eisenmesser et al. 

2002; Yon et al. 1998). However, it was reported that the hyperthermophilic 
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enzymes might be activated at the suboptimal temperature by some 

denaturants (e.g. urea and guanidinumHCL), detergents (e.g. Triton X-100 and 

SDS), and solvents (Vieille and Zeikus 2001). It will be of interest to test whether 

urea or SDS et al. could activate TtPyNP and ApMTAP at low temperature.  

2.3.2. Stability 

Thermostability 

The thermal characteristics of the PyNPs (paper I, fig. 4) and the PNPs (paper II, 

fig. 3) studied here along with the other reported thermostable PyNPs and PNPs 

were summarized in paper I (table1) and paper II (table 1), respectively. Thus, the 

NPs in this study at the optimal or operable temperature between 55 °C and 

80 °C were proven to be thermostable for at least 8 h. ApMTAP with an estimated 

half-life of 69 h at 90 °C was the most thermostable enzyme in this study. 

 

 

 

 

 

 

 

 
 
 
Figure 2.6. Thermostability of purified NPs at 4°C. NPs were stored in 10-50 mM potassium 
phosphate buffer (pH 7.0) with the concentration of 2~6 mg mL-1. Activity was 
determined as the standard assay described in the “materials and methods” part in 
paper I & II. The error bars indicate the standard deviation (n=3). 

 

In view of their storage stability at 4 °C GtPNP and ApMTAP were stable at 4 °C 
for at least two months without activity loss, while DgPNP, GtPyNP and TtPyNP 
had obvious activity lost over three weeks (Figure 2.6). 
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It should be noticed that the above mentioned enzyme thermostability could be 

considered as the intrinsic thermostability of the enzymes because all the tests 

were performed in absence of any stabilizing agent (e.g. glycerol, polyols, 

arginine, or urea). It is conceivable that with the addition of glycerol, for instance, 

which has been proven to be effective for protein stabilization  and prevents 

protein aggregation (Vagenende et al. 2009), the half-life of the studied enzymes 

at working temperature as well as at 4 °C would be extended. 

The effect of organic solvents 

Organic solvents are of great importance in enzymatic processes involving 

substrates with a low solubility in aqueous media. A suitable organic solvent 

allows a high reactor substrate concentration and may cause a higher 

biocatalyst activity, easier product recovery (except for DMSO) and alleviate 

substrate or product inhibition (Owusu and Cowan 1989). Further, the 

thermostability of thermozymes is generally considered to be associated with a 

higher resistance to chemical denaturants (Vieille and Zeikus 2001; Owusu and 

Cowan 1989). To fully exploit the synthetic capacity of thermostable NPs, the 

stability of PNPs in the presence of dimethyl sulfoxide (DMSO), MeOH and sodium 

dodecyl sulphate (SDS) were examined. 

The residual activity of DgPNP, GtPNP and ApMTAP all decreased with a higher 

DMSO concentration (Figure 2.7). Taken GtPNP as an example, its residual 

activity decreased from 94 % to 59 % when DMSO was increased from 5 % to 20 % 

(Figure 2.7). GtPNP (0.33 mg mL-1) was incubated with KP buffer (pH 7.0) and 10 % 

DMSO at 65 °C for 23 h, only 15 % activity remained if KP buffer was 2 mM, while 

50 % activity was maintained if KP buffer was 50 mM. It is supposed that the 

abundant phosphate ion may bind to the enzyme and keep its active site from 

denaturation.  

 



30 Chapter 2. From gene sequences to the active NPs 
 

 
 
Figure 2.7. Residual activity of PNPs in the presence of DMSO. Reaction conditions: 1 mM 
Ino in 2 mM Na-phosphate buffer (pH 6.5) containing DMSO 0~20 %, proper amount of 
enzyme was added to control the reaction conversion <10 % (in 2 min). Reaction 
temperature: DgPNP 55 °C, GtPNP 70 °C, ApMTAP 80 °C. Samples without DMSO were 
taken as 100 % residual activity. The error bars indicate the standard deviation (n=2). 
 

To investigate the effect of MeOH on enzyme activity, DgPNP, GtPNP and 

ApMTAP (final 0.1 mg mL-1) were incubated with 33 % and 50 % MeOH at 30 °C 

for 20 min individually. No matter 33 % or 50 % MeOH was applied, there was only 

1 % activity left for ApMTAP, and 0.6 % activity left for DgPNP and GtPNP. 

Therefore, 33 % or 50 % MeOH could be used as the agent for stopping the 

enzymatic reaction. 

The stability of PNPs in the presence of 0.02 % SDS (m/v) was tested at 30 °C for 2 

h incubation. Unexpectedly, ApMTAP maintained its activity, while DgPNP and 

GtPNP were completely inactive after incubation (data not shown). The results 

agree with the SDS-PAGE analysis that hexameric ApMTAP was visible on the gel 

when DTT was not applied (paper II, fig. 1B). 

In summary, all the NPs studied here exhibited expected thermostability 

according to their optimum temperatures. The PNPs were also examined for their 

stability in solvents. ApMTAP showed the best resistance to heat denaturation 

(90 °C) and resisted dissociation even in presence of SDS as well. However, all the 

tested enzymes lost their activity to some degree in the presence of organic 
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solvents. It would be advisable to immobilize the enzymes to further improve their 

stability in organic solvents. 

2.3.3. Kinetic properties and substrate specificities 

Kinetic properties 

To characterise the kinetic properties of the enzymes for answering the questions 

about (i) how fast can the enzyme catalyses the reaction (kcat), (ii) how tight 

does the substrate bind to the enzyme (Km), and (iii) what is the substrate 

specificity of the enzyme for different substrates (kcat/Km), we measured the 

kinetic parameters of kcat, Km, kcat/Km and Vmax for each thermostable NP studied 

here towards their natural substrates. The results along with the related NPs 

reported by others were published in paper I (table 2) and paper II (table 2).  

Comparing the specificity constants (kcat/Km), both TtPyNP and GtPyNP are more 

specific for Urd than for Thd, and the specificity is more pronounced for GtPyNP 

(paper I). DgPNP, GtPNP and ApMTAP are more specific for Ado than for Ino, 

which is more pronounced for DgPNP, but it is opposite for EcPNP (paper II). 

From a viewpoint of the practical synthesis, the kcat or Vmax may be the most 

meaningful parameters because they describe the catalytic efficiency of the 

enzyme under the practical conditions where the substrate is sufficient. For 

TtPyNP and GtPyNP, the kcat value of both enzymes is nearly three times higher 

than that of EcUP towards Urd (280 s-1vs 98 s-1); the kcat value of TtPyNP towards 

Thd is more than three times higher than that of EcTP (679s-1 vs 198 s-1) and even 

eight times higher than that of GtPyNP (679s-1vs 83 s-1). In addition, these kinetic 

parameters of TtPyNP determined by us agree well with the data obtained from 

other researchers (Almendros et al. 2012). For PNPs the kcat values of Ino and Ado 

are all higher than the reported values for the other two hypothermozymes 

SsMTAP and PfMTAP. Compared with EcPNP, the kcat values of ApMTAP and 

DgPNP are slightly lower (ApMTAP) or 1~3 times higher (DgPNP) than the kcat 

values of EcPNP.  GtPNP, however, has kcat values (both Ino and Ado) 6 times 

higher than the values of EcPNP.  
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It could be supposed that TtPyNP and GtPNP with such high catalytic activities 

towards natural substrates may retain their kinetic properties towards non-natural 

substrates as well.  

Substrate specificities 

To determine the substrate spectrum of the thermostable NPs, a number of 

nucleosides with different modifications (Figure 2.8) were screened towards the 

specific activities of the enzymes. The integrated results are summarized in Figure 

2.8, which were partially published in paper II (fig. 4 and table 3).  
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Figure 2.8. Substrates tested for the PyNPs and PNPs in this study. 
 

Considering the transglycosylation, which is catalysed by PyNP and PNP to 

transfer the sugar moiety from a pyrimidine nucleoside to a purine base, hence 

the specificity of the PyNP and PNP on the modified sugar moieties (Figure 2.8, 3-

8 and 13-17) along with the specificity of the PNP on the modified purine bases 

(Figure 2.8, 20-22) are of great interest.  
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Table 2.12. Specific activity of PyNPs and PNPs towards natural and nonnatural substrates 
in this study.  

Substrate a 
Activity of PyNP [U mg-1]  Activity of PNP [U mg-1] 

TtPyNP 
80 °C 

GtPyNP 
60 °C  

DgPNP 
55 °C 

GtPNP 
70 °C 

ApMTAP 
80 °C 

1 Urd 1.54E+2 5.15E+1  9.71E-4 8.32E-4 4.21E-3 
2 Thd 2.95E+2 2.24E+1  ND b 2.56E-4 6.83E-3 
3 aUrd 7.47E+0 1.18E-1  - c - - 
4 3aThd 5.03E+0 8.00E-2  - - - 
5 FU d 5.20E-2 2.00E-3  - - - 
6 FanaU d 5.00E-3 NDb  - - - 
7 AraU d 4.60E-2 NDb  - - - 
8 AZT 1.09E-4 NDb  - - - 
9 Ado 8.09E-1 4.58E-1  1.52E+2 3.06E+2 4.13E+1 

10 Ino 9.00E-1 3.08E-1  4.37E+1 1.92E+2 4.54E+1 
11 dAdo 6.47E-2 2.11E-2  1.92E+2 2.57E+2 1.10E+2 
12 dIno 6.67E-2 1.15E-2  1.94E+2 4.98E+2 1.98E+2 
13 aAdo - c -  2.88E-1 1.98E+0 2.52E+0 
14 aIno - -  4.63E-2 1.97E-1 3.17E+0 
15 AraA - -  1.66E+0 2.01E+0 1.29E+0 
16 FA - -  2.29E-2 8.72E-3 1.27E-2 
17 FanaA - -  2.86E-2 2.08E-2 1.51E-2 
18 Cyd 8.67E-4 NDb  1.11E-2 1.46E-2 3.68E-2 
19 dCyd - -  3.55E-2 1.77E-2 1.12E-2 
20 DAPe - -  9.90E+1 1.52E+2 1.06E+1 
21 26DCP e - -  9.10E-1 4.30E+0 3.30E-1 
22 6C2FP e - -  3.30E-1 9.81E+0 2.50E-1 

a1 mM substrate in 50 mM phosphate buffer (pH 7.0), if not otherwise stated. See the 
substrate structures in Figure 2.8 and the chemical names in the “List of abbreviations”. 

b  Product peak was not detected. 
c  Not tested. 
d  1 mM substrate in 10 mM phosphate buffer (pH 7.0). 
e  Apparent activity, see paper IV (Table 3) for more details. 1 mM substrate in 2 mM 

phosphate buffer (pH 7.0). 
 

The results showed that TtPyNP and GtPyNP do not discriminate pyrimidine 

nucleosides Urd (1) and Thd (2), and exhibit a high phosphorolytic activity 

towards these natural substrates. TtPyNP and GtPyNP also accepted 2’- or 3’-NH2 

substituted pyrimidine nucleosides (aUrd, 3; and 3aThd, 4) as substrates, although 

GtPyNP showed a 63-fold lower activity than TtPyNP towards 3 and 4 (data not 
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published). Moreover, TtPyNP, but not GtPyNP, was able to phosphorolyse both 

2’-deoxyfluroro- ribo- and arabino- nucleosides (FU, 5; and FanaU, 6) as well as 

arabinofuranosyluracil (AraU, 7) within 0.005-0.05 U mg-1. Those nucleosides 

modified at the C2’ position of the pentofuranose ring (3-7, and 13-17as well) are 

critically important constituents of synthetic oligonucleotides of medicinal 

potential (Prakash and Bhat 2007; Manoharan 1999). However, it is a great 

challenge to synthesize this kind of compounds especially for 2’-F (ribo- or 

arabino-) (Souleimanian et al. 2012; Watts and Damha 2008) and 2’-NH2 modified 

purine nucleosides with traditional chemical methods (Vorbrüggen and Ruh-

Pohlenz 2004). The combination of chemical and enzymatic methods is therefore 

the modern trend of “green chemistry” in the production of valuable nucleosides.  

 It is interesting to notice that TtPyNP and GtPyNP have considerable activities 

towards purine nucleosides (9-12) (paper II). By contrast, PNPs hardly accept 

pyrimidine nucleosides Urd and Thd, but they accept Cyd and dCyd with the 

similar activity towards FA (16) and FanaA (17).  

As for the thermostable PNPs, the results proved that they belong to the “high 

molecular mass PNPs”, which have broad specificity and accept 6-oxo (e.g. 

inosine or guanosine) and 6-amino (e.g. adenosine) purine nucleosides as 

substrates. Interestingly, the three PNPs are more prone to catalyse 2’-

deoxyribosyl nucleosides dAdo (11) and dIno (12) than the counterpart 

ribonucleosides Ado (9) and Ino (10). This behaviour is believed beneficial for the 

thermophiles to get nutrients from free DNA accidentally in the environments 

where the thermophiles live (Almendros et al. 2012). Some thermophilic 

microorganism works as an efficient natural competent machine that allows the 

internalization of external DNA at a surprising high rate (40 kb s-1 cell-1). When the 

internalized DNA is degraded to nucleosides, NPs can further phosphorolyse 

them into 2’-deoxyribose-1-P and the nucleobase, which can be then used as 

energy source or is reused for nucleosides synthesis. In this way, thermophiles 

could survive and grow in a nutrient-poor environment (Almendros et al. 2012; 

Averhoff and Müller 2010). 

All three PNPs can phosphorolyse 2’-fluoro substituted nucleosides FA (16) and 

FanaA (17) at a comparable rate to that of TtPyNP towards FU (5) and FanaU (6), 
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which meets the basic premise of coupling using PyNP and PNP for the synthesis 

of 2’-fluoro purine nucleosides.  
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Figure 2.9. Purine arabinosides (AraA, Fludarabine, and Nelarabine). 

Purine arabinosides (see Figure 2.9), such as AraA (15, vidarabine) – an antiviral 

drug used in the treatment of many viral diseases (Field and De Clercq 2004), 9-

(-D-arabinofuranosyl)-2-fluoroadenine (Fludarabine) and 2-amino-9-(-D-

arabinofuranosyl)-6-methoxypurine (Nelarabine) – anticancer drugs for B-cell 

and T-cell lymphocytic leukaemia, respectively (Robak et al. 2006), have gained 

considerable attention due to their antiviral or antitumor activities. Several strains 

were reported containing PNP with phosphorolytic activity towards purine 

arabinosides. Although with low reaction rate, whole cells (Nóbile et al. 2012) or 

crude extracts (Wei et al. 2008a) were investigated for the synthesis of different 

purine arabinosides. The thermostable DgPNP, GtPNP and ApMTAP showed 

activities between 1.3–2.0 U mg-1 towards AraA (Table 2.12, not published), which 

is higher than the reported activities for other PNPs (AhPNPII from Aeromonas 

hydrophila, 0.9 U mg-1; CkPNPII from Citrobacter koseri, 0.8 U mg-1 (Serra et al. 

2013b); and a commercial PNP (Taverna-Porro et al. 2008), enzyme source 

unknown, 0.003 Umg-1)). This suggests their potent biocatalytic properties for the 

synthesis of purine arabinosides drugs.  

Furthermore, the three PNPs are widely tolerant to 2,6-modified purine bases (e.g. 

DAP, 26DCP and 6C2FP, 20-22), which opens the door for the synthesis of various 

nucleosides modified at not only sugar moiety but also at the purine base. 

Among the three PNPs, GtPNP showed superior activities towards the tested 

natural purine nucleosides (9-12) and purine bases (20-22); while DgPNP was the 

best candidate for phosphorolysis / synthesis of the 2’-fluorinated purine 

nucleosides (FA and FanaA, 16-17), also because of the lability of FanaU, the 
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reaction for FanaA synthesis has to be performed at low temperature (paper I, 

scheme 3). ApMTAP is characterised by a relatively broad substrate spectrum 

and has a relative high specific activity towards the 2’-amino purine nucleosides 

aAdo and aIno (13-14). 

In summary, TtPyNP has the following preference for its substrates: Thd > Urd > 

aUrd > 3aThd > Ino > Ado > dIno > dAdo > FU > AraU > FanaU >> Cyd > AZT. 

GtPNP showed its substrate preference as following: dIno > Ado > dAdo > Ino > 

DAP > 6C2FP > 26DCP > AraA > aAdo > aIno > FanaA > dCyd > Cyd > FA >> Urd > 

Thd. 

These results provide a theoretical base for the selection of the enzymes and 

further applications. 

2.3.4. pH optimum 

The effect of pH on the reaction rate was investigated to define the proper pH 

for the optimal enzyme activity and stability.  

For PyNP, Urd was tested as a substrate for both, TtPyNP and GtPyNP, at different 

pH values (50 mM K-phosphate); FU and AraU were tested only for TtPyNP 

because GtPyNP cannot cleave them. Unexpected, towards different substrates 

TtPyNP exhibited different pH optima – a pH optimum of 6.8 -7.0 was observed for 

Urd, but a pH plateau between 7.5~8.5 was appeared in the reactions of FU and 

AraU (Figure 2.10, closed symbols). GtPyNP activity towards Urd showed a similar 

trend of the pH-dependency to that of TtPyNP towards FU (Figure 2.10, open 

squares). In the literature, PyNP from Geobacillus stearothermophilus (GsPyNP), 

showing an 83 % protein sequence identity with GtPyNP, was reported to have a 

broad pH optimum from 7.0 to 11.5 towards 5-methyluridine (Hori et al. 1990), and 

an optimal pH of 7.2 towards Urd and Thd (Saunders et al. 1969). TtPyNP, on the 

other hand, was reported having an optimal pH plateau between 5.0 and 7.0, 

but the tested substrate was not indicated by the authors (Almendros et al. 2012). 
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Figure 2.10. Effects of pH on the reaction rate of PyNPs. Reaction conditions: 1 mM 
substrate in 50 mM K-phosphate buffer (pH 5.5-8.5), diluted enzyme was added into the 
reaction mixture to control the conversion<5 % (4-10 min). Reaction temperature: 
TtPyNP80°C, GtPyNP 60 °C. The highest conversion of each substrate and each enzyme 
was taken as 100 % activity. The error bars indicate the standard deviation (n=3). 
 

Similar contradictory results were also observed for PNPs. PNP from Geobacillus 

stearothermophilus (GsPNPII), showing an 86 % protein sequence identity with 

GtPNP, was reported with a pH optimum of 7.0~11.0 towards Ino (Hori et al. 1989). 

We measured the relative pH-dependent activity of DgPNP, GtPNP and ApMTAP 

with natural and modified substrates (Ado, dAdo, aAdo, Ino, dIno, and aIno). 

However, the results gave a rather variable picture of activities (paper II, table S3 

and fig. S3). 

Since proton transfer steps are often directly involved in the enzyme-catalysed 

processes, pH changes may influence the ionization state of the functional 

groups in the active site of the enzyme, thus the changes of the reaction rate 

(should be the maximum velocity when all substrates are saturating) with pH can 

reflect the protonization or deprotonization of the group which will undergo the 

rate limiting step (Cleland 1970). Therefore, the diverse pH dependencies on the 

reaction rate for different substrates implies that different ionization states and/or 

different groups (mainly on the residues of His, Gln, Asp, Cys, Tyr, and Lys) may be 

involved in the phosphorolytic reaction depending on the substrates. In spite of 

the various pH optima for the NPs, pH 7.0 in most cases falls in the pH optimum 

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
0

20

40

60

80

100

R
el

at
iv

e 
ac

tiv
ity

 [%
]

pH

 GtPyNP (Urd)
 TtPyNP (Urd)
 TtPyNP (FU)
 TtPyNP (AraU)



38 Chapter 2. From gene sequences to the active NPs 
 

plateau and therefore pH 7.0 was used throughout this study if not otherwise 

stated. However, more detailed studies and experiments are needed (e.g. 

extending the pH testing range for the PNPs; measuring kinetic parameters under 

different pH conditions towards the interested substrates) to make a rational 

interpretation for the results. Thereby, a plot of log(Vmax/Km) vs pH will be helpful to 

reflect the essential ionization groups of the enzyme which is responsible for the 

binding or catalytic efficiency. 

2.3.5. Bioinformatics 

In order to understand the relationship between the enzyme structure and its 

activity as well as the evolutionary relation between the enzymes, bioinformatics 

tools (protein sequence analysis, phylogenetic analysis, and homology modelling) 

were used for this purpose. The sequence alignment has been made for the 

PyNPs (paper I, fig. 1) and PNPs (paper II, fig. 5) separately. Here, the biological 

data are integrated to get an overview for the NPs on the aspects of their 

structures and phylogeny, which might provide hints for mining and analysing 

new enzymes. 

The accession numbers of the protein sequence, DNA sequence, and the closest 

available protein structure (identity is given) for the thermostable NPs which were 

analysed are listed in Table 2.14. 

Multiple sequence alignment 

With the development of the bioinformatics tools and the emerging database 

search methods, the multiple protein sequence alignment based on the 

structural information of the template has come true e.g. by the server of 3D-

Coffee (www.tcoffee.org). It is important to guide the alignment by the protein 

structure because the sequences may have changed beyond recognition but 

the similarity of the structure is still detectable by the shape comparisons (Holm 

and Sander 1996). From this point of view, 3D-Coffee (new name Expresso) runs a 

BLAST search for the closest homologue of the query sequences within the PDB 

database, and then uses the hit sequence as the template to guide the 

alignment, which is significantly more accurate than regular homology-based 
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methods and the results from it are supposed to give more meaningful 

information.  

PyNP and TP 

TtPyNP and GtPyNP were first aligned with PyNP from G. stearothermophilus 

(GsPyNP) and thymidine phosphorylase (TP) from E. coli (EcTP) by the ClustalW2 

program from the EBI web server (paper I, fig.1). The PyNP active sites according 

to the literature (Pugmire and Ealick 1998; Mendieta et al. 2004) are highly 

conserved among them, except that a Met residue of EcTP (Met111) replaces 

Lys107 of TtPyNP (or Lys108 of GsPyNP). A new sequence alignment by adding D. 

geothermalis PyNP (DgPyNP), Bacillus subtilis PyNP (BsPyNP) and Homo sapiens TP 

(HsTP) was made on the 3D-Coffee server. Among them, GsPyNP and BsPyNP 

have been investigated for the purpose of biocatalytic synthesis (Hori et al. 1990; 

Hamamoto et al. 1996; Serra et al. 2013a). The alignment result shows again that 

the Met residue (Met111 in EcTP) is the only change among the known active 

sites (original results see Appendix 7.1.1; recoloured alignment, see Appendix 

7.1.2). This substitution (M111K) appears in EcTP and HsTP, and it may be the key 

residue which distinguishes ribo- and 2’-deoxyribo- of the nucleoside because it is 

thought to form a different hydrogen bonding scheme with the phosphate 

oxygen which binds to the 2’-OH group of the ribose moiety (Pugmire et al. 1998; 

Pugmire and Ealick 2002). As a result, EcTP is highly specific for 2’-deoxyribose 

pyrimidine nucleosides (dUrd or Thd), while PyNP doesn’t discriminate at the 2’-

position of the ribose.  

However, the highly conserved active sites between PyNPs cannot explain why 

TtPyNP has such a high activity towards natural substrates as well as the broad 

substrate specificity compared to GtPyNP (see Chapter 2.3.3), GsPyNP (Hori et al. 

1990; Hamamoto et al. 1996) and BsPyNP (Serra et al. 2013a). Close to the active 

sites, some substitutions are obvious, for example, Ser83, Ala114, Gly161 and 

Glu174 in TtPyNP replace the Thr, Gly, Lys and Asp correspondingly in the other 

PyNPs. Outside of the active site, more variants are observed and DgPyNP seems 

more close to TtPyNP than to the other. It is true that TtPyNP has a higher 

sequence identity to DgPyNP (60 %) than to GtPyNP (51 %). Therefore, there is 

reason to believe that DgPyNP might have as promising catalytic property as 
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TtPyNP and doesn’t need high temperature for the enzyme activation, which is 

special suitable for the labile reactants, such as FanaU.  

PNP and MTAP 

A big sequence alignment has been made including high-molecular mass (high-

mm) PNP/MTAP and low-molecular mass (low-mm) PNP/MTAP. 

From the structure-based alignment (see Appendix 7.1.3) along with the reported 

active sites details (Bzowska et al. 2000), the differences in the 2D structure of the 

active sites between high-mm PNP/MTAP and low-mm PNP/MTAP are clearly 

visible at phosphate-, ribose- and base-binding sites, which are summarized in 

Table 2.13.  

Table 2.13. Comparison of active sites of high-mm PNP and low-mm PNP. 

Active site a 
High-mm PNP  
(EcPNP/scale No. b) 

Low-mm PNP 
(HsPNPII/ scale No. b) 

Overall 

Phosphate- and ribose- binding sites 
are buried, while base-binding site is 
exposed to solvent, and no specific 
interactions between the enzyme 
and the purine base are observed 

Active sites are on the 
enzyme surface and 
exposed to the solvent 
(hydrophilic environment) 

Phosphate – 
binding site 

R24/105 S33/102 

R87/220 A116/213 

S90/223 Y192/307 

Ribose – 
binding site 

VEME cluster 
178-181/354-7 

VGMS cluster 
217-220/354-7 

Base – 
binding site 

F159-Y160/313-4 F200-E201/316-7 

F167/337 AAGG 116-9/223-6 

I206/384 TNKV 242-5/381-4 
 

aAccording to Bzowaska (Bzowska et al. 2000). 
b Scale number of the alignment indicated above the sequence (see Appendix 7.1.3). 
 

For high-mm PNPs, the phosphate- and ribose-binding sites are buried in the 

hydrophobic environment while phosphate and ribose are contacted to the 

charged residues. Taking EcPNP as an example, residues R24, R87 and S90 bind 

to the phosphate anion and its residue cluster VEME 178-181 binds to the ribose. 

In contrast, the base-binding of high-mm PNP is mainly due to the non-specific 
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 interactions with aromatic residues (e.g. F159 and Y160 in EcPNP) (Bzowska et 

al. 2000). Through the alignment, the conserved residues of the enzymes under 

study (DgPNP, GtPNP and ApMTAP) suggest that they would have a similar 

substrate specificity as EcPNP, but they could be more tolerant to base while 

sensitive to sugar moiety due to the binding pattern in their active sites, which 

was confirmed by our experiments (see Chapter  2.3.3). 

For low-mm PNPs, the active sites are exposed to a hydrophilic environment and 

the phosphate and ribose binding are mainly through hydrogen bonds and 

hydrophobic interactions. The base binding of low-mm PNPs involves a network 

of hydrogen bonds between the purine base (N1, N7 and O6) and the side chain 

of polar or charged residues (e.g. E201, N243 and K244 in HsPNP)(Bzowska et al. 

2000). The relative intensive contact of base-binding and relative weak 

interactions of phosphate and ribose binding imply a stricter specificity for the 

base moiety and a lower specificity for the pentose (or a quasi-pentose) moiety 

compared to the high-mm PNPs, which is the case for HsPNP (Stoeckler et al. 

1980). According to the alignment, some putative low-mm PNPs, e.g. GtPNPII 

and ApMTAPII, are supposed to be tolerant to modified sugar moieties and 

specific to 6-oxopurines.  

Hence, the alignment can be used to predict substrate specificity for the new 

sequence or to guide the site-directed mutagenesis for improving enzyme 

activity. It is conceivable that novel PNPs with high activity towards both 

modified base and sugar moiety might come out through protein engineering 

methods.  

UP and PNP 

Uridine phosphorylase (UP) accepts uracil and thymine as substrates and does 

not distinguish ribose and 2’-doxyribose moieties of the pyrimidine nucleosides.  

Thus, UP has similar substrate specificity as PyNP, unlike PyNP is a dimer, UP reveals 

a hexameric quaternary structure and its structure is similar to that of hexameric 

PNP. For instance, the sequence similarity of EcUP and EcPNP is high (with 

sequence identity of 28 %), which can be seen from the alignment (Appendix 

7.1.3).  
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As UP has broad substrate specificity similar to PyNPs, a thermostable UP (e.g. 

ApUP) is also considered in this study. Although ApUP was not expressed 

successfully, it is still worthy to analyse its sequence. A crystal structure of UP from 

Streptococcus pyogenes was recently published (Tran et al. 2011), which shares 

the highest sequence identity with ApUP (77 %) among the UPs with known 

structure from PDB. A multiple sequence alignment was made within ApUP, SpUP, 

EcUP and EcPNP.  

 
 
 
Figure 2.11. Multiple sequence alignment of UP and PNP from A. pernix (ApUP), 
Streptococcus pyogenes (SpUP), and E. coli (EcUP and EcPNP). The shading represents 
the degree of sequence identity. The binding sites of SpUP for ribose (*), phosphate (+), 
base (#) and the novel residues for uracil (#) are indicated below the sequences 
according to Tran et al. (Tran et al. 2011). Insertion region of UP is revealed in a dashed 
box. All the Cysteines are highlighted in yellow; one key residue (D204 in EcPNP) for 
binding to the purine base (Ade) at N7 and at C6-NH2 is highlighted in red.  
 

The alignment results (Figure 2.11) show that except for the special residues K162 

and H169 in SpUP for uracil binding, the other residues in active sites are mainly 

conserved within EcUP and EcPNP. Residues 166~179 (EcUP numbering) are 

taken as the UP-specific region (Caradoc-Davies et al. 2004) because it contains 

the key residues R168 and Q166 for uracil binding and it is not seen in EcPNP 

sequence. The structural difference between UP and PNP accounts for why UP is 

specific for pyrimidine but not for purine.  

* +          +

+  +  *

# #           #

** *#
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In the active site for base binding, the residues G178, P180 and R233 in ApUP 

structurally align with Q166, R168 and R223 of EcUP, and H169, P171and Q223 of 

SpUP, respectively. There is more diverse residues in the base binding site 

between UPs and PNP. The residues in phosphate and ribose binding site are 

conserved. Albeit EcUP is about 7-fold more efficient than SpUP (Tran et al. 2011), 

the similarity and variance of ApUP to EcUP and SpUP make it difficult to predict if 

ApUP an efficient biocatalyst or not. 

ApUP was supposed to contain a disulfide bond, which was attributed to one of 

the reasons of the unsuccessful protein expression (Szeker 2012). However, the 

3D-structure of its homogeneous protein SpUP (PDB: 3QPB) shows that there is no 

disulfide bond in the hexameric molecule. All the cysteines in the alignment are 

highlighted (Figure 2.11). In addition, the cysteines of ApUP were predicted to be 

free cysteine with high score by DiANNA 1.1 web server (Leslie et al. 2002). 

Therefore, ApUP might not contain disulfide bond; its substrate specificity is similar 

to EcUP or SpUP.  

Phylogenetic analysis 

To get an overview of the classification of the studied NPs as well as the other NPs 

used or not yet used for synthesis, two groups (NP-I and NP-II) of multiple 

sequence alignments were run on the 3D-Coffee according to their structures. 

The alignment results were then uploaded to Phylogeny server 

(www.phylogeny.fr) to produce phylogenetic trees. 

According to the phylogenetic tree, NPs consists of two families, NP-I (Figure 2.12 

A) and NP-II (Figure 2.12 B), which is also due to the big difference of their 

structures. In accordance with Pugmire and Ealick (Pugmire and Ealick 2002), the 

NP-I family is composed of PNP, MTAP and UP and the NP-II family is composed of 

PyNP and TP. 
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Figure 2.12. Structure-based phylogenetic trees of thermostable (A) NP-I family (PNP, 
MTAP and UP); (B) NP-II family (PyNP and TP). Human and E. coli NPs are also included as 
references. The multiple alignments were constructed using 3D-Coffee (Armougom et al. 
2006), the trees were produced by PhyML and TreeDyn on the platform of Phylogeny.fr 
(Dereeper et al. 2008). The branch support values are displayed in red (statistic values), 
and the branch length indicates the phylogeny distance. For each enzyme, the protein 
sequence length and the PDB code (structure template used by 3D-Coffee) were 
indicated following the enzyme name. Enzymes in this study are highlighted in bold. 
Species abbreviations: Ec= E. coli, Ea= Enterobacter aerogenes, Bc= Bacillus cereus, Gt = 
G. thermoglucosidasius, Gs = G. stearothermophilus, Dg = D. geothermalis, Tt = T. 
thermophilus, Ss = Sulfolobus solfataricus, Ap= A. pernix, Hs = Homo sapiens, Pf = 
Pyrococcus furiosus. 

 
In the NP-I family, high-mm PNPs are generally taken as the PNPs with broad 

substrate specificity. They accept both 6-oxopurine and 6-aminopurine, while 

low-mm PNPs or MTAPs are thought to have a strict specificity for 6-oxopurine 

nucleosides (Bzowska et al. 2000). With new PNPs and MTAPs being characterised 

A

B
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and investigated, it has been found that not all the high-mm PNPs with a similar 

structure catalysing both, 6-oxopurine and 6-aminopurine, nucleosides. For 

instance, BcPNP and TtPNPI share high identity with GtPNP (76 % and 41 % 

respectively) but, unlike GtPNP which accepts adenosine and inosine, BcPNP is 

highly specific for adenosine (Sgarrella et al. 2007) while TtPNPI is highly specific 

for inosine (Almendros et al. 2012). Besides, MTAP was classified into the group of 

trimeric PNPs (or “low-mm PNPs”) and with hexameric SsMTAP as an exception 

(Bzowska et al. 2000; Pugmire and Ealick 2002). Later on, additional 

hypothermophilic Archaea MTAPs were characterised to be hexamers with a 

broad substrate specificity towards adenosine, inosine and 5’-deoxy-5’-

methlthioadenosine (MTA). SsMTAP, PfMTAP and ApMTAP are also such 

“exceptions”. Strikingly, PfMTAP reveals a high sequence identity with the 

mammalian-like PNP HsMTAP (52 %) and SsMTAPII (64 %), although it has a distinct 

substrate specificity (HsMTAP is highly specific for MTA and SsMTAPII is specific for 

6-aminopurine) (Cacciapuoti et al. 2011; Cacciapuoti et al. 2007).  

The PNPs in the last cluster from the phylogenetic tree A (Figure 2.12 A) (TtPNPII, 

GtPNPII, EcPNP_XapA, and HsPNPI/II) are “low-mm PNPs” with strict specificity for 

the purine base. Among them, TtPNPII is a monomer and specific for 6-

aminopurine; the others function as a trimer and are specific for 6-oxopurine. It is 

noteworthy that many bacteria and Archaea contain two PNPs, one with 

substrate specificity similar to “high-mm PNPs”, and another one similar to “low-

mm PNP”. As discussed before (Table 2.13), two kinds of PNPs have their own 

strength and weaknesses to adapt modified substrates. 

PyNPs and TPs from the NP-II family are easily categorized by the phylogeny tree 

(Figure 2.12 B). In agreement with the alignment results shown before, DgPyNP 

displays a close relation with TtPyNP, which might become another promising 

biocatalyst for nucleosides synthesis. 

Overall, through bioinformatics study on the enzymes, lots of structure-active 

relationships especially for the information about active sites were revealed. In 

the case of PNPs, their substrate specificity cannot be easily predicted if one only 

relies on the high sequence identity with a characterised enzyme. The multimeric 

state, hexameric or trimeric, is not an indicator of a broad or narrow substrate 
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spectrum for a PNP. Many examples indicated that the key residues in the active 

site determine the specificity of the enzyme, which is supported by the 

experiments that switched the enzyme specificity by site-direct mutagenesis of 

key residues (Stoeckler et al. 1997; Cacciapuoti et al. 2007; Dessanti et al. 2012). 

Therefore, based on the information of the key residues of the active site, novel 

enzymes with desired substrate specificity could be generated by rational protein 

design.  

Homology modelling 

Among the enzymes studied here, only the crystal structure of TtPyNP is available 

from PDB. However, the other thermostable NPs can be visualized by homology 

modelling based on their suitable templates because protein structures are more 

conserved than protein sequences and the sequence with detectable similarity 

can be used to produce a structural model of the target (Kaczanowski and 

Zielenkiewicz 2010).  

By BLAST search against the PDB database, the matching structure templates as 

well as the sequence identity are listed in Table 2.14. The 3D-picture of the 

enzymes containing their coordinates of all multimer subunits were made by 

MakeMultimer (http://watcut.uwaterloo.ca/makemultimer) based on the PDB 

files and shown in Appendix. The structures are coloured by a relative 

temperature factor (or B-factor), where from blue to red represents the certainty 

of the position from high to low (Yuan et al. 2005). Hence, a region in pink or red 

reveals its high flexibility while a blue region reveals a high degree of rigidity in the 

tertiary structure of the protein. 
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Table 2.14. Accession numbers of the protein sequence and structure.  

Enzyme UniProtKB a GenBankb PDB (enzyme source)c Sequence ident [%]d 

DgPNP Q1IY92 ABF45792 4MAR (Meiothermus ruber) 67 

GtPNP F8CZG4 AEH47728 3UAX (Bacillus cereus) 76 

ApMTAP Q9YDC0 NP_147653 1JPV (Sulfolobus solfataricus) 45 

GtPyNP F8CV91 AEH47344 1BRW (G. stearothermophilus) 83 

TtPyNP Q72HS4 AAS81754 2DSJ (Thermus thermophilus HB8) 98 

ApUP Q9YA34 NP_148386 3QPB (Streptococcus pyogenes) 77 
 

a Protein sequence number for UniProtKB (www.uniprot.org). 
b Nucleotide sequence number for GenBank (www.ncbi.nlm.nih.gov/genbank). 
c Protein structure number for PDB (www.rcsb.org/pdb) with the highest amino acid 

sequence identity to the entry enzyme via a BLAST search against the PDB database. 
d Protein sequence identity of the entry enzyme to the enzyme with solved structure from 

PDB (see left). 
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Chapter 3.  Transglycosylation processes 

In this work, the thermostable nucleoside phosphorylases are investigated as 

biocatalysts to be utilized for nucleosides synthesis. Particularly, by coupled use of 

PyNP and PNP, a transglycosylation reaction can be performed efficiently. This 

includes the transfer of a pentofuranose moiety from an available pyrimidine 

nucleoside to a purine base. In other words, a substrate pyrimidine nucleoside will 

be phosphorolized by PyNP into the intermediate -D-ribose-1-phosphate (R-1-P), 

and the latter will be connected with a purine base which is the substrate for the 

PNP, thus a new purine nucleoside is synthesized. The basic synthetic strategy is 

illustrated in Scheme 3.1. 
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Scheme 3.1. One-pot enzymatic transglycosylation for the synthesis of purine nucleosides. 
Short arrows for PyNP and PNP indicate not desired reactions. 
 

There are three reasons for targeting purine nucleosides rather than pyrimidine 

nucleoside as the desired product: (i) Both PyNP and PNP catalyse reversible 

reactions, and the equilibrium of the phosphorolysis is usually shifted to the 

nucleoside formation, however this is more pronounced for the reactions 

catalysed by PNP than for PyNP (Jensen and Nygaard 1975; Bzowska et al. 2000). 

Thus the coupled reactions proceed in the direction of purine nucleoside 

synthesis. (ii) It is effective to use pyrimidine nucleosides as pentofuranose donor 

because the released pyrimidine base from the first step will not become the 

competitor of the reactant (purine base) for the second step (Scheme 3.1). 

(iii) Compared with pyrimidine nucleosides, purine nucleosides are more difficult 

to synthesize chemically; therefore it is cost-effective to produce purine 

nucleosides enzymatically. 
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Figure 3.1. Products from the enzymatic transglycosylation reactions. 
 

In our case, the desired products are halogenated purine nucleosides (Figure 3.1) 

either with the purine base modified at 2,6-positions (2,6-dichloropurine and 2-

chloro-6-fluoropurine) or with the sugar moiety modified at the 2’-position (2’-

dexoy-2’-fluoro –ribo and –arabino). The 2,6-dihalogenated purine nucleosides 

are of great interest as precursors for the synthesis of numerous purine 

nucleosides with therapeutic potential. More details are discussed in paper IV. 

Nucleosides modified at the 2’-position are vital important constituents of artificial 

oligonucleotides for the RNA interfering therapeutics (Prakash and Bhat 2007; 

Manoharan 1999). Among them, 2’-deoxy-2’-fluoro modifications are considered 

as the best-tolerated alteration with respect to maintain silencing activity, 

however, 2’-fluoro-substitued purines were commercially unavailable before 2007 

and only pyrimidine-modified oligonucleotides were attempted (Blidner et al. 

2007), probably due to the great difficulties of their preparation. In addition, 

purine 2’-dexoy-2’-fluororibosides were shown to have a very potent antiviral 

activity (Tuttle et al. 1993). Also, 2’-fluoroarabino nucleic acid has been turned 

out as the best example of chemically modified single-stranded antisense 

oligonucleotides (Watts and Damha 2008; Watts and Corey 2012).  Therefore, this 

work focuses on the enzymatic transglycosylation with the aim of developing a 

more efficient and “green” method to produce aforementioned purine 

nucleosides.  

Fortunately, the previous results of the enzyme characterisation (Chapter 2.3) 

demonstrated that TtPyNP is able to catalyse 2’-fluoro substituted uridine and all 

PNPs (DgPNP, GtPNP and ApMTAP) recognize 2’-modified pentofuranose as well 
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as 2,6-dihalogenated purines as substrates. Hence, this offers the possibility of 

developing a practical synthesis of interesting purine nucleosides. 

In one-pot enzymatic transglycosylation (Scheme 3.1) the reaction temperature 

depends on the enzyme with the lower optimal temperature. Thus, if GtPNP 

(optimal temp. =70 °C) is used together with TtPyNP (optimal temp. > 90 °C), the 

upper limit of the reaction temperature is 70 °C; if GtPNP is combined with 

GtPyNP (optimal temp. = 60-65 °C), 65 °C is the highest temperature to be used.  

Based on the substrate specificity of the used enzymes described in Chapter 2.3, 

at 65-70 °C TtPyNP and GtPyNP are interchangeable because of their similar 

phosphorolysis activity towards uridine and thymidine. However, when the 

pentofuranose donor is 2’-fluoro substituted uridine (FU or FanaU), TtPyNP must be 

used since GtPyNP shows no activity towards FU and FanaU; while TtPyNP and 

the three PNPs accept 2’-fluoronated nucleosides as substrate. 

According to the product yields and the reaction equilibrium states (monitored 

by HPLC, paper II), the transglycosylation processes studied here are divided into 

three types which are correlated with three different pentofuranosyl donors: 

uridine (Urd, 1), thymidine (Thd, 2) and 2’-fluoro substituted uridines (FU, 5; and 

FanaU, 6). For each process type, the experiment results and discussion will be 

covered in details as below. 

3.1. Type1: Equilibrium-controlled reactions 
3.1.1. One-pot transglycosylation 

When uridine was used as the pentofuranosyl donor, and adenine (Ade), 2,6-

dichloropurine (26DCP, 21) or 2-chloro-6-fluoropurine (6C2FP, 22) were applied as 

purine base acceptors, the one-pot transglycosylation showed a similar progress 

curve for all three reactions; the reaction reached an equilibrium at some time 

point and the product concentration did not change over the reaction time. 

With different enzyme combinations and even at different temperatures (GtPyNP 

&DgPNP at 55 °C; GtPyNP & GtPNP at 65 °C; TtPyNP & ApMTAP at 80 °C) very 

similar product yields were obtained for the respective substrate. However, when 

different purine bases Ade, 26DCP or 6C2FP served as substrate, different 

product yields were obtained: 88 % for adenosine (Ado, 9), 56 % for 2,6-
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dichloropurine riboside (26DCP-R, 23) and 67 % for 2-chloro-6-fluoropurine 

riboside (6C2FP-R, 24). 

The reaction process curves of 26DCP-R and 6C2FP-R are given in Figure 3.2. It 

can be seen that the equilibrium is established within 30 min, and then the 

concentration of the product and the side-product (uracil) keep constant. 

 

 

 

 

 

 
 
Figure 3.2. Progress curves of enzymatic synthesis of (A) 26DCP riboside and (B) 6C2FP 
riboside at 65 °C by GtPyNP and GtPNP (100 µg mL-1 each). Substrate solution: 2 mM 
uridine and 1 mM purine base (26DCP or 6C2FP) in 2 mM Na-phosphate buffer (pH 6.5). 
Formation ofuracil and product were calculated from [Uracil]/[Urd]initial×100 % and 
[product]/[purine base]initial×100 %, respectively. 

 
In the case of 26DCP-R synthesis the product formation, i.e. the equilibrium yield, 

raised from 57 % to 83 % (Figure 3.3 A) when the substrate ratio of Urd : purine 

base was changed between 2:1 to 10:1. However, a high substrate ratio (10:1) 

may be unfavourable for separation and purification of the final product. On the 

other hand, changing the enzyme amount ratio of GtPyNP: GtPNP from 1:1 to 1: 

20 (unit ratio changing from 13:1 to 1:1.5) had almost no influence on the 

equilibrium yield for the product (~60 %) (Figure 3.3 B, curves 2-4). Only if GtPyNP 

was applied at a very low concentration of 1 μg mL-1 (the enzyme unit ratio of 

GtPyNP : GtPNP became 1:7) product formation was hindered by the lack of 

GtPyNP. Consequently the equilibrium yield decreased to 26 %.  Interestingly, the 

phosphorolysis of Urd (i.e. uracil formation) was enhanced from 35 % to 52 % 

(Figure 3.3 B, chart 1 vs 2) when GtPyNP was used alone compared to the 

coupled use of GtPyNP and GtPNP.  
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Figure 3.3. Optimization of enzymatic 
synthesis for 26DCP riboside at 65 °C by 
GtPyNP and GtPNP. (A) Change substrate 
ratio Urd : base from 2:1 to 10:1. (B) Change 
GtPyNP amount from 100 to 1 μg mL-1. 
Constant conditions unless indicated in the 
curves: GtPyNP 100 μg mL-1 (=5.1 U mL-1), 
GtPNP 100 μg mL-1 (=0.37 U mL-1), 2 mM Urd 
and 1 mM purine base (26DCP) in 2 mM Na-
phosphate buffer (pH 6.5). Formation of uracil 
and 26DCP-R were calculated from 
[Uracil]/[Urd]initial×100 % and [26DCP-
R]/[26DCP]initial ×100 %, respectively. 
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It is very likely that a similar trend would appear also for the synthesis of 6C2FP-R 

by changing of substrate ratio or enzyme ratio. 

To sum up, the enzymatic syntheses of 26DCP-R (23) and 6C2FP-R (24) are 

equilibrium controlled reactions, whereby the equilibrium yield is independent of 

enzyme combination and the enzyme amount over a wide concentration range 

(if only their activity is in the same range); but the equilibrium yield depends on 

the initial substrate concentration.  

3.1.2. Single step of the transglycosylation 

Urd + Pi 

In the practical synthesis, it is favourable to apply the substrate at a 

concentration as high as possible (if the substrate inhibition is not obvious) for a 

high volumetric yield and to employ the enzyme as little as possible to reduce 

the cost. Therefore, it is necessary to examine the influence of excess substrate 

on the enzymatic reaction. 

Urd is the substrate to be applied at a high concentration due to its low cost and 

high solubility. Urd phosphorolysis was performed under low concentrations of 

GtPyNP at 60 °C (Figure 3.4) to mimic the condition of excess Urd (i.e. high Urd 

concentration). The process curves show that with a substrate (Urd 5 μmol mL-1) 

to enzyme (GtPyNP 1.2 and 0.0062 U mL-1) ratio of 4.2 and 806, the initial velocity 

of the reaction (in 1 min) is 32 and 102 U mg-1, respectively. Hence, a high 

substrate to enzyme ratio (806) increased the initial velocity of the reaction by a 

factor of three. In addition, with 0.12 μg mL-1 GtPyNP (0.0062 U mL-1) Ura formation 

was linear with the time (R2=0.999) during the tested 25 min and the average 

velocity of the reaction was 91 μmol min-1 mg-1, which is only half of the Vmax 

value (174 μmol min-1, 60 °C, unpublished data), but the latter was performed 

with 10 times higher phosphate concentration (50 mM vs 5 mM). As a conclusion, 

no obvious substrate inhibition was observed even at a high concentration ratio 

of substrate to enzyme. 
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Figure 3.4. Phosphorolysis of Urd by GtPyNP at 60 °C. Reaction conditions: GtPyNP 24 or 
0.12 μg mL-1 (=1.2 or 0.0062 U mL-1), 5 mM Urd in 5 mM K-phosphate buffer (pH 7.0). Urd 
conversion was calculated from [Uracil]/[Urd]initial×100 %. The highest error bar (not shown) 
is less than 2 % (n=2). 

 

R-1-P + Ura 

Although it is known that the equilibrium of nucleoside phosphorolysis is 

thermodynamically in favour of nucleoside synthesis (Bzowska et al. 2000), the 

equilibrium constant (Keq) or the kinetic parameters for the reverse reaction 

(nucleoside synthesis) has not been described in the literature for PyNPs. This 

might be due to the very high cost of -D-(2-deoxy)-ribose-1-phosphate ((d)R-1-P) 

and the instability of (d)R-1-P, as well as due to the challenge for performing the 

assay for the reverse reaction, while these kinetic data would be important for 

enzymatic process modelling and engineering. Albeit the equilibrium 

concentration of R-1-P can be deduced from the concentration of the other 

components which are measured by HPLC, it is still necessary to attain the 

experimental data as the proof.  

Specifically, the calculation of [R-1-P] is based on the species balances. Once 

the equilibrium is established, for the reaction with Urd as pentofuranosyl donor, 

  [Urd]0=[Urd]eq + [Product]eq+ [R-1-P]eq, 

also  [Urd]0=[Urd]eq+ [Ura]eq, 
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hence  [R-1-P]eq = [Product]eq - [Ura]eq.   Eq. 1  

Likewise,  [Pi]0=[R-1-P]eq+ [Pi]eq, 

thus  [Pi]eq=[Pi]0  - [R-1-P]eq.    Eq. 2 

Where “[ ]eq” means equilibrium concentration and “[ ]0” means initial 

concentration, while “Pi” stands for phosphate and Ura stands for uracil. 

The transglycosylation (Scheme 3.1) can be divided into two steps: 

Step1  Urd + Pi ↔ R-1-P + Ura, where    

R 1 P Ura

Urd Pi
 

Step2  R-1-P + Base ↔ Product + Pi, where   

Product Pi

R 1 P Base
 

Using Eq. 1 and Eq. 2 along with the other component concentrations measured 

by HPLC, Keq1 and Keq2 are calculable. It is worthy to point out that the forward 

reaction of Step1 is phosphorolysis while Step2 is synthesis. Thus, higher values of 

Keq1 and Keq2 are favourable for purine nucleoside i.e. product formation. 

As for the overall reaction:  Urd + Base ↔ Product + Ura, we have 

Product Ura

Urd Base
 

Theoretically, by HPLC measurements followed by simple calculations, the 

equilibrium constant of the sub-step reaction and the overall reaction related to 

the transglycosylation can be obtained.  
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Figure 3.5. Synthesis of Urd from R-1-P and uracil by GtPyNP (A) 24 μg mL-1 (e.g. 1.2 UmL-1) 
and (B) 0.12 μg mL-1 (e.g. 0.0062 U mL-1) at 60 °C. Reaction conditions: R-1-P 0.5 mM and 
uracil 1 mM in water. Urd formation was calculated from [Urd]/[R-1-P]initial×100 %. The 
highest error bar (not shown) is less than 6 % (n=2). 
 

The reverse reaction of Urd phosphorolysis was performed in water with 0.5 mM R-

1-P (kindly donated by Sigma-Aldrich) and 1 mM uracil at 60 °C by GtPyNP 

(Figure 3.5). Compared with the Urd phosphorolysis discussed above (Figure 3.4), 

with a higher enzyme amount of 24 μg mL-1, for both reactions the apparent 

reaction rates are much higher than the counterparts with 200-time diluted 

GtPyNP (0.12 μg mL-1), but the ratio of enzyme specific activity (U per mg enzyme) 

of high amount enzyme vs low amount enzyme for Urd phosphorylysis is 1 : 3 (32 U 

mg-1: 102 U mg-1; in initial phase) and for Urd synthesis is 2 : 1 

(5.5 U mg-1 : 2.1 U mg-1; in initial phase). These data indicate that when the 

substrates are supplied far in excess for GtPyNP, Urd (and phosphate) cause no 

substrate inhibition but Ura (and R-1-P) may inhibit the enzyme at a slight degree. 

Extra well-designed inhibition experiments are needed to draw a clear 

conclusion. 

According to the calculation method for the equilibrium constant, based on the 

data of Urd phosphorolysis (Figure 3.4 A) at 60 °C, in phosphate buffer with a pH 

of 7.0, [Urd]0=[Pi]0=5 mM, Keq1 was calculated as 0.15, which agrees well with the 

other experiments performed at the same conditions of temperature and buffer, 

while Keq1 changes independence on the starting point (e.g.  Keq1= 0.17 for 

[Urd]0= [Pi]0= 2 mM; Keq1= 0.20 for [Urd]0= 5 mM and [Pi]0= 2 mM). For the reverse 
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reaction (Urd synthesis), [R-1-P]0= 0.5 mM and [Ura]0 = 1 mM, however, this 

reaction was only close to but not reached the equilibrium (Figure 3.5 A). An 

estimated Keq1 (0.48) was calculated from the last time point with a yield of 78.6 % 

(Urd formation). Since Keq1 should be constant and independent of the starting 

reaction, if Keq1 was assumed to be 0.17, the Urd formation yield would become 

88 %. 

For Ado synthesis (in the transglycosylation reaction), Keq (Ado) = Keq2 = 30; for Urd 

synthesis (in the same transglycosylation reaction) Keq (Urd) = (Keq1)-1= (0.44)-1 = 2.3; 

while for Urd synthesis by PyNP alone Keq (Urd) = (Keq1)-1= (0.15)-1 = 6.7. These data 

prove that the equilibrium of the reaction catalysed by PyNP or PNP alone is 

shifted to the synthesis direction, and this is more pronounced for the formation of 

purine nucleosides than for the formation of pyrimidines. By coupled use of PyNP 

and PNP the extent of Urd synthesis is lower than that catalysed by PyNP alone, 

which is beneficial for product formation. As for the modified substrates, the 

equilibrium constant will be different, but the overall reaction could progress into 

the desired reaction. 

R-1-P + 6C2FP 

The target purine nucleoside can be also synthesized in a single step by PNP 

alone, but the expensive R-1-P becomes the limitation of this method. Here the 

work focuses not on the synthesis by this method, but on the reaction mechanism 

of this sub-step reaction and the influence factors involved, in order to 

understand the whole transglycosylation process for future control and 

optimization in practical applications. 

In the present study 6C2FP-R (24) was applied as the target product; R-1-P and 

6C2FP (22) were used as substrates for GtPNP. In the substrate stability test 

analysed by HPLC, 2-3 unknown peaks became evident with an increasing 

reaction temperature (especially above 70 °C) over 20 hours (data not shown). 

Thus, lower reaction temperatures were adopted with two concentrations of 

GtPNP for 6C2FP-R synthesis.  
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Figure 3.6. Synthesis of 6C2FP-R from R-1-P and 6C2FP at 40 °C and 65 °C by GtPNP. 
Reaction conditions: GtPNP 3.3 and 66 μg mL-1, R-1-P 0.5 mM, 6C2FP 1 mM in water. 
6C2FP-R formation was calculated from [6C2FP-R]/[R-1-P]initial×100 %. 
 

Process dynamics are displayed in Figure 3.6. The curves show that the reactions 

at 65 °C reach the equilibrium in less than one hour. The reaction with low 

enzyme concentration (3.3 μg mL-1) even obtained a higher product yield 

(>83 %). Likewise, reactions at 50 °C and 60 °C also showed similar process curves 

(data not shown).  

Unexpectedly, reactions at 40 °C did not work. This could be attributed to fact 

that the thermozyme GtPNP needs a higher temperature for activation. 

According to the apparent activity of GtPNP towards 6C2FP (paper IV, table 3), 

and the temperature dependence of GtPNP activity (towards inosine, paper II, 

fig. 2) for 6C2FP, 3.3 and 66 μg mL-1 GtPNP equal to 0.0071 and 0.14 U mL-1 at 

40 °C, 0.029 and 0.57 U mL-1 at 60 °C, respectively. Obviously, this estimation was 

not proper, because the reaction with 66 μg mL-1 GtPNP at 40 °C (0.14 U mL-1) 

supposed to be more efficient than the reaction with 3.3 μg mL-1 GtPNP at 60 °C 

(0.029 U mL-1). This implies (i) the temperature-active curves of the thermostable 

NPs might be varying towards different substrates (especially for modified ones); 

and (ii) different substrates may have different activation temperature for the 

enzymes.  

In summary, the processes of the equilibrium-controlled reactions were analysed 

for the whole transglycosylation as well as in the single step reactions. A method 
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for calculating equilibrium constants of whole and sub-step reactions was 

proposed, which was confirmed by the experimental data. For the synthesis of 

dihalogenated purine nucleosides (25 and 26), the product yields are limited by 

the equilibrium conditions. Changing substrate ratios can improve the final yield. 

7-Methylinosine (also valid for 7-methyladenosine or 7-methylguanosine) iodide, is 

a substrate for various PNPs and undergoes non-reversible phosphorolysis 

(Bzowska et al. 2000). Thus these substances can be used as a pentofuranosyl 

donor for the second nucleoside synthesis by providing the base and PNP as the 

only enzyme. It has been reported that the phosphorolysis of 7-methylguanosine 

by PNP from Bacillus subtilis and Aeromonas  hydrophila at room temperature in 

50 mM phosphate buffer (pH 7.5) reached a 100 % conversion (Ubiali et al. 2012). 

The complete phosphorolysis is useful to shift the equilibrium to the product-

generating direction and then to improve the product yield.  

3.2. Type2: Reactions which involve unstable intermediates 
3.2.1. One-pot transglycosylation 

When thymidine (Thd, 2) served as the pentofuranosyl donor, and 2,6-

dichloropurine (26DCP, 21) or 2-chloro-6-fluoropurine (6C2FP, 22) as the purine 

base acceptor, the corrosponding products are 2,6-dichloropurine-2’-

deoxyriboside (26DCP-dR, 25) and 6-chloro-2-fluoropurine-2’-deoxyriboside 

(6C2FP-dR, 26), respectively. 

The progress curves of the one-pot transglycosylation of 25 and 26 were very 

unexpected (see Figure 3.7, 25 and 26 were alike in their progress curves, of 

which only 26 is shown). A maximum product yield is obtained in a short time and 

then the yield dropped dramatically. This was more evident at high temperature 

where the product yield decreased to 7 % within 2 h, while at 65 °C the product 

yield still remained at 17 % after 6 h. On the other hand, Thd phosphorolysis 

continued proceeding and Thd was almost completely converted into thymine 

(97 % conversion) at 80 °C after 2 h.  

Unlike uridine, thymidine is unstable and its glycoside bond breaks by addition of 

trichloroacetic acid (TCA, used for stopping the enzyme reaction). Hence, all the 

reactions which involved thymidine were stopped by MeOH or cold water and 
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Figure 3.7. Progress curves of enzymatic synthesis of 6C2FP-dR. (A) 65 °C by GtPyNP and 
GtPNP(0.1 mg mL-1 each); (B) 80 °C by TtPyNP and ApMTAP (0.1 mg mL-1 each). Substrate 
solution: 2 mM Thd and 1 mM 6C2FP in 2 mM Na-phosphate buffer (pH 6.5). Formation of 
thymine and 6C2FP-dR were calculated from [Thymine]/[Thd]initial×100 % and [6C2FP-
dR]/[6C2FP]initial×100 %, respectively. 
 

negative controls (without enzyme) were performed in parallel. The lability of 

thymidine promts us to assume that either the product or the intermediate 

-D-2’-deoxyribose-1-phosphate (dR-1-P) is instable and hydrolysis might occur 

during the reaction process (Szeker 2012). To confirm this hypothesis, single step 

reactions were performed to disclose the reason.  

3.2.2. Single step of the transglycosylation 

Single steps of Thd phosphorolysis and 6C2FP-dR synthesis were carried out 

separately. If dR-1-P is unstable and undergoes hydrolysis, for Thd phosphorolysis, 

Thd will be continually converted to thymine and no equilibrium should be 

observed; for 6C2FP-dR synthesis, 6C2FP-dR will be first formed, and is then 

converted back to 6C2FP because of the elimination of dR-1-P; therefore the 

yield of 6C2FP-dR (formation) will first go up and then decline.  

The process curves of the single step reactions proved this presumption. In the 

reactions of Thd phosphorolysis, Thd conversion reached 35 % in less than 10 min 

and then fluctuations of the conversion from 5 to 40 min were observed in the 

reactions of 40 °C, 50 °C and 60 °C (data not shown). Afterwards, Thd conversion 
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Figure 3.8. Process curves of (A) Thd phosphorolysis by GtPyNP and (B) 6C2FP-dR synthesis 
by GtPNP. Reaction conditions: (A) 2 mM Thd in 2 mM K-phosphate buffer (pH 7.0), 
GtPyNP 47.6 μg mL-1 (1.1 U mL-1 at 60 °C towards Thd). (B) R-1-P 0.5 mM, 6C2FP1 mM in 
water, GtPNP 6.6 μg mL-1 (0.05 U mL-1 at 60 °C towards 6C2FP). Thd conversion and 6C2FP-
dR formation were calculated from [Thymine]/[Thd]initial×100 % and [6C2FP-dR]/[R-1-
P]initial×100 %, respectively. 

was rising steadily over 18 h and it rose faster at 60 °C than at 40 °C (Figure 3.8 A). 

For 6C2FP-dR synthesis, as expected, the product formation jumped to a 

maximum yield in a short time (69 % for 40 °C, 30 min; and 61 % for 60 °C, 5 min). 

Subsequently, the yield started to decline for the reaction at 60 °C, but for the 

reaction at 40 °C the yield maintained at 65 % even after 18 h (Figure 3.8 B). 

Interestingly, at 40 °C GtPNP became “alive” in the presence of dR-1-P & 6C2FP 

but was totally inactive for R-1-P & 6C2FP (Figure 3.6), which is obviously not due 

to the different enzyme concentrations, since the amount of GtPNP was 10 times 

higher in the case of R-1-P & 6C2FP than in the case of dR-1-P & 6C2FP.  

It should be mentioned that the negative controls, with dR-1-P and 6C2FP but 

without enzyme, were performed simultaneously. No product (6C2FP-dR) was 

detected from them. Since our HPLC-assay cannot measure dR-1-P directly, an 

enzymatic method was figured out to check if dR-1-P was decomposed or 

hydrolysed in the controls. An incubated control (without enzyme) was analysed 

and no product was detected. Then GtPNP was added into in this control and 

incubated for 10 min at 40 or 60 °C. The reaction mixture was analysed again by 

HPLC. After adding GtPNP only 2 % 6C2FP-dR were formed (based on initial dR-1-

P) in the control sample of 18 h incubation at 40 °C, thus ca. 3 % dR-1-P remained; 
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while no 6C2FP-dR was detected from the control sample run at 60 °C for 4 h, i.e. 

dR-1-P was totally decomposed after 4 h incubation at 60 °C. 

In summary, for the synthesis of 2’-deoxynucleoside, low temperature and the 

time point of the maximum yield are the most important conditions to be 

considered. In the case of 6C2FP-dR, 40 °C appeared to be a suitable 

temperature for its synthesis because little decline of the product yield was 

observed from the second reaction. Thus, at 40 °C, a higher yield is expected in 

the one-pot transglycosylation and it can be regarded as an equilibrium-

controlled reaction. If the reaction is performed at high temperature, an 

adjusted enzyme combination is needed, which allows dR-1-P to be transferred 

to the base as soon as possible, i.e. no excess dR-1-P in the system, then an 

improved product yield would be expected. It is advisable to study the 

degradation rate of dR-1-P in the reaction buffer at different temperatures and 

at different pHs, because these data can provide useful information for the 

determination of the process window. 

3.3. Type3: Kinetically controlled reactions 

Nucleosides with an F atom substitution at the 2’-position, namely 2’-dexoy-2’-

fluoro -ribo- or –arabino nucleoside (FA, 16; FanaA, 17, respectively) are 

challenging compounds not only for the chemical synthesis but also for 

enzymatic synthesis. Both methods have been developed and a comprehensive 

overview and a careful comparison was published (Szeker 2012). A key point is 

that 2’-fluorinated pyrimidine nucleosides (including 2’-dexoy-2’-fluoro –ribo and 

–arabino nucleosides) can be synthesized efficiently by chemical methods (Liu et 

al. 2008; Howell et al. 1988; Turkman et al. 2010), while their purine counterparts 

are still suffering from tremendously complicated synthesis routes and separation 

steps (Thomas et al. 1994; Roshevskaia et al. 1986; Tennilä et al. 2000; Sivets et al. 

2006). Luckily, a combination of a chemo-enzymatic approach can be designed 

to resolve these deficiencies. Explicitly, 2’-fluorinated pyrimidine nucleosides can 

be provided by chemical synthesis, which just offers the pentofuranosyl donor, for 

connecting it to a purine base by enzymatic transglycosylation, and then a 

desired purine nucleoside will be formed. A few examples of this chemo-

enzymatic approach have been reported (Fernandez-Lucas et al. 2010; Yamada 
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et al. 2009; Zaitseva et al. 1999; Tuttle et al. 1993).  A common limitation of the 

enzymatic approach is the low activity of the enzymes towards such modified 

substrates. Good news is that TtPyNP and all PNPs in the present study showed 

relative higher activity towards 2’-fluoronated nucleosides (within 10-2 U mg-1, see 

Table 2.12) than the other reported enzymes such as TP and PNP from E. coli 

(Tuttle et al. 1993), PNP from G. stearothermophilus (Yamada et al. 2009) and NDT 

from Lactobacillus reuteri (Fernandez-Lucas et al. 2010). However, no superior 

product (FA and FanaA) yield over the other reported ones has been achieved 

by the enzymes in the present study, which might be attributed to the lower 

enzyme loading and shorter reaction time applied by us.  

For the synthesis of FA and FanaA, the starting compounds are FU (5) and FanaU 

(6), respectively, with adenine as the purine base. In both reactions no 

equilibrium was observed, because of the limited catalysing ability of the 

enzymes, i.e. these are kinetically controlled reactions. Concretely, their 

transglycosylation process curves showed a steady and approximately linear 

increase of the product yield (synthesis) and a quicker rising curve of the uracil 

formation (phosphorolysis) (Szeker 2012). The difference of the two 

transglycosylation reactions is the substrate stability, which determines the 

reaction temperature and the fit to the temperature of the corresponding 

enzymes. It has been confirmed that above 55 °C it is evident that FU undergoes 

partly transformation into O2,2’-anhydro-1-(β-D-arabinofuranosyl)uracil (AnhU), 

and the latter will subsequently be hydrolysed and results in 1-(β-D-

arabinofuranosyl)uracil (AraU, 7) (paper I). Obviously, the reaction with FU should 

not be performed at a temperature above 55 °C; coincidently DgPNP has the 

highest activity towards 2’-fluoro nucleoside among the three PNPs and its 

optimal temperature is at 55 °C. Thus, TtPyNP and DgPNP are the best 

combination for FA synthesis (paper II). In contrast, FanaA is rather stable and 

higher temperature is beneficial for its phosphorolysis by TtPyNP. So TtPyNP and 

ApMTAP at 80 °C are a suitable combination for FanaA synthesis (paper II). 

Thus, the synthesis of FA and FanaA were performed with 2 mM FU or FanaU and 

1 mM adenine in 2 mM phosphate buffer (pH 6.5), enzyme loading was 0.1 mg 

mL-1 for each NPs, i.e. TtPyNP and DgPNP or ApMTAP. The product yields of FA 

and FanaA were very similar, i.e. a yield of ~24 % was achieved after 24 h 



64 Chapter 3. Transglycosylation processes 
 

reaction at 55 °C or 80 °C based on the initial concentration of adenine (paper 

II).  

For FA synthesis optimization was made by increasing the enzyme amount 

(TtPyNP 0.4 mg mL-1; DgPNP 1 mg mL-1) and extending the reaction time (up to 52 

h). Moreover, the substrate ratio of FU to adenine was also considered. The 

process curves are shown in Figure 3.9. This time product formation is calculated 

based on the initial concentration of FU since adenine is in excess. On the whole, 

the substrate ratio has almost no influence on the product yield; while higher 

phosphate concentration (11 mM vs 8 mM) seems to have a slight positive effect, 

which resulted in a little higher product formation, notably higher uracil formation 

(higher FU conversion) and less undesired side product AnhU. These curves 

suggest that product formation was limited by the synthesis step, and not by the 

phosphorolysis step. The highest product yield was only 34 % after 52 h, which 

can be surely optimized further, for example by adding more DgPNP, changing 

the phosphate concentration, adjusting the pH, or by using immobilized enzymes. 

 

Figure 3.9. Progress curves of enzymatic synthesis of FA at 55 °C by TtPyNP (0.4 mg mL-1) 
and DgPNP (1 mg mL-1) with different substrates ratios (FU=2 mM, Ade=13, 10 and 7 mM). 
(A) 8 mM K-phosphate buffer, pH 7.0 (B) 11 mM K-phosphate buffer, pH 7.0. Formation of 
uracil, product (FA) and AnhU were calculated based on the initial concentration of FU. 
Formation values (%) from the reaction with substrate ratio of 2:13 (FU:Ade) were 
indicated beside the curves. AhU=O2,2’-anhydro-1-(β-D-arabinofuranosyl)uracil. 
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Chapter 4.  Immobilization of thermostable NPs (paper III) 

Nucleoside phosphorylases (NPs) are efficient biocatalysts, which have been 

extensively studied especially for R&D of modified nucleosides of pharmaceutical 

and biological interest (Mikhailopulo and Miroshnikov 2011; Mikhailopulo 2007). 

Thermostable NPs from thermophilic microorganisms, retaining the high regio- 

and stereo- selectivity of the mesophilic NPs, have further advantages that are 

not only associated with an increased thermostability but also with a broader 

substrate spectrum and a wider tolerance to many stresses (Zhou et al. 2013; 

Szeker et al. 2012; Almendros et al. 2012; Taran et al. 2009; Utagawa et al. 1985). 

Among them, purine nucleoside phosphorylase (EC 2.4.2.1) from Geobacillus 

thermoglucosidasius (GtPNP) (Zhou et al. 2013) and pyrimidine nucleoside 

phosphorylase (EC 2.4.2.2) from Thermus thermophilus (TtPyNP) (Szeker et al. 2012) 

have shown such promising properties. However, the majority of modified 

nucleosides are not currently synthesized by biocatalysts yet, but rather by 

traditional chemical synthesis, which consists of laborious multistage processes 

and often leads to low yields due to the poor regio- and stereo- selectivity 

resulting in the formation of unwanted isomers. It is conceivable that with the 

development of biocatalysts, enzymatic synthesis could be adopted for the 

biocatalytic synthesis of valuable pharmaceutical intermediates for their 

economic industrial production.  

Immobilization has been recognized as a very powerful tool to realize the 

application of enzymes under the relatively harsh conditions required in some 

industrial processes. More importantly, immobilized enzymes can be easily 

recovered for a potential reuse, which permits the reduction of biocatalyst cost, 

simplifies the design of the reactor and allows to realize in some cases a better 

control of the reaction (Illanes 2008; Mateo et al. 2007b). Therefore, it is highly 

desirable to immobilize NPs even if they are thermostable. 

There are several reports on the immobilization of NPs on different supports. For 

instance, thermostable GsPNP and GsPyNP from Geobacillus stearothermophilus 

(previously Bacillus stearothermophilus) were immobilized on anion exchange 

resins (DEAE-Toyopearl 650 M) (Hori et al. 1991b), or on the aminopropylated 
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macroporous glass AP-CPG-170 (Taran et al. 2009); UP and PNP from E. coli were 

immobilized on epoxy-activated resin Sepabead EC-EP (Zuffi et al. 2004); EcTP 

from E. coli, BsPNP and BsPyNP from Bacillus subtilis, AhPNP from Aeromonas 

hydrophila et al., were immobilized and compared with different ionic supports 

or epoxy-activated resins, with or without cross-linking agents (Serra et al. 2013b; 

Serra et al. 2013a; Serra et al. 2011; Rocchietti et al. 2004). To sum up, the epoxy 

supports coated with polyethyleneimine (PEI) resulted in a more stable 

biocatalyst with a moderate residual activity. However, several common 

drawbacks were identified including: (i) the potential dissociation of the 

multimeric NPs leads to a loss of enzyme activity and contamination of the 

product, which is a critical problem in pharmaceutical processes (Fernandez-

Lafuente 2009); (ii) the final biocatalyst has a low volumetric activity because of 

the relatively low enzyme loading capacity of the supports (Brady and Jordaan 

2009).  

MagReSynTM Epoxide Microspheres (MagEM), emulsion-derived particles, are an 

ingenious combination of permanent magnetic magnetite particles and a 

hydrophilic polymer with epoxide-functional groups and ionic character 

(Jordaan et al. 2013). This invention provides particles with adequate surface 

area and high functional group density throughout the open fibre network. It has 

been shown that the porous particles allow for stabilization of multimeric enzymes 

through multipoint attachment of the subunits, preventing subunit dissociation 

(Twala et al. 2012). This makes it a potentially ideal support for the immobilization 

of multimeric enzymes (Fernandez-Lafuente 2009). The combination of ionic and 

covalent binding force are coincidentally considered to be the appropriate 

supports for the immobilization of NPs (Serra et al. 2013b; Serra et al. 2013a; Serra 

et al. 2011; Rocchietti et al. 2004).  

The above arguments prompted us to explore the immobilized enzymes and in 

this paper we report the efficient immobilization of the multimeric TtPyNP and 

GtPNP on MagEM, and the characterisation of the respective preparations. 

Finally, the optimal co-immobilized biocatalysts were used for the synthesis of 2,6-

dihalogenated purine nucleosides, and the production yields were optimized. 
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4.1. Experimental 
4.1.1. General 

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), and VWR 

(Darmstadt, Germany).  Water was purified by a purification system from Merck 

Millipore (Schwalbach, Germany). MagEM and the magnetic separator were 

kindly donated by ReSyn Biosciences (Pretoria, South Africa). 

PyNP from Thermus thermophilus (TtPyNP), and GtPNP from Geobacillus 

thermoglucosidasius (GtPNP) were expressed in E. coli BL21 and purified by heat-

treatment and standard Ni-NTA affinity chromatography as previously described 

(Szeker et al. 2012; Zhou et al. 2013). The concentrations of purified protein used 

for immobilization were determined by NanoDrop1000 Spectrophotometer 

(Thermo Fisher Scientific, Wilmington, USA) (Desjardins et al. 2001), which were 

0.53 and 1.58 mg mL-1 of TtPyNP, and 6.61 mg mL-1of GtPNP. All the enzymatic 

reactions were performed on a thermomixer (Biozym, Hessisch Oldendorf, 

Germany) and analysed by HPLC Agilent 1200 series system equipped with an 

Agilent DAD detector. ARP C18 column of Phenomenex Gemini 5 μm, 150  4.60 

mm was used for chromatography (Torrance, United States). Immobilized 

enzymes were incubated in PCR machine (Eppendorf, Hamburg, Germany) for 

the thermostability test. 

4.1.2. Procedures of enzyme immobilization 

TtPyNP and GtPNP were immobilized on MagEM separately according to the 

manual (http://www.resynbio.com) with a slight modification. Briefly, 20 μL 

suspension beads (25 mg mL-1) were washed and equilibrated in binding buffer 

(50 mM K-phosphate buffer, pH 6) shortly before using. Enzyme solution with the 

binding buffer was adjusted to 10 times volume of the initial beads suspension, i.e. 

200 μL of total volume. The enzyme and beads suspension were mixed 

thoroughly and were put on the thermomixer at 50 °C and shaking at 950 rpm for 

4 h. After binding procedure, the beads were collected by magnetic separator 

and the supernatant was discarded or used for quantification of immobilization 
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yield. The beads were washed with washing buffer (50 mM K-phosphate buffer, 

pH 7.0; 1 M NaCl) for three times to remove non-covalently bound enzyme. 

Residual epoxide groups were quenched using a similar procedure, except that 

a quenching solution (1 M Tris pH 9.0) instead of the binding solution was used 

with incubation for 1.5 h. The beads were washed with 50 mM K-phosphate 

buffer pH 7.0 for three times and were ready to use or were stored at 4 °C. 

After the optimal conditions were elaborated, co-immobilization of TtPyNP and 

GtPNP was performed under these conditions in the same way of the individual 

enzyme immobilization, but the coupling enzymes were first admixed and then 

added into the beads in the binding step.  

4.1.3. Enzyme activity assay 

The activities of free enzyme and the supernatant from the binding step (soluble 

enzyme) were determined as previously described (Szeker et al. 2012; Zhou et al. 

2013). Briefly, in a 200 μl reaction mixture, 1 mM substrate was dissolved in 50 mM 

potassium phosphate buffer (pH 7.0) and pre-heated at a defined temperature 

on a thermomixer (at 300 rpm), a suitable amount of enzyme was added so that 

the reaction rate was linear over time. The reaction was stopped by adding 0.5 

volume of 10 % trichloroacetic acid. After centrifugation, the supernatant was 

analysed by HPLC. 

Activity measurements with the immobilized enzymes were performed similarly, 

but at a high shaking speed (1000 rpm) with a reaction volume of 200 or 500 μl 

on a thermomixer. Reaction was stopped by using a permanent magnet stand 

to separate the beads and the solution, the latter was withdrawn for analysis. 

For soluble and immobilized TtPyNP, 0.8 mM uridine (Urd) at 80 °C and 2 mM Urd 

at 40 °C were applied in the activity test. For soluble GtPNP, 1 mM inosine (Ino) at 

70 °C was used; while for immobilized GtPNP, 1 mM cytidine (Cyd) at 70 °C, 2′-

deoxycytidine (dCyd) at 70 °C, 2′-amino-2′-deoxyinosine (aIno) at 30–60 °C, and 

2′-amino-2′-deoxyadenosine (aAdo) at 30–80 °C were used in activity tests. For 

co-immobilized TtPyNP and GtPNP, 5 mM Urd and 3.5 mM 2,6-dichloropurine 

(26DCP) in 2 mM K-phosphate buffer were used as the substrates. 
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All assays were performed at least in duplicates. HPLC analysis was carried out as 

previously described (Szeker et al. 2012).  The conversions were quantified as 

percentage of converted substrate from the HPLC results. One unit (U) of enzyme 

activity was defined as the quantity of the enzyme required to catalyse 1 μmol 

substrate per minute under the reaction conditions. 

4.1.4. Immobilization yield (expressed activity) 

Immobilization yield was defined as the percentage activity of the immobilized 

enzyme to the native enzyme, also referred to the residual activity.  

4.1.5. Screening of immobilization conditions 

Immobilization was conducted following the procedure described above, if not 

otherwise stated.  

Screening for binding buffer pH 

Binding buffers with pH 5.0–8.5 (50 mM K-phosphate) or pH 8.5–9.0 (50 mM 

triethanolamine) were applied, wherein 70 μL TtPyNP stock (0.53 mg mL-1) and 20 

μL GtPNP stock (6.61 mg mL-1) were loaded. 

Screening for enzyme loading 

Two concentrations of TtPyNP were applied, with 1.8–14.2 mg enzyme per mL 

suspension beads (i.e. “mg mL-1 beads” for short, same as below), which equals 

to 0.07–0.57 g per g dry beads; while GtPNP was applied in a range of 2–40 mg 

mL-1 beads, which equals to 0.09–1.59 g per g dry beads. As binding buffer 50 mM 

K-phosphate (pH 6.5) was used here. 

Design of Experiments (DoE) 

To explore the influential effects in the immobilization procedure, a two-level-

three-factor full factorial design was employed. The three factors and their levels 

were: binding time (1–4 h), binding temperature (25–50 °C), and quenching time 

(0–2 h). Immobilization yield (%) was the response, which needed to be 

maximized. The experimental matrix is shown in Table 4.1. 
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GtPNP was used in this DoE as a representative. The constant conditions were: 

binding buffer 50 mM K-phosphate (pH 6.0), enzyme loading 7 mg mL-1 beads, 

binding buffer volume 100 μL (with 10 μL suspension beads). 

Experiments design and data analysis were done by the software MODDE 10.0.0 

(Umetrics AB, Malmö, Sweden).  

4.1.6. Temperature profile of immobilized GtPNP 

Temperature optima of free and immobilized GtPNP (6.6 mg mL-1beads) were 

determined from the activities at temperatures ranging from 30 to 80 °C towards 

1 mM aAdo or aIno (in 50 mM K-phosphate buffer pH 7.0). Activities were 

assayed as stated above. 

4.1.7. Thermostability of immobilized enzymes 

Immobilized TtPyNP (14.2 mg mL-1 beads), GtPNP (23.1 mg mL-1 beads) as well as 

co-immobilized TtPyNP and GtPNP (4.7 and 16.5 mg mL-1 beads, respectively) 

were incubated with 50 mM K-phosphate buffer (1 mg beads per mL buffer) in a 

PCR machine for 20 h at 75 or 80 °C. The residual activity was determined at 

different incubation time following the activity assay described above. 

4.1.8. Synthesis of 2,6-dihalogenated purine nucleosides 

2,6-Dichloro-9-(β-D-ribofuranosyl)purine (26DCP-R) 

Two-pot reaction: a reaction mixture (200 μL) containing 0.69 mg immobilized 

TtPyNP-beads (0.19 mg TtPyNP, ca. 4.1 U), 20 or 40 mM Urd, and 2 or 10mM K-

phosphate buffer (pH 7.0), was stirred at 1000 rpm at 80 °C. When the equilibrium 

was reached (i.e. where Urd conversion became constant), the reaction mixture 

and beads were separated and the supernatant was added into the same 

volume mixture (200 μL) containing 1.16 mg immobilized GtPNP-beads (0.66 mg 

GtPNP, ca. 2.4 U), 15 mM 26DCP, and 2 or 10 mM K-phosphate buffer (pH 7.0). 

The reaction was performed at 70 °C stirring at 1000 rpm.  

One-pot reaction: a reaction mixture (400 μL) containing 1.85 mg co-immobilized 

TtPyNP and GtPNP (0.19 mg TtPyNP, ca. 4.1 U; 0.66 mg GtPNP, ca. 2.4 U), 10 or 20 



Chapter 4. Immobilization of thermostable NPs (paper III) 71 
 

mM Urd, 7.5 mM 26DCP, and 2 or 10 mM K-phosphate buffer (pH 7.0), was stirred 

at 1000 rpm at 70 °C. 

Samples were withdrawn and diluted 20 times after removing the magnetic 

beads. The reaction progress was monitored by HPLC.  

One unit (U) of TtPyNP was defined as the amount of immobilized TtPyNP required 

to convert1 μmol Urd to uracil in 50 mM K-phosphate (pH 7.0) per minuteat 70 °C; 

one Uof GtPNP was defined as the amount of immobilized GtPNP converts 1 

μmol 26DCP to 26DCP-R in 2 mM K-phosphate (pH 7.0) per minute at 70 °C. 

6-Chloro-2-fluoro-9-(β-D-ribofuranosyl)purine (6C2FP-R) 

A reaction mixture (400 μL) containing: 1.85 mg co-immobilized TtPyNP and 

GtPNP (0.19 mg TtPyNP, ca.4.1 U; 0.66 mg GtPNP, ca. 5.4 U), 20-50 mM Urd, 20mM 

6C2FP, and 2-10 mM K-phosphate buffer (pH 7.0), was stirred at 1000 rpm at 70 °C. 

Samples were taken as described above. 

The unit of TtPyNP was defined as above; one U GtPNP was defined as the 

amount of immobilized GtPNP required to convert 1 μmol 6C2FP to 6C2FP-R in 2 

mM K-phosphate (pH 7.0) per minute at 70 °C. 

4.2. Results 
4.2.1. Screening of immobilization conditions 

Influence of binding buffer pH and the “maturing” of GtPNP 

For the epoxide support, although high pH was expected to favour the 

immobilization capacity (Mateo et al. 2007a; Mateo et al. 2002), TtPyNP 

displayed higher residual activity in binding buffer with lower pH values, and the 

related supernatant activities agreed with the residual activities (Figure 4.1A). 

Surprisingly, with binding buffer pH 5-6 the TtPyNP immobilization yields were 

above 150 %, indicative of enzyme activation. 

Unlike TtPyNP, GtPNP did not show a clear preference for the binding buffer pH 

(Figure 4.1C). The immobilization yields of GtPNP were tested with two substrates: 

aIno and dCyd, which yielded similar results of 30-60 % conversion (Figure 4.1B 

and C; black bar) for all binding buffers tested. The corresponding supernatants, 
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however, showed the residual activities were all less than 1.5 % (data not shown). 

Since the total residual activities from the immobilized beads (i.e. immobilization 

yield) and from the supernatant should be 100 %.  

 

Figure 4.1. Influence of pH of binding buffer (50 mM K-phosphate; *50 mM 
triethanolamine) on the residual activity of immobilized TtPyNP (A, gray bar: 2 mM Urd at 
40 °C) and the supernatants (A, white bar: 0.8 mM Urd at 80 °C), immobilized GtPNP (B: 1 
mM aIno at 30 °C; C: 1 mM dCyd at 70 °C). TtPyNP loading: 1.8 mg mL-1 beads; GtPNP: 7 
mg mL-1 beads. 
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Figure 4.2. Influence of enzyme loading on the immobilization yield (A: TtPyNP; B: GtPNP) 
and the volumetric specific activity (C: TtPyNP; D: GtPNP). 1.58 mg mL-1 and 0.53 mg L-1 

TtPyNP stocks were applied (A, C). The 2nd test of GtPNP samples were run after 28 days of 
the 1st test (B, D). Binding buffer: 50 mM K-phosphate (pH 6.5). TtPyNP activities were 
tested towards 2 mM Urd at 40 °C; GtPNP activities were tested towards 1 mM dCyd at 
70 °C. 
 

Thus, it seems that most GtPNP was immobilized, but with activity loss. 

Unexpectedly, the second run of the same GtPNP samples tested after 13 days 

storage showed dramatic increasing of their activities (Figure 4.1 C, gray bars), 

which reached 88-96 % yields in agreement with the supernatant data. In 

addition, a similar phenomenon was observed when different amounts of GtPNP 

were loaded (Figure 4.2 B). However, a similar behaviour was not observed for 

the TtPyNP samples, which kept the same activity in the subsequent second and 

the third reactions.  
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Influence of enzyme loading 

As more enzymes are loaded onto the immobilization support, it would be 

expected that the immobilization yield (residual activity) would decrease due to 

mass transfer limitations. And with more enzyme loading the biocatalyst specific 

activity will increase at beginning and stop or decrease when the supports get 

saturated with enzyme. In this study, with higher loading the immobilization yield 

of TtPyNP decreased while the specific activity kept increasing when the high 

concentration of the enzyme stock solution (1.58 mg mL-1) was applied up to 9.5 

mg mL-1 beads (Figure 4.2 A, C; closed circles). By contrast, when a lower 

concentration of TtPyNP (0.53 mg mL-1) was applied, both the immobilization 

yield and the specific activity decreased dramatically with the enzyme loading 

(Figure 4.2 A, C; open circles). With the same enzyme loading (e.g. TtPyNP was 

loaded as 5.3 mg mL-1, see Figure 4.2 A, C), a higher stock concentration resulted 

in a higher immobilization yield as well as in a higher specific activity. Therefore, 

to obtain immobilized enzyme with high yield and activity, a high concentration 

of the enzyme stock solution was required. GtPNP was loaded up to 33 mg per 

mL suspension beads and its immobilization yield of the 2nd test was still above 80 % 

(Figure 4.2 B; open triangles). Saturation was observed when GtPNP was loaded 

at 40 mg mL-1; the specific activity stopped to increase at this point (Figure 4.2 D; 

open triangles). In summary, TtPyNP can be loaded up to 9.5 mg mL-1 (equals to 

0.38 g per g dry beads) to obtain an optimal specific activity and an 

immobilization yield of 41 %; GtPNP can be applied up to 33 mg mL-1(equals to 

1.32 g per g dry beads) with an immobilization yield of 83 %. 

Design of Experiments (DoE) 

The influence of three factors (binding time, binding temperature, and 

quenching time) on the GtPNP immobilization yield was investigated by DoE 

using a two-level three-factor (23) full factorial design. The worksheet and the 

results are shown in Table 4.1. 

Binding temperature and binding time show both strong positive effects (Figure 

4.3), which are related to the reaction yield of the protein residues that bind to 

the epoxide groups of the beads. In contrast, the effect of quenching was 

insignificant and thus was removed from the model. Hence, a quadratic model 
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was established using the multiple linear regression method by software MODDE 

10.0.0. The results suggest that higher temperature and longer binding time within 

the tested range have positive effects on the immobilization yield. The 

dependencies of immobilization yield on binding temperature and binding time 

according to the model are summarized in the contour plots (Figure 4.4). So far, 

the highest immobilization yield of 65.7 % was obtained with a binding 

temperature at 50 °C and a binding time of 4 h. However, with higher binding 

temperature and longer binding time, the immobilization yield could be reached 

higher. 

Table 4.1. Immobilization conditions for GtPNP with immobilization yield as the response. 

Exp. 
No. 

Binding 
time [h] 

Binding 
temp. [°C] 

Quenching 
time [h] 

Immobilization 
yield [%][a] 

1 1 25 0 17.1 
2 4 25 0 38.3 
3 1 50 0 59.7 
4 4 50 0 64.5 
5 1 25 2 16.6 
6 4 25 2 41.4 
7 1 50 2 57.1 
8 4 50 2 65.7 
9 2.5 37.5 1 50.8 

10 2.5 37.5 1 53.1 
11 2.5 37.5 1 52.8 

[a] Immobilization yield was measured after one day “maturing” using 1 mM dCyd, 50 mM 
K-phosphate as substrates and 70 °C as the reaction temperature.  

 

The parameters used for the model evaluation showed that the model (i) fitted 

the measurements well (R2=0.996), (ii) could predict new data well (Q2=0.985), (iii) 

was valid because the model error was in the same range as the replicate error 

(model validity=0.764), and (iv) showed a good reproducibility (=0.995). For more 

details, see supplementary information (Fig. S1, Table S1). 
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Figure 4.3. Normalized coefficient plot of Immobilization Yield regression model with (A) 
and without (B) quenching time as a factor. Binding time (B_time), binding temperature 
(B_temp), and quenching time (Q_time). 
 

 
Figure 4.4. Immobilization yield dependency on binding temperature and binding time. A: 
2D contour plot; B: 3D surface plot. 
 
 

4.2.2. Temperature profile of the immobilized GtPNP 

To investigate the influence of immobilization on the enzymatic activity, the 

temperature dependence of immobilized GtPNP activity was studied for two 

substrates (aIno and aAdo). The temperature profiles for the free and 

immobilized GtPNP towards aIno are illustrated in Figure 4.5. When the substrate 

was aAdo, very similar profiles were observed (data now shown). As displayed in 

Figure 4.5, both free and immobilized GtPNP have the optimal temperature at 

70 °C as it was observed before with Ino as substrate (Zhou et al. 2013).  
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Interestingly, the relative activity, i.e. the expressed activity, of immobilized GtPNP 

was increasing with the temperature from 68 % at 30 °C to 111 % at 80 °C. These 

data imply that the immobilization would not hinder the enzyme′s thermo-activity, 

but favour the enzyme activity especially at high temperatures. 

 
 
Figure 4.5. Temperature dependence of the specific activity of the free and immobilized 
GtPNP towards aIno and the relative activity of immobilized GtPNP vs free GtPNP. 
 
 

4.2.3. Thermostability of immobilized enzymes 

The stability of immobilized TtPyNP, GtPNP and co-immobilized TtPyNP & GtPNP 

were tested at high temperature (80 °C and 75 °C) for an incubation over 20 h. 

The immobilized TtPyNP showed a high residual activity of 96 % after 20 h at 80 °C 

(Figure 4.6), which was higher than its native counterpart (75 % residual activity, 

23 h, 80 °C (Szeker et al. 2012)). Moreover, immobilized GtPNP was incubated at 

75 °C, which is 5 °C higher than its optimal temperature, and the calculated half-

life was 24.1 h (75 °C) (Figure 4.6), while the native GtPNP at 75 °C has a half-life 

of only 6.3 h. The stability of co-immobilized TtPyNP and GtPNP was very similar to 

the immobilized GtPNP; both had a residual activity of 58 % after 20 h incubation 

at 75 °C.  
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Figure 4.6. Thermostability of immobilized TtPyNP at 80 °C (open triangle), immobilized 
GtPNP at 75 °C (open circle), and co-immobilized TtPyNP and GtPNP at 75 °C (close 
circle). 
 

4.2.4. Synthesis of 2,6-dihalogenated purine nucleosides 

The optimal immobilized enzymes were applied under different reaction 

conditions to optimize the synthesis of 2,6-dihalogenated purine nucleosides. The 

basic synthetic strategy is illustrated in Scheme 4.1. 
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Scheme 4.1. Synthesis of 2,6-dihalogenated purine nucleosides by biocatalyst. 
 

The use of magnetic beads allowed for the simple separation of biocatalysts from 

the reaction mixture making it possible to compare two synthesis strategies: (i) 

Two-pot reaction. Firstly, -D-Rib-1P was produced from Urd by immo_TtPyNP; 

secondly, the reaction mixture containing -D-Rib-1P was separated from 

immo_TtPyNP and used as the glycosyl donor for the product (26DCP-R) synthesis 

with added immo_GtPNP and purine base (26DCP). (ii) One-pot reaction. All 

substrates and biocatalysts were added into a single reaction mixture.  
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Table 4.2. Application of biocatalyst for the synthesis of 26DCP-R[a]. 

Biocatalyst Vial 
Substrate [mM] Conversion [%][b] 

Urd Phosphate Urd 26DCP 

Immo_TtPyNP[c] 
1 20 2 14.7 - 
2 20  10  23.7 -  
3 40  10  15.5 -  

Immo_GtPNP[d] 
4 10 2  14.8 17.0 
5 10  10  23.6 26.7 
6 20 10  15.5 36.5 

Co-immo[e] 
(TtPyNP&GtPNP) 

7 10  10 57.0 55.6 
8 10  6  54.4 60.3 
9 10  2  53.0 63.2 

10 10  1.4 57.1 68.7 
11 20  1.4  36.1 78.5 
12 20  6  37.6 72.8 

 [a] Vials 1-12 were 30 min reactions (equilibrium reached). Experimental conditions were 
described under Experimental section 4.1.8. The highest standard deviation is less than 
10 %. 

[b] Conversion was calculated from HPLC analysis, which were the percentage of the 
converted Urd or 26DCP. 

[c] First step of “two-pot reaction” for producing -D-Rib-1P for the second step. Vials 1-3 
were the phosphorolysis of Urd (without 26DCP).  

[d] Second step of “two-pot reaction” for 26DCP-R synthesis. Vials 4-6 were from the 
reaction mixture of vials 1-3 added with immo_GtPNP and 26DCP (final 7.5 mM).  

[e] One-pot reaction. Vials 7-12 contain 7.5 mM 26DCP. 
 

As reported in Table 4.2, for the two-pot reaction, on increasing phosphate 

concentration the yield (conversion of purine base by HPLC analysis, the same as 

below) increased (17.0 % to 26.7 %, vials 4 and 5). In contrast, for the one-pot 

reaction the yield increased with decreasing phosphate concentration (55.6 % to 

68.7 %, vials 7-10; and 72.8 % to 78.5 %, vials 11-12). Moreover, with the same 

substrates composition, the one-pot reaction resulted in a significantly improved 

yield compared to the two-pot reaction (63.2 % vs 17.0 %, vial 9 vs 4; 55 % vs 

26.7 %, vial 7 vs 5). A yield improvement was also achieved, as expected, by 

raising the concentration of Urd (vial 6 vs 5 and 11 vs 10). The highest yield of 

26DCP-R (78.5 %) was obtained from the one-pot reaction by co-immobilized 

TtPyNP and GtPNP (10.3 U mL-1 and 5.9 U mL-1) at 70 °C with 1.4 mM phosphate, 

20 mM Urd and 7.5 mM 26DCP in 30 min. The productivity of 26DCP-R was 

calculated as 1.51 g L-1 h-1. 
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According to the results of 26DCP-R synthesis, one-pot reaction with low 

phosphate concentration and high substrate concentration were used for 

6C2FP-R synthesis because 6C2FP has higher solubility than 26DCP. For the 

synthesis of 6C2FP-R (Figure 4.7), the highest yield (85.5 %) was obtained from 

one-pot reaction by co-immobilized TtPyNP and GtPNP (10.3 U mL-1 and 13.5 U 

mL-1) at 70 °C with 2 mM phosphate, 50 mM Urd and 20mM 6C2FP in 180 min. The 

productivity of 6C2FP-R was calculated as 1.97 g L-1 h-1. 

 

Figure 4.7. The course of synthesis of 6C2FP-R by co-immobilized TtPyNP and GtPNP)10.3 
UmL-1 and 13.5 U mL-1) at 70 °C in 2 mM phosphate buffer (pH 7.0) with 50 mM Urd and 20 
mM 6C2FP. 

 

4.3. Discussion 

In this study, the main purpose of enzyme immobilization is to improve the 

efficiency of enzyme utilization. Therefore, high immobilization yield with high 

enzyme loading is the goal. Considering the immobilization protocol and the 

beads character, binding buffer pH, enzyme loading, binding time and 

temperature, as well as quenching were identified as the main factors to be 

investigated. Among these, the first two have dominant influence. The pH of the 

binding buffer will affect the reactivity of the enzymes amino acid residues to the 

epoxide functional groups on the beads; while the enzyme loading affects the 

mass or volumetric specific activity of the immobilized enzymes (Illanes 2008). 
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buffer pH and enzyme loading and factorial design was applied for determining 

the influence of the other factors. 

The functional groups of the MagReSynTM Epoxide Microspheres (MagEM)  are 

epoxides, which are able to react with the nucleophile groups on the enzyme 

surface (e.g. amino, thiol, phenolic and imidazole) under very mild experimental 

conditions (e.g. pH 7.0) for a long period of time (Mateo et al. 2007a; Katchalski-

Katzir and Kraemer 2000). At higher temperatures and at alkaline pH conditions, 

the reactivity of the enzyme residues is supposed to be higher as most of the 

nucleophile groups on the enzyme surface have a pKa above 7.0 (Mateo et al. 

2007a; Mateo et al. 2002). To shorten the incubation time, we chose 50 °C as the 

standard immobilization temperature since both TtPyNP and GtPNP are 

thermostable enzymes and are stable at 80 °C and 70 °C, respectively (Zhou et al. 

2013; Szeker et al. 2012).  

The conventional epoxy supports are mostly hydrophobic and require high ionic 

strength (e.g. 1-3 M sodium phosphate) to improve the hydrophobic interaction 

between protein and the support. It was reported that at low ionic strength (50 

mM sodium phosphate) the enzyme penicillin G acylase couldn′t be immobilized 

to any of the commercial epoxy supports Eupergit C, Sepabeads-EP or agarose 

epoxy (Mateo et al. 2002). Moreover, using Eupergic C or Sepabeads FP-EC3, 

Bacillus subtilis UP and PNP could be absorbed on the supports at high ionic 

strength (2 M potassium phosphate buffer), however, the expressed activity was 

very poor to negligible (Rocchietti et al. 2004). The inactivity could be ascribed to 

the exposure of the enzyme active center onto the hydrophobic support by the 

force of adsorption in the high ionic strength medium (Mateo et al. 2002). By 

contrast, the immobilization of the above mentioned BsUP and BsPNP using 

modified Sepabeads FP-EC3 with PEI coated by dextran aldehyde and 

hydrophilic glyoxyl-agarose, the expressed activity increased to 78 % and 50%, 

respectively (Rocchietti et al. 2004). Therefore it is advisable to use a hydrophilic 

epoxide support for the immobilization of NPs; otherwise the distortion of the 

enzyme active center might occur by using hydrophobic support in high ionic 

strength buffer. The polymer matrix chosen for this study (epoxy activated 

hydrophilic polymer) allowed for the use of low ionic strength buffers (50 mM 

phosphate) and provided the highest chance for immobilization success. 
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Immobilized GtPNP was found to increase in activity during storage within 15-30 

days. This unique phenomenon has not been described previously in the 

literature. Some possible explanations could be: (i) The immobilized enzyme 

needs time for its “maturing” or rearrangement. (ii) The cationic nature of the 

support may adsorb phosphate anions from the storing solution, which can 

increase the apparent activity of the enzyme. This phenomenon was, however, 

not observed in the TtPyNP samples. Besides, the preference of the binding buffer 

pH was also different for GtPNP and TtPyNP (Figure 4.1). 

 The divergence can potentially be ascribed to the structural differences of 

GtPNP and TtPyNP. According to Pugmire and Ealick (Pugmire and Ealick 2002), 

GtPNP belongs to the PNPII subfamily of the NP-I family, which is hexameric with 

single-domain subunits; TtPyNP belongs to the NP-II family, which is dimeric with 

two-domain subunits. Furthermore, TtPyNP requires significant domain 

movements for catalysis, while GtPNP does not. It appears that TtPyNP needs a 

flexible support for the immobilization to allow its domain movements and 

maintenance of its activity. The MagEM used in this study can fulfil this 

requirement through the claimed flexible polymer structure of the support. 

Indeed, a similar strategy was employed successfully for the immobilization of E. 

coli TP (Serra et al. 2011) and B. Subtilis PyNP (previously BsUP) (Serra et al. 2013a; 

Rocchietti et al. 2004), which belong to the same enzyme family, onto epoxide 

Sepabeads which were coated with PEI and finally cross-linked with dextran. In 

contrast, GtPNP is relatively rigid and if it was immobilized on flexible support it 

might need time to recover its rigid structure. PNP from other sources, e.g. 

Aeromonas hydrophila PNPII (Serra et al. 2013b) and BsPNP (Rocchietti et al. 

2004), was immobilized by different strategies. The best result, a high 

immobilization yield of 20-30 % and a high stability (residual activity >60 % after 20 

h), was obtained by the use of a hydrophilic support, glyoxyl-agarose at pH 10, 

and addition of a surface-active agent (e.g. Triton X-100 or glycerol) and an 

enzyme ligand (Serra et al. 2013b; Rocchietti et al. 2004). By comparison, 

immobilization on MagEM at mild conditions (50 mM phosphate buffer, pH 6.5) 

without any additive or post-immobilization quenching, the immobilization yield 

of GtPNP was above 80 % (Figure 4.2 B, 2nd test) even with very high enzyme 

loading of 1.32 g enzyme per gram of dry beads; while the highest previously 
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reported loading of AhPNPII was only 5 mg g-1 (Serra et al. 2013b). Furthermore, 

the immobilized GtPNP maintained 58 % activity after 20 h at 75 °C (Figure 4.6), 

which indicates the suitability of the system for operation at higher temperature 

to increase reaction speed.  

The multimeric TtPyNP and GtPNP were efficiently loaded up to 0.38 and 1.32 g 

per g dry beads with 41 % and 83 % immobilization yield, respectively. This 

unusually high binding capacity was also reported on aldehyde ReSynTM 

microspheres for other proteins such as BSA (1.7 g per g beads), NOD (1.3 g per g 

beads, 24 % immobilization yield) as well as for the multimeric enzyme GDH (0.5 g 

per g beads, 42 % immobilization yield) (Twala et al. 2012). 

By contrast, the NPs family enzymes EcUP and EcPNP immobilized on amino 

propylated macroporous glass AP-CPG-170 was loaded at 3 mg g-1 

(Konstantinova et al. 2004); BsPyNP immobilized on Sepabeads-PEI-dextran and 

BsPNPon glyoxyl-agarose (Rocchietti et al. 2004), CpUP, CkPNP I and AhPNP II on 

aldehyde-agarose (Serra et al. 2013b), were all loaded at mg g-1 quantities by 

almost three orders of magnitude less than that reported in this study. The main 

reason for this difference is likely related to the properties of the supports 

including the surface area, the functional group density, hydrophicity and so on. 

The particle size of MagEM is around 10 μm and the claimed functional group 

density is up to 3500 μmol g-1 (www.resynbio.com), while the common epoxide 

supports Sepabeads-EP are around 200 μm (www.resindion.com) and the density 

of epoxide groups on the surface of the beads is 600 μmol g-1 dry Sepabeads-EP 

(equivalent to that of Eupergit C) (Mateo et al. 2002; Katchalski-Katzir and 

Kraemer 2000). The claimed porous structure of the MagEM might provide 

suitable mass transfer characteristics as well as confer multipoint attachment for 

the stabilisation of multimeric proteins. The benefits of the high binding capacity 

supports the efficiency of biocatalytic reactions by reducing the cost (lower 

carrier cost) while further improving volumetric activity. The high functional group 

density, thus high binding capacities, reduces the risk of enzyme leaking which 

may lead to the product contamination, a critical problem in the product of 

pharmaceutical intermediates. With high binding capacity supports, we 

deduced that enzymes can be safely immobilized at lower enzyme loading and 

maintain a high activity. This was especially impressive for TtPyNP, which had a 
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residual activity of 150 % (Figure 4.1A). The reason might involve (i) a favourable 

partition effect (Illanes 2008) that the substrate (phosphate ion) was absorbed by 

the polymer support through ionic interaction; (ii) some beneficial structural 

change for the improvement of the enzyme activity. The specific cause warrants 

further investigation (e.g. determine for the stability, pH profile, and Km & Vmax of 

each preparation). 

Due to the high volumetric activity, non-natural substrates with poor substrate 

properties were chosen for subsequent characterisation since the natural 

substrates were depleted too rapid under the optimal conditions. With this 

strategy, increased quantities of enzyme could be loaded according to the 

requirements of industrial application. Finally, the outstanding properties of the 

prepared biocatalysts were further verified in the synthetic application. Two 2,6-

dihalogenated purine nucleosides, 26DCP-R and 6C2FP-R, as important 

precursors for the synthesis of many anti-leukaemia drugs (e.g. Cladribine, 

Clofarabine, Fludarabine) and other new nucleosides of potential 

pharmaceutical importance, were successfully synthesized and the product 

yields were optimized. The efficient recovery of the magnetic beads allowed for 

the step-by-step analysis study of the enzymatic cascade reactions. We found 

that PNP coupled with PyNP worked more efficiently than PNP alone with -D-

Rib-1P and purine base. In contrast to previous reports (Ubiali et al. 2004; 

Lewkowicz et al. 2000), very low concentration of phosphate (1.4 mM instead of 

10-30 mM) was found as the optimal condition for the product formation in the 

one-pot reaction.  

4.4. Conclusion 

This work demonstrates that the proposed MagEM procedure is ideally suitable 

for the immobilization of multimeric thermozymes at the example of TtPyNP and 

GtPNP. Following a simple protocol, the resulting biocatalyst displays a 

combination of high enzyme activity maintenance with high enzyme loading, as 

well as improved enzyme stability. The magnetic property makes the recovery of 

the biocatalysts much easier at the scale employed in this study, while the 

separation at larger scale has yet to be determined.  
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The screening of the immobilization conditions suggests that binding buffer pH, 

enzyme loading, binding temperature and binding time are important factors to 

be considered. A non-linear model based on DoE was established to describe 

the relationship between an immobilization yield and binding time with binding 

temperature. 

The application of the biocatalyst (4.6 mg mL-1) in the synthesis of 26DCP-R and 

6C2FP-R resulted product yields of 78.5 % and 85.5 % with productivities of 1.51 g 

L-1 h-1 and 1.97 g L-1 h-1, respectively. 

Enzyme immobilization with MagEM provided several advantages for this small 

scale study. However, we foresee several challenges in the separation of the 

magnetic microspheres at larger scale. Further magnetic supports potentially 

negate the use of a continuous process. Proposed methods of separation for 

large scale include an electromagnetic stick within the reactor, or an 

electromagnetic mesh, which might provide a solution for using magnetic beads 

at increased scale. 

  



86 Chapter 5. Enzymatic synthesis (paper IV) 
 

Chapter 5.  Enzymatic synthesis (paper IV) 

The foregoing investigations of 26DCP-(d)R and 6C2FP-(d)R synthesis (by the 

thermostable NPs) have been described in details in Chapter 3.1 & 3.2. However, 

all the experiments were performed in small scale (0.2 to 1 mL). Besides, low 

concentration of the substrate (1 mM purine base) was used.  

In this work, the solubility of different purine bases was measured (paper IV, table 

2). A clear picture of the temperature dependence of the base solubility can be 

drawn. That is, much higher solubility especial for 6C2FP was observed at the 

higher temperature, which implied that very high substrate concentration could 

be applied (up to 150.2 mM at 80 °C). On the other side, extremely low solubility 

was observed on 2-Cl-Ade (0.5 mM at 80 °C) as well as on 2-F-Ade (4.0 mM at 

80 °C). The former is the purine base in Cladribine and Clofarabine; the latter in 

Fludarabine. These data suggest that although PNPs could catalyse the synthesis 

of Cladribine from 2-Cl-Ade efficiently (paper IV, table 4) the exceedingly low 

solubility of 2-Cl-Ade precludes its application. Therefore, the new idea is to use 

these highly soluble purine nucleosides to offer the halogenated purine base 

instead of using the insoluble base directly. To prove this idea, we need perform 

more experiments regards to the ammonolysis of dihalogenated purine 

nucleosides and transglycosylation of two nucleosides (Scheme 5.1 & 5.2). 

The used biocatalysts have intrinsic excellent thermostability and are suitable for 

industry application. The obtained compounds (26DCP-R and 6C2FP-R) implied 

versatile transformations to produce diverse nucleoside drugs, such as Cladribine 

1, Clofarabine 3, and Fludarabine 6 (numbering according to paper IV, the same 

below). This approach is a breakthrough in the low solubility problem for the 

synthesis of 2Cl-Ade and 2F-Ade nucleosides.  

The importance of 2,6-dihalogenated purine nucleosides (7-10) is not only 

confined to their potential bioactivities. Furthermore, they are precursors that can 

be converted to other well-known anti-viral or anti-tumour drugs by one-step 

ammonolysis. For example, 6C2FP-R (9) can be used to synthesize the cytotoxic 

compound 2-fluoroadenosine (5) by direct ammonolysis. With AraU as 

pentofuranosyl donor, 5 can be further enzymatically converted into another 
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antitumor drug Fludarabine 6 (Scheme 5.1). Here, the heterocyclic base is 

offered by 6C2FP-R not by 2F-Ade because the latter has extremely poor 

solubility while 6C2FP-R has a more than 150-time higher solubility than 2F-Ade at 

40 °C in aqueous solution (212 mM vs 1.4 mM, paper IV, table 2). The 

ammonolysis product 5 is supposed to be water soluble and can provide its base 

by enzymatic transglycosylation. 

 

O

N

NN

N

Cl

HO OH

HO F

O

N

NN

N

NH2

HO OH

HO F
O

N

NN

N

NH2

HO

HO F

5 6

OH
AraU

TtPyNP + GtPNP

9

NH3 / Dioxane

O

N

NN

N

Cl

HO OH

HO NH2

(by product)

Fludarabine

 

Scheme 5.1. 6C2FP-R (9) used for other nucleosides synthesis. 
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Scheme 5.2. 26DCP-R (7) used for other nucleosides synthesis. 

In a similar way, 26DCP-R (7) can be converted to 2-chloroadenosine (2), and 

the latter can be used as 2Cl-Ade donor for the synthesis of at least two 

antitumor drugs (Scheme 5.2), Cladribine 1 and Clofarabine 3. Both are used for 

the treatment of leukaemia.  
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26DCP-dR (8) can be converted to 1 by one-step ammonolysis (Scheme 5.3), 

which would be an alternative route for the synthesis of Cladribine. Komatsu and 

Araki reported that the ammonolysis of 8 performed in NH4OH/CH3CN resulted in 

1 of 98 % HPLC yield, in which they used E. coli PNP to synthesize 8 (Komatsu and 

Araki 2005), however, 8 were converted from the highly unstable 2-deoxyribose-

1-phosphate, which has to be prepared freshly. 
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Scheme 5.3. 26DCP-dR (8) converted to Cladribine (1). 

Therefore, a great advantage of this method is that it enables the universal 

preparation of the modified sugar moiety and/or modified purine nucleosides. 

Overall, the main results obtained from this work are: 

 TtPyNP, GtPyNP and GtPNP were immobilized and used as biocatalysts in 

the synthesis of 26DCP-R and 6C2FP-R. After optimization, the yields (tested 

by HPLC) were increased from 54 % and 63 % (substrate: 1 mM base) to 78 % 

(16 mM base) and 85 % (50 mM base), respectively. 

 6C2FP-R was synthesized in 50 mL by the immobilized enzymes with high 

substrate concentration. Product was successfully isolated and purified. 

The structure was confirmed by 1H-NMR, 13C-NMR, and the high resolution 

MS. 

 The apparent activity assay of PNPs towards purine bases was established, 

which is useful to determine the synthesis rate (from the reverse reaction of 

phosphorolysis) without using the expensive intermediate (d)R-1-P. 

Conversely, the standard assay can only measure the phosphorolysis rate 

(forward reaction). 
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Chapter 6.  Conclusion and outlook 

The aims of this work have been achieved, based on (i) the recombinant 

thermostable nucleoside phosphorylases expression in E. coli, (ii) enzyme 

characterisation and the related reaction processes analysing, (iii) enzyme 

immobilization, (iv) the use of the immobilized biocatalysts for the synthesis of 

modified purine nucleosides, and (v) product (6C2FP-R) purification and structure 

confirmation. Here, the main results, conclusions and outlook of this work will be 

summarized. 

6.1. Enzyme expression and characterisation 

 An analysis of the enzymatic synthesis of nucleosides allows us to conclude 

that the combined chemo-enzymatic method manifests an efficient, 

simple and “green” method; and the enzymes – nucleoside 

phosphorylases (NPs), play the crucial important role in both cascade 

transformation and transglycosylation, which prompts us to turn our 

attention to thermostable NPs. 

 Five NPs from thermophilic microorganisms have been successfully 

expressed in E. coli, containing two pyrimidine nucleosides from G. 

thermoglucosidasius (GtPyNP) and T. thermophilus (TtPyNP); three PNPs 

from D. geothermalis (DgPNP), G. thermoglucosidasius (GtPNP) and A. 

pernix (ApMTAP). 

 The purified enzyme productivity (volumetric yield) was calculated based 

on the OD600 measurement (   cells number) and it is shown that the 

expression levels agree with the CAI prediction, which in the order of 

expression difficulty:  ApMTAP > TtPyNP > DgPNP > GtPyNP > GtPNP. 

 The factors which have big influence on the expression level are: his-tag 

position and length (matter of test), 5’mRNA stability (highly stable in the 

genes of thermozymes, which can be relieved by increasing cultivation 

temperature and silence mutation), disulfide bond (often appears in the 

hypothermophilies Archaea) and rare codon (difficult for E. coli to express). 

EnPresso medium (controlled substrate delivery technology) is effective for 

relieving the negative factors. 
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 The effect of temperature on the activity of each enzyme was tested from 

30 °C to 99 °C. DgPNP, GtPNP, and GtPyNP showed an optimum 

temperature at 55 °C, 70 °C, and 60 °C, respectively. TtPyNP and ApMTAP 

showed a reaction rate increased with the temperature until the highest 

point tested (99 °C). However, a dramatic activity lost at low temperature 

was evident for TtPyNP and ApMTAP, which suggests that an activation 

temperature is needed for those thermozymes. 

 All the NPs in this study exhibited expected thermostability according to 

their optimum temperatures. The effect of organic solvent was tested for 

PNPs and they showed resistance to organic solvent (MeOH and DMSO) in 

some degree. ApMTAP showed an unusual high stability which resists heat 

denaturation (90 °C) and even keeps active after running SDS-PAGE ! 

 TtPyNP and GtPNP displayed a particularly high catalytic activity (high kcat) 

towards natural substrates comparing to the other reported NPs. 

 TtPyNP showed a broad substrate specificity which can phosphorolyse 2’- 

or 3’-NH2, 2’-F (ribo- or arabino-) and 2’-OH (arabino) substituted 

pyrimidine nucleosides, and also natural purine nucleosides as well. 

 All the PNPs showed a rather broad substrate spectrum: modified on sugar 

moiety 2’- or 3’-NH2, 2’-F (ribo- or arabino-) and 2’-OH (arabino); also on 

purine base 2,6-Cl or F substituted purine nucleosides can be accepted as 

substrate at different activity level. 

 Amino acid sequence analysis by multiple sequence alignment provided 

the important information of the relationship between the enzyme 

substrate specificity and the key amino acid residues of the enzyme active 

sites. Through this, DgPyNP is suggested to be promising biocatalyst; “low-

mm” PNPs from thermophiles are supposed to be tolerant to sugar moiety 

modified nucleosides. 

6.2. Transglycosylation processes 

Three types of translycosylation reactions by coupled PyNP and PNP were studied. 

With Urd as pentofuranosyl donor, an equilibrium product yield will be reached; 

with Thd (2’-deoxynucleoside) as donor, a drop of product yield due to the 

degradation of the intermediate compound dR-1-P was observed; with 2’-fluoro 
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substituted uridine as donor, reaction was kinetically controlled by the enzyme 

activity towards the substrates, for obtaining a high product yield, big enzyme 

amount and long reaction time are suggested. 

6.3. Immobilization 

 TtPyNP and GtPNP were successfully immobilized on the magnetic 

microsphere beads with high enzyme activity maintenance and high 

enzyme loading, as well as improved enzyme stability. 

 The screening of the immobilization conditions suggests that binding buffer 

pH, enzyme loading, binding temperature and binding time are important 

factors to be considered. 

 The application of the immobilized enzymes (4.6 mg mL-1) in the synthesis 

of 26DCP-R and 6C2FP-R achieved product yields of 78.5 % and 85.5 % 

with respective productivity of 1.51 g L-1 h-1 and 1.97 g L-1 h-1. 

6.4. Enzymatic synthesis 

 The solubility of different purine bases was measured. Increasing 

temperature can remarkably increase the 6C2FP solubility, which implied 

that very high substrate concentration could be applied (up to 150.2 mM 

at 80 °C). On the other side, extremely low solubility was observed on 2-Cl-

Ade (0.5 mM at 80 °C) as well as on 2-F-Ade (4.0 mM at 80 °C). 

 The immobilized enzymes were used in the synthesis of 26DCP-R and 

6C2FP-R. After optimization, the product yields (HPLC) were increased 

from 54 % and 63 % (substrate: 1 mM base) to 78 % (16 mM base) and 85 % 

(50 mM base), respectively. 

 6C2FP-R was synthesized in 50 mL by the immobilized enzymes with high 

substrate concentration. Product was successfully isolated and purified by 

normal silica column. The structure was confirmed by 1H-NMR, 13C-NMR, 

and high resolution MS. 
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6.5. Outlook 

The biocatalytic properties of the thermostable nucleoside phosphorylases in this 

study reveal their great practical potential. To attain the goal for the application, 

future work could include: 

 Comparing immobilization on magnetic microspheres and other 

possibilities for the large scale biotransformation. 

 Establishing a continuous process in lab scale.  

 Investigation of enzyme cascade process (including ribokinase and 

phosphopentomutase or the enzymes which could shift transglycosylation 

equilibrium). 

 Development of kinetic model for cascade enzymatic transformation. 

 Optimization of enzyme process by combination of design of experiments 

(DoE) and modelling. 

 Investigation of novel method for product isolation and purification (ion-

exchange resins coupled with reaction process engineering). 

 Searching for new biocatalysts from diverse sources through rational 

bioinformatics analysing and data mining (e.g. DgPyNP, thermostable 

NDTs). 
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Chapter 7.  Appendix 

7.1. Multiple sequence alignment 
7.1.1. Original alignment result of PyNP & TP from 3D-Coffee 
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7.1.2. Recoloured alignment of PyNP and TP 

 

The shading represents the degree of sequence identity. The active sites are 
indicated in red box (Pugmire and Ealick 1998; Mendieta et al. 2004). 
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7.1.3. Recoloured alignment of PNP (I/II) and UP 
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The amino acid residues are coloured according to their physicochemical 
properties as follows: 

  

Aliphatic/hydrophobic ILVAM 

Aromatic FWY 

Positive KRH 

Negative DE 

Hydrophilic STNQ 

Conformationally special PG 

Cysteine C 
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7.2. 3D-structure of NPs by homology modelling 
7.2.1. Structures of PyNPs 
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7.2.2. Structures of PNPs 
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7.2.3. Structures of UPs 

 

 

 

7.2.4. Structure of MTAP 
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7.3. Supporting information (paper III) 

 
Fig. S1. Observed vs predicted plot for immobilization yield. 

 

 

Table S1. Analysis of variance (ANOVA) for the Immo_Yield  model. 

Immo_Yield DF SS MS 
(variance) F p SD 

Total 11 27352 2486.55    
Constant 1 24393.1 24393.1    

Total corrected 10 2958.91 295.891   17.2015 

Regression 4 2946.74 736.686 363.296 0.000 27.142 

Residual 6 12.1667 2.02778   1.424 

Lack of Fit 
(Model error) 4 9.50003 2.37501 1.78125 0.390 1.54111 

Pure error 
(Replicate error) 2 2.66667 1.33334   1.1547 

 N = 11 Q2 = 0.985 Cond. no. = 3.601  
 DF = 6 R2 = 0.996 RSD = 1.424  
  R2 adj. = 0.993    
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ANOVA, Statistical appendix (MODDE 10) 
 
Analysis of variance (ANOVA) partitions the total variation of a selected response 

SS (Sum of Squares corrected for the mean) into a part due to the regression 

model and a part due to the residuals. 

SSTotC = SSregr + SSresid 
If there are replicated observations (experiments), the residual sum of squares is 

further partitioned into pure error (SSpe) and Lack of fit (SSlof). 

SSresid = SSpe + SSlof 

DFresid = (n - p) 

SSpe = ∑ (eki - ek)2 

DFpe = ∑ (nk - 1) 

DFlof = n - p - ∑ (nk - 1) 

where  

∑ loops over ki resp k. 

n = number of experimental runs (excluding missing values). 

nk = number of replicates in the kth set. 

p = number of terms in the model, including the constant. 

ek = average of the nk residuals in the kth set of replicates. 
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a  b  s  t  r  a  c  t

The  recombinant  expression  and biocatalytic  characterization  of two thermostable  pyrimidine  nucleoside

phosphorylases  (PyNP),  isolated  from  Geobacillus  thermoglucosidasius  (Gt)  and  Thermus  thermophilus  (Tt)

is  described.  Both  enzymes  are  highly  thermostable  (half  life  of  GtPyNP  is 1.6  h  at 70 ◦C,  half  life  of  TtPyNP

is  >24  h  at  80 ◦C).  Kinetic  parameters  for  the  phosphorolysis  of  natural  substrates  were determined  for

GtPyNP  at  60 ◦C (Km for  uridine  2.3  mM, Km for  thymidine  1.3  mM) and  TtPyNP  at  80 ◦C (Km for  uridine

0.15 mM, Km for thymidine  0.43  mM). The  kcat values  for  uridine  are almost  identical  for  both  enzymes  (ca.

277  s−1),  while  the  kcat value  for  thymidine  is about  8  times  higher  for  TtPyNP  than  for  GtPyNP  (679  s−1

vs.  83  s−1).

Both enzymes  were  tested  towards  the ability  to  catalyze  the  phosphorolytic  cleavage  of  2′-
fluorosubstituted  pyrimidine  nucleosides  – a prerequisite  for  the  efficient  synthesis  of  a number  of

relevant  purine  nucleoside  analogues.  GtPyNP  showed  poor  activity  towards  2′-deoxy-2′-fluorouridine

(dUrd2′F; 0.4%  substrate  conversion  after  30  min),  and the  phosphorolysis  of  the  epimeric  counterpart  1-

(2-deoxy-2-fluoro-�-d-arabinofuranosyl)uracil  (dUrd2′F)  could  not  be  detected  at  all.  By  contrast,  TtPyNP

showed  dramatically  higher  conversion  rates  (15.6%  and  1.6%  conversion  in  30 min of  both  substrates,

respectively).  The  amount  of  converted  pyrimidine  nucleosides  increased  significantly  with  time.  After

17  h 65%  of  dUrd2′F and  46%  of  dUrd2′F was phosphorolytically  cleaved.

Our  results  demonstrate  the  potential  of  TtPyNP  as a  biocatalyst  in  transglycosylation  reactions  aiming

at  the  production  of  2′-fluorosubstituted  purine  nucleosides  that  are  highly  bioactive  but  hardly  accessible

by  chemical  methods.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pyrimidine nucleoside phosphorylases (PyNP; EC 2.4.2.2) are

homodimeric enzymes that are involved in the nucleotide salvage

pathway of some lower organisms [1–3]. In the presence of phos-

phate ions, PyNP catalyzes the reversible phosphorolytic cleavage

Abbreviations: PyNP, pyrimidine nucleoside phosphorylase; PNP, purine

nucleoside  phosphorylase; NP, nucleoside phosphorylase; TP, thymidine phos-

phorylase; UP, uridine phosphorylase; Tt, Thermus thermophilus; Gt, Geobacillus

thermoglucosidasius;  dUrd2′F, 2′-deoxy-2′-fluorouridine; dUrd2′F, 1-(2-deoxy-2-

fluoro-�-d-arabinofuranosyl)uracil.
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of the glycosidic bond of pyrimidine nucleosides or closely related

derivatives thereof according to the following general reaction

scheme (Scheme 1).

Structurally, PyNP is closely related to human thymidine phos-

phorylases (TP; EC 2.4.2.4) – an angiogenic enzyme that was  found

to be identical to the platelet-derived endothelial cell growth fac-

tor in humans [4,5]. Together, TP and PyNP form the nucleoside

phosphorylase-II family, which share a common two-domain sub-

unit fold and a high level of sequence identity [3]. Despite the

similarity of the reaction catalyzed, uridine phosphorylase (UP;

EC 2.4.2.3) belongs to the phosphorylase-I family with distinct

structural characteristics. From the catalytical point of view, TP is

distinguished from UP due to its high specificity for the 2′-deoxy-

d-ribofuranose moiety of pyrimidine nucleosides [3]. By contrast,

PyNP does not discriminate between uridine (1) and thymidine (2)

and accepts both compounds as natural substrates [6].

This  rather broad substrate specificity makes PyNP a versatile

biocatalyst suitable for certain synthetic applications, e.g. for the

1381-1177/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcatb.2012.02.006



Author's personal copy

28 K. Szeker et al. / Journal of Molecular Catalysis B: Enzymatic 84 (2012) 27– 34

Scheme 1.

enzymatic synthesis of nucleosides. Of particular interest is the
synthesis of modified nucleosides, that can be used as pharmaceu-
tical agents for the treatment of viral infections and cancer, as well
as in molecular biological techniques and diagnostics [7–10]. For
their synthesis, efficient chemo-enzymatic approaches have been
developed, among them the enzymatic transglycosylation of chem-
ically modified nucleosides [11]. Scheme 2 illustrates the enzymatic
synthesis of modified purine nucleosides as an example: by the
concerted action of a PyNP and a purine nucleoside phosphory-
lase (PNP; EC 2.4.2.1), a pentofuranosyl moiety is transferred from
a pyrimidine nucleoside that serves as pentofuranosyl donor to a
heterocyclic purine base that serves as pentofuranosyl acceptor. It
is obvious that the lack of enzymes with broad substrate specifici-
ties is limiting the application spectrum of this strategy. In addition,
the efficiency of such processes, when run at high temperatures, is
often reduced due to the thermal lability of the biocatalysts.

The  search for enzymes with improved properties is hence of
prime importance in this field of research and prompted us to
investigate biocatalytical characteristics of novel nucleoside phos-
phorylases. In contrast to PNPs that have been extensively studied
from a multitude of mesophilic and thermophilic (micro) organ-
isms [12–15], PyNPs have been hardly studied in detail. Only few
examples can be found in the scientific literature: PyNP from Bacil-
lus subtilis [16], Geobacillus stearothermophilus [1,2,6] and from T.

thermophilus [17]. With respect to practical use as biocatalyst, only
the G. stearothermophilus enzyme has been described [18].

In  the present study, we report on the recombinant expres-
sion and characterization of two additional thermostable PyNPs,
derived from G. thermoglucosidasius 11955 (GtPyNP) and T.
thermophilus HB27 (TtPyNP), respectively. Albeit the expres-
sion and crystallization of PyNP from T. thermophilus HB8 has
been reported [17], information about the biocatalytic char-
acterization is not available. Here, we  investigate thermal
characteristics and kinetic parameters as well as the ability to
phosphorolyze 2′-fluorosubstituted pyrimidine nucleosides, viz.,
2′-deoxy-2′-fluorouridine (dUrd2′F) and 1-(2-deoxy-2-fluoro-�-d-
arabinofuranosyl)uracil (dUrd2′F) (Scheme 2), which are of special
interest, as sugar donors, for purine nucleoside synthesis. Our data
reveal striking differences of the conversion rates depending on the
substrate analogue and the biocatalyst applied.

2. Experimental

2.1. Molecular biology

G.  thermoglucosidasius 11955 was grown for 1.5 days at 52 ◦C
in Luria Broth (10 g l−1 tryptone, 5 g l−1 yeast extract, 10 g l−1

NaCl, pH 7.0), whereas T. thermophilus HB27 was  grown as
previously described [19]. Genomic DNA of both strains was  iso-
lated using standard protocols [20]. The genes coding for PyNP
in G. thermoglucosidasius (GenBank accession no. ZP 06809030)
and T. thermophilus (GenBank accession number AAS81754.1)
were amplified using Pfu DNA polymerase (Fermentas, Lithua-
nia). The following primer pair was  used for the isolation of
the PyNP gene from the G. thermoglucosidasius genome: 5′

ACTAGGGATCCATGGTCGATTTAATTGCGA 3′ (BamHI site under-
lined) and 5′ AGCATGCGGCCGCTTATGAAATGGTTTCGTATATA 3′

(NotI site underlined). The primer pair used for the T. thermophilus
gene was: 5′ ACTAGGGATCCAACCCCGTGGTCTTCATC 3′ (BamHI

Scheme 2.
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site underlined) and 5′ AGCATGCGGCCGCCTAGATGGCCTCCAGGA
3′ (NotI site underlined). The PyNP encoding genes were cloned via
BamHI/NotI digestion (FastDigest restriction endonucleases, Fer-
mentas, Lithuania) and subsequent ligation (T4 DNA Ligase, Roche)
into a derivative of the expression vector pCTUT7 [21]. This vector
is characterized by an IPTG inducible lac promoter derivative and a
pBR322 origin of replication. We  have modified this vector before
by substituting the chloramphenicol resistance cassette by the plas-
mid  stabilizing parB locus [22] and an ampicillin resistance cassette.
In addition we introduced a sequence encoding a hexahistidine tag
connected to the 5′-end of target gene’s transcript. The resulting
expression vectors were transformed into the Escherichia coli BL21
strain (Novagen).

2.2.  Bioinformatics and homology modeling

Amino acid sequence identities were assessed with the protein
basic local alignment tool (BLAST) [23] of the NCBI web server. For
multiple sequence alignments the ClustalW2 program from the EBI
web server was used [24]. Three-dimensional protein structures
of the target proteins were built by homology modeling using the
Swiss-model workspace [25]. These 3D models were superposed
and visualized with the CCP 4 mg  molecular-graphics software [26].

2.3. Overexpression in E. coli

Recombinant E. coli strains were cultivated in terrific broth
(TB) medium [27] or EnPresso® medium (BioSilta, Finland) using
Ultra Yield FlasksTM and AirOTopTM seals (Thomson Instrument
Company, USA). Recombinant protein expression was induced by
addition of IPTG to a final concentration of 100 �M, after 2.5 h cul-
tivation time (TB medium) or after overnight cultivation (EnPresso
medium). Cells were harvested (centrifugation at 16,000 × g, 5 min,
4 ◦C) 3 h after induction (TB medium) or 24 h after induction
(EnPresso medium) and stored at −20 ◦C.

2.4. Cell disruption and purification

Cell  pellets were re-suspended in NPI-10 binding buffer (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) at 5 ml/g wet
weight. This cell suspension was sonicated on ice using a UP200S
sonicator (Hielscher Ultrasonics GmbH). The sonication was  per-
formed twice with 30% power input for 3 min  in 30 s intervals using
a sonotrode of 7 mm in diameter.

Cell lysates were centrifuged (20,000 × g, 15 min, 4 ◦C) to sepa-
rate soluble from insoluble fraction. The soluble portion of the cell
lysate was heated for 15 min  at 60 ◦C (GtPyNP) or 80 ◦C (TtPyNP).
Coagulated proteins were removed by centrifugation (20,000 × g,
15 min, 4 ◦C). The target proteins were further purified by immo-
bilized metal ion affinity chromatography using a 5 ml  Ni-NTA
Superflow cartridge (Qiagen), subsequently the excess of salt and
imidazole was  removed by the use of a HiPrep 26/10 Desalting col-
umn  (GE Healthcare). The purified protein solution was aliquoted,
rapidly frozen in liquid nitrogen and stored at −80 ◦C.

2.5. Protein analytics

The  protein concentration of the purified protein solution was
determined by measuring the absorption at 280 nm (Nanodrop,
Thermo Scientific). The absorption coefficients were theoretically
calculated from the amino acid sequence (Vector NTI software,
Invitrogen) and were 0.42 AU (GtPyNP) and 0.56 AU (TtPyNP) for
a solution of 1 mg  ml−1.

The  molecular weight marker for SDS-PAGE analysis was pur-
chased from Fermentas (Lithuania).

Protein unfolding: Thermal denaturation of 10 �M purified
TtPyNP protein dissolved in potassium phosphate (50 mM,  pH 7.5)
was monitored with a Jasco J-815 circular dichroism (CD) spec-
trometer in a 0.1 cm cuvette by following the loss of ellipticity
at 220 nm.  Unfolding was induced by raising the temperature in
0.1 ◦C increments at a ramp rate of 1 ◦C min−1 with a Peltier-effect
temperature controller. The measured ellipticity was normalized,
and the apparent melting temperature (Tapp

M ) was determined. DSC
experiments were performed with 43 �M TtPyNP protein dissolved
in potassium phosphate (50 mM,  pH 7.5) by heating the samples in
a CSC 5100 Nano differential scanning calorimeter with a scan rate
of 1 ◦C min−1. The DSC data were analyzed with the program CpCalc
(version 2.1, Calorimetry Sciences Corporation, 1995) to determine
Tapp

M at which half of the protein is unfolded. The irreversibility of
thermal denaturation precluded thermodynamic analysis of the CD
and DSC unfolding traces.

2.6.  Activity assay

If  not otherwise stated the activity assay was  performed in
50 mM potassium phosphate buffer, pH 7.0 containing 1 mM  of
uridine as substrate. After 2 min  of pre-heating, 1–2 �l of diluted
enzyme was  added per 100 �l of reaction mixture. Samples were
withdrawn after defined time intervals and the reaction was  imme-
diately stopped by adding 1 volume of reaction mixture to ½
volume of 10% trichloroacetic acid. Precipitated proteins were
removed by centrifugation (20,000 × g, 15 min) and the samples
were stored at −20 ◦C for later analysis by HPLC.

From the HPLC results the concentration of residual pyrimidine
nucleoside (substrate) and liberated pyrimidine base (product of
the phosphorolytic cleavage) was  retrieved. The substrate conver-
sion was  calculated with the following formula:

Conversion (%) = base
base + nucleoside

×  100

Only conversion rates that were linear with respect to time and
amount of PyNP added, were considered for further analysis. This
was usually the case if not more than 10% of the substrate was
converted.

2′-Deoxy-2′-fluorouridine was  purchased from TCI
Deutschland (Eschborn, Germany) and 1-(2-deoxy-2-fluoro-
�-d-arabinofuranosyl)uracil obtained from Metkinen Chemistry
(Kuusisto, Finland). Other chemical reagents were purchased from
Sigma–Aldrich.

2.6.1. Thermal stability
Enzyme  preparations were diluted 1:100 in 50 mM potassium

phosphate buffer (pH 7.0) yielding enzyme concentrations of about
46 �g ml−1. These diluted enzyme solutions were aliquoted and
incubated in 0.2 ml  tubes in a thermocycler at the respective tem-
peratures. After defined time intervals, tubes were withdrawn and
the residual activity of the incubated enzyme solution was deter-
mined (at 60 ◦C for GtPyNP and at 80 ◦C for TtPyNP) and plotted over
the reaction time. In order to determine the half life, the resulting
curve was fitted (Sigma Plot) to the decay function:

v = v0 · eki·t

and subsequently the half life was calculated:

t1/2 = ln 0.5 · ki
−1

2.6.2. Temperature optimum
The reaction mixture was pre-heated for 2 min at respective

temperatures. The diluted enzyme solution was added and the
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reaction was stopped after 3 min. 50 mM potassium phosphate
buffer (pH 7.5) was used.

2.6.3.  Kinetic parameters
Activity  tests were performed in triplicates for at least 5

different substrate concentrations spanning 0.25–5 times of
the Michaelis–Menton constant. The initial reaction rates were
plotted over the substrate concentrations and fitted to the
Michaelis–Menton function (Sigma Plot). From the resulting for-
mula Km and vmax were directly retrieved, and kcat could be easily
calculated. For details see [28].

2.6.4. Phosphorolysis of modified nucleosides
Reactions were performed in 1 mM pyrimidine nucleoside sub-

strate solution containing 10 mM sodium phosphate buffer (pH 6.5)
and an enzyme loading of ca. 0.1 mg  ml−1 at either 60 ◦C or 80 ◦C.

2.6.5. HPLC analysis
The  amount of pyrimidine nucleosides and corresponding

bases was determined by following the absorption at 260 nm
during HPLC analysis using a reversed phase C18 column
(Gemini-Nx 5u, 150 × 4.60 mm,  Phenomenex) with the following
gradient: from 97% 20 mM ammonium acetate and 3% acetoni-
trile to 60% 20 mM ammonium acetate and 40% acetonitrile in
10 min. Under these conditions the following retention times
were determined: uridine (3.2 min), uracil (2.4 min), thymidine
(4.7 min), thymine (4.0 min), dUrd2′F (4.6 min), dUrd2′F (4.4 min),
O2,2′-anhydro-1-(�-d-arabinofuranosyl)uracil (2.3 min), 1-(�-d-
arabinofuranosyl)uracil (3.8 min).

1-(�-d-Arabinofuranosyl)uracil was purchased from
Sigma–Aldrich, O2,2′-anhydro-1-(�-d-arabinofuranosyl)uracil
was synthesized as described in [29].

3. Results and discussion

3.1.  Sequence analysis and homology modeling

The proteins recombinantly expressed and characterized in
this work are the pyrimidine nucleoside phosphorylases from T.
thermophilus HB27 (GenBank accession number AAS81754.1) and
from G. thermoglucosidasius 11955. The sequence of the latter
corresponded to the PyNP sequence from G. thermoglucosidasius
C56-YS93 (GenBank accession number ZP 06809030), with the
exception of one amino acid. Since the corresponding deviation
of the DNA sequence was  suspected to be the result of the PCR
performed for cloning, the respective codon was  changed by site-
directed mutagenesis to fit the data bank protein (Gln214 changed
to Arg).

Three entries of solved crystal structures of PyNPs can be
found in the protein database (www.pdb.org). Both target enzyme
sequences were blasted against the amino acid sequences belong-
ing to these pdb entries. GtPyNP aligned best with the PyNP from
G. stearothermophilus ATCC 12980 (assigned here as GsPyNP, pdb
entry 1BRW) with 78% sequence identity. TtPyNP aligned best with
the PyNP from T. thermophilus HB8 (pdb entry 2DSJ), to which it is
almost identical (approx. 98% sequence identity) but showed also
a high degree of sequence identity (approx. 50%) to GsPyNP. The
amino acid sequence alignment of GsPyNP, GtPyNP, TtPyNP and
E. coli thymidine phosphorylase (EcTP) is shown in Fig. 1. Amino

Fig. 1. 1Multiple sequence alignment of PyNP from G. stearothermophilus (GsPyNP), G. thermoglucosidasius (GtPyNP), T. thermophilus (TtPyNP) and TP from E. coli (EcTP).
Shading represents the degree of sequence identity. Residues of the active site pocket are highlighted.
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Fig. 2. 3D structure models. The superposition of GtPyNP (purple), TtPyNP (yellow)
and  GsPyNP (grey) 3D structures are shown. Structural models of GtPyNP and TtPyNP
were built based on homology modeling using the structure of GsPyNP as template.
(For  interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)

acids that have been described to be involved in substrate binding
or in the catalytic mechanism, respectively, are indicated [30,31].

The  chain B of GsPyNP (pdb code 1BRW) was used as template
to model both TtPyNP and GtPyNP. The structure of GsPyNP was
elucidated in its closed conformation [30], uracil and the phosphate
ion can be seen in the active site pocket. The structural fold of the
models of GtPyNP and TtPyNP are almost identical to the template
structure GsPyNP, which can be seen in the superposition of the
secondary structure elements (Fig. 2).

3.2. Expression and purification

The desired sequences were expressed with an artificial N-
terminal hexahistidine tag. In addition to a simple protein
purification procedure this method offers the possibility to avoid
expression problems associated with secondary structure forma-
tion of the 5′-end of mRNA, which is a critical issue, especially for
genes derived from thermophiles [32]. Initially, the recombinant
expression in E. coli of both GtPyNP and TtPyNP was performed
under standard conditions (37 ◦C) in terrific broth (TB) medium.
While the expression level of GtPyNP was satisfactory from the
beginning (Fig. 3, lane 4), TtPyNP was expressed only very poorly
(Fig. 3, lane 5). Hence, we tested also EnPresso medium for TtPyNP
expression. This medium is based on an enzyme controlled sub-
strate delivery and was reported to lead to higher cell densities
and productivity per cell [33]. Indeed, the expression level of
TtPyNP increased significantly (Fig. 3, lane 6) and the final cell
density doubled (from OD600 = 11 to OD600 = 22). The volumet-
ric yield obtained with this condition for TtPyNP expression was
0.06 mg  ml−1. Expression of GtPyNP in TB medium resulted in a
volumetric yield of 0.17 mg  ml−1. Applied to SDS-PAGE gels, the
purified proteins showed bands representing molecular weights
that are consistent with the theoretically calculated values of the
monomers (Fig. 3, lanes 2 and 3).

Fig. 3. SDS-PAGE of GtPyNP and TtPyNP samples. Recombinant expression of
GtPyNP under standard conditions (37 ◦C, TB medium) was very efficient (4), but
the expression of TtPyNP under the same conditions rather unsatisfactory (5).
The expression level of TtPyNP could be significantly increased by using EnPresso
medium  that provides fed-batch like expression conditions (6). Purified GtPyNP (2)
and TtPyNP (3) showed bands corresponding to the theoretically calculated molecu-
lar weight of the subunits (47.6 kDa and 46.9 kDa, respectively). Lane (1) represents
the  molecular weight marker.

3.3. Thermal characteristics

The  effect of temperature on the activity of the enzymes, as well
as their thermal stability was  investigated.

GtPyNP showed a temperature optimum of 60 ◦C, while the rel-
ative activity of TtPyNP increased with the reaction temperature,
up to the highest temperature tested (99 ◦C, Fig. 4A). An apparent
melting temperature of ≥102 ◦C and 103 ◦C was determined by cir-
cular dichroism and differential scanning calorimetry, respectively
(Fig. 5). Hence, we assume that the temperature optimum of TtPyNP
is in the range of 95–103 ◦C.

The  stability half life of GtPyNP was estimated to be 1.6 h at
70 ◦C; while at 60 ◦C no significant loss of activity could be seen
within 16 h of incubation. The stability half life of TtPyNP at 80 ◦C
exceeds 23 h (Fig. 4B).

Compared to other reported enzymes with pyrimidine nucle-
oside phosphorylase activity, including UPs and TPs, the thermal
stability and the temperature optimum of TtPyNP are extremely
high (Table 1).

3.4.  Kinetic parameters

Kinetic  parameters describing the biocatalytical properties were
determined at 60 ◦C for GtPyNP and at 80 ◦C for TtPyNP. The results
are summarized in Table 2. The estimated Km values of TtPyNP
for the natural substrates uridine and thymidine are slightly lower
than the Km values determined by Hori et al. [1] for GsPyNP. In con-
trast to TtPyNP, GtPyNP is characterized by extremely low substrate
affinities (high Km values) towards both natural substrates.

The catalytic efficiency of an enzyme is best described by
the ratio of kcat/Km [28]. These ratios are 15 times (substrate
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Table  1
Thermal characteristics of reported PyNP, UP and TP.

Enzyme Organism Thermal stability (t1/2) Temp. optimum Reference

TP E. coli <10 min  (55 ◦C) – [34]

UP E.  coli 9.9 h (60 ◦C) 40 ◦C [35]

PyNP G.  thermoglucosidasius 1.6 h (70 ◦C) 60 ◦C This study

UPengineered E. coli 3.3 h (70 ◦C) 60 ◦C [35]

UP Enterobacter  aerogenes 1 week (60 ◦C) 65 ◦C [36]

PyNP  G. stearothermophilus 25 min  (70 ◦C) 70 ◦C [1,2]

UP  Erwinia carotovora – 70 ◦C [37]

PyNP  T. thermophilus >24 h (80 ◦C) >95 ◦C This study

Fig. 4. Thermal characteristics. Relative activity of GtPyNP and TtPyNP over the

reaction temperature (A), where the highest reaction rate determined was set to

100% for each enzyme. Thermostability (B) was  investigated by incubating protein

samples for defined time intervals and subsequently determining the residual activ-

ity, where the activity of enzyme samples that were not thermo-treated was  set to

100%.

uridine) and 25 times (substrate thymidine) higher for TtPyNP than

for GtPyNP. The kcat/Km ratio is also a measure to compare an

enzyme’s specificity towards different substrates [28]. The results

of the present study show that both enzymes are more specific for

Fig. 5. Thermal unfolding of TtPyNP. Thermal unfolding trace monitored by loss

of the far-UV circular dichroism signal at 220 nm provided an apparent melting

temperature  of at least 102 ◦C (A). The apparent melting temperature determined

by  differential scanning calorimetry (B) was 103 ◦C.

uridine than for thymidine, but the difference in specificity is more

pronounced for GtPyNP: the kcat/Km ratio is 2 fold higher for uridine

than for thymidine. In contrast, the kcat/Km ratio of TtPyNP is only

1.23 fold higher for uridine vs that of thymidine.

Table 2
Kinetic parameters of reported PyNP in comparison to E. coli enzymes TP and UP.

Enzyme Km (�M) kcat (s−1) kcat/Km (s−1 �M−1) React. conditions Reference

Uridine Thymidine Uridine Thymidine Uridine Thymidine

GtPyNP 2342 1282 275 83 0.12 0.06 60 ◦C, pH 7.0 This study

TtPyNP  145 435 279 679 1.92 1.56 80 ◦C, pH 7.0 This study

GsPyNP  190 460 – – – – 60 ◦C, pH 7.0 [1]

EcTP 60  300 <1 × 10−4 198 <1.7 × 10−6 0.66 25 ◦C, pH 6.5 [38,39]

EcUP 80  270 98 5 1.22 0.02 25 ◦C, pH 7.5 [38,40]

The estimation errors of the Km and kcat values determined in this study were not higher than 10%. (–) Data not indicated.
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Fig. 6. Phosphorolysis of natural and modified pyrimidine nucleosides. (A) The percentage of natural and 2′-fluorosubstituted pyrimidine nucleosides that were phospho-
rolytically cleaved by TtPyNP or GtPyNP after 30 min, (B) percentage of 2′-fluorosubstituted pyrimidine nucleosides phosphorolytically cleaved by TtPyNP after prolonged
reaction times at indicated temperatures and (C) percentage of dUrd2′F molecules that reacted to anhydro-Urd and ara-U during the TtPyNP catalyzed phosphorolytic cleavage
reaction in dependence of reaction time and temperature. The ara-U formation at 60 ◦C could not be accurately determined but was estimated not to be higher than 0.4%.

In synthetic applications, where high substrate concentrations
are used (cs � Km) the kcat value may  be the most appropriate
parameter describing the efficiency of the biocatalyst. The turnover
numbers (kcat) of GtPyNP and TtPyNP are in similar range, with uri-
dine as substrate. By contrast, the turnover numbers for thymidine
differ significantly, in favor of thymidine phosphorolysis by TtPyNP.
The kcat value of TtPyNP for thymidine is also unusually high in com-
parison to alternative enzymes that are used for the phosphorolysis
of pyrimidine nucleosides, e.g. EcUP and EcTP (Table 2).

3.5.  Phosphorolysis of 2′-fluoro substituted pyrimidine
nucleosides

Of particular interest is the potential of both thermostable
PyNPs  as biocatalysts in the synthesis of modified nucleosides.
With this aim in view, the phosphorolysis of natural pyrimidine
nucleoside substrates (thymidine and uridine) and their sugar
modified analogues, viz., 2′-deoxy-2′-fluorouridine (dUrd2′F) and
1-(2-deoxy-2-fluoro-�-d-arabinofuranosyl)uracil (dUrd2′F), were
investigated. These substrates can be used as pentofuranosyl
donors in enzymatic transglycosylations aiming at the synthesis of
pharmaceutically valuable 2′-fluorosubstituted purine nucleosides.
With this strategy dUrd2′F served as a substrate for the enzymatic
synthesis of 2′-deoxy-2′-fluoroguanosine using the whole E. coli
cells as a biocatalyst [41] and a multitude of other purine 2′-deoxy-
2′-fluororibosides with antiviral activity using a combination of
EcTP and EcPNP as a biocatalyst [42].

However, dUrd2′F and dUrd2′F are very poor substrates in phos-
phorolysis reactions. This is presumably a result of increased
strength of the glycosyl bond as it follows from the crystallographic
data for the N1–C1′ bond length of uridine (aver. value 1.490 Å
[43]) and its 2′-deoxyfluoro analogues (1.454 Å [44] and 1.460 Å
[45], respectively). Moreover, introduction of a fluorine atom into
pentofuranose ring of nucleosides results in dramatic changes of
the conformation of such analogues precluding the formation of the
productive substrate-catalytic center complex (for more detailed
discussion, see [11]).

Scheme 3.

Indeed, it was reported that (i) dUrd2′F showed no detectable
substrate activity towards EcUP, (ii) EcTP catalyzed the phosphorol-
ysis of dUrd2′F but at an extremely low rate, and (iii) the enzymatic
cleavage of the glycosidic bond of dUrd2′F equally afforded a high
amount of enzyme and prolonged reaction time (6 days) [42,46].

In this study we have investigated the phosphorolysis of these
challenging substrates by GtPyNP and TtPyNP (Fig. 6). Our results
indicate that TtPyNP might be a good alternative to the use of E. coli
enzymes, but the use of GtPyNP is apparently not suitable for the
applications discussed above: no activity towards dUrd2′F and only
poor activity towards dUrd2′F (0.44% substrate conversion) was
detected with GtPyNP as biocatalyst after 30 min  reaction time.

By contrast, the TtPyNP catalyzed reaction under the same
conditions resulted in the phosphorolytic cleavage of 0.65%
of dUrd2′F and 7.0% of dUrd2′F. Since the optimal reaction
temperature of TtPyNP is significantly higher than 60 ◦C (see Sec-
tion 3.3), we repeated the same reaction also at 80 ◦C. Now,
the TtPyNP catalyzed reaction resulted in 1.4% phosphorolyzed
dUrd2′F and 15.6% of dUrd2′F. However, under these condi-
tions the formation of two new peaks were observed by HPLC
analysis of the reaction mixture that contained dUrd2′F. The
retention times coincide with those of authentic samples of O2,2′-
anhydro-1-(�-d-arabinofuranosyl)uracil (anhydro-Urd) (2.3 min)
and 1-(�-d-arabinofuranosyl)uracil (ara-U) (3.8 min). Hence, the
formation of anhydro-Urd resulting from HF release from the
dUrd2′F molecule and the subsequent hydrolysis of anhydro-
Urd resulting in ara-U appear to be a reasonable explanation
(Scheme 3). Phosphorolysis of both 2′-fluorosubstituted pyrimi-
dine nucleosides catalyzed by TtPyNP was  also monitored over
prolonged reaction times (Fig. 6B). The results show that the con-
version of dUrd2′F at 80 ◦C could be increased to 46% after 17 h;
side-product formation was not observed. The final amount of
phosphorolyzed dUrd2′F after 17 h at 80 ◦C (65%) was in similar
range as the amount obtained at 60◦ (60%). By contrast, side prod-
uct formation, as discussed above, at 80 ◦C was  significantly higher
than at 60 ◦C (Fig. 6C). After 17 h 8.3% of dUrd2′F reacted to anhydro-
Urd at 80 ◦C, whereas only 1.2% of dUrd2′F reacted to anhydro-Urd
at 60 ◦C.

4. Conclusion

PyNPs isolated from thermophilic microorganisms are promis-
ing biocatalysts for the efficient synthesis of modified nucleosides
[18]. Up to now, the biocatalytic characterization of PyNPs from
thermophilic microbes was  restricted to PyNPs from G. stearother-
mophilus strains [1,2,6]. We  have studied here the biocatalytical
properties of two additional thermostable PyNP, originating from
G. thermoglucosidasius and T. thermophilus.
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Our results indicate that both enzymes show excellent bio-
catalytical properties for applications with natural pyrimidine
nucleosides as substrates (thymidine, uridine) and a reaction tem-
perature of 60 ◦C. In addition, the unusually high thermal stability of
TtPyNP makes this biocatalyst also suitable for reactions requiring
an even higher reaction temperature of 80 ◦C.

We have further tested both thermostable PyNPs towards their
ability to phosphorolyze 2′-fluorosubstituted pyrimidine nucle-
osides that have been shown to be very poor substrates in
phosphorolysis reactions employing EcUP or EcTP as biocatalyst
[42,46]. Our results reveal striking differences of the substrate
specificities of GtPyNP and TtPyNP, in favor of the latter. These
findings make TtPyNP a candidate as powerful biocatalyst in the
transglycosylation reactions aiming at the synthesis of 2′-fluoro
substituted purine nucleosides. Expression of appropriate PNPs and
their use in synthetic applications are ongoing.
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Thermostable nucleoside phosphorylases are attractive biocatalysts for the

synthesis of modified nucleosides. Hence we report on the recombinant

expression of three ‘high molecular mass’ purine nucleoside phosphorylases

(PNPs) derived from the thermophilic bacteria Deinococcus geothermalis,

Geobacillus thermoglucosidasius and from the hyperthermophilic archaeon

Aeropyrum pernix (5′–methythioadenosine phosphorylase; ApMTAP).

Thermostability studies, kinetic analysis and substrate specificities are

reported. The PNPs were stable at their optimal temperatures (DgPNP,

55 °C; GtPNP, 70 °C; ApMTAP, activity rising to 99 °C). Substrate prop-

erties were investigated for natural purine nucleosides [adenosine, inosine

and their C2′-deoxy counterparts (activity within 50–500 U�mg�1)], ana-

logues with 2′-amino modified 2′-deoxy-adenosine and -inosine (within

0.1–3 U�mg�1) as well as 2′-deoxy-2′-fluoroadenosine (9) and its C2′-arabi-
no diastereomer (10, within 0.01–0.03 U�mg�1). Our results reveal that the

structure of the heterocyclic base (e.g. adenine or hypoxanthine) can play a

critical role in the phosphorolysis reaction. The implications of this finding

may be helpful for reaction mechanism studies or optimization of reaction

conditions. Unexpectedly, the diastereomeric 2′-deoxyfluoro adenine ribo-

and arabino-nucleosides displayed similar substrate properties. Moreover,

cytidine and 2′-deoxycytidine were found to be moderate substrates of the

prepared PNPs, with substrate activities in a range similar to those deter-

mined for 2′-deoxyfluoro adenine nucleosides 9 and 10. C2′-modified nucle-

osides are accepted as substrates by all recombinant enzymes studied,

making these enzymes promising biocatalysts for the synthesis of modified

nucleosides. Indeed, the prepared PNPs performed well in preliminary

transglycosylation reactions resulting in the synthesis of 2′-deoxyfluoro ade-

nine ribo- and arabino- nucleosides in moderate yield (24%).
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Introduction

Base and sugar-modified analogues of natural nucleo-

sides are widely used as pharmaceutical agents for the

treatment of viral infections and cancer [1–3]. Moreover,

the replacement of natural nucleosides by modified

species results in improvement in the biochemical prop-

erties of synthetic oligonucleotides. For example,

C2′–fluorinated nucleosides have been shown to have

favorable properties as components of antisense

oligonucleotides and small interfering RNAs [4–6]. The
chemical synthesis of modified nucleosides is challenged

by stereo- and regioselective requirements, as well as the

need to protect and deprotect sensitive functional

groups. By contrast, enzymes, such as nucleoside phos-

phorylases (NPs) can be used as biocatalysts for the

efficient synthesis of nucleoside analogues under

environmentally friendly conditions [7–11].
However, common disadvantages encountered in bio-

catalysis comprise the instability of many enzymes

under harsh reaction conditions and narrow substrate

spectra limiting the scope of any potential synthetic

reactions. Escherichia coli NP-mediated synthesis of

fluorinated nucleosides represents an example of this

dilemma [12]. The use of enzymes from thermophiles is

a reasonable strategy for overcoming instability prob-

lems [13]. Such thermozymes offer the possibility of per-

forming reactions at high temperature, resulting in

diminution of the viscosity of the medium and increased

substrate diffusion coefficients, and leads to higher over-

all reaction rates. The final yield may be improved

because of the higher solubility of substrates with the

increase in temperature [14]. It is noteworthy that ther-

mozymes are often resistant to pressure and organic sol-

vents [15,16]. They can be expressed in E. coli at high

levels and are easily purified by heat treatment [17,18].

Purine nucleoside phosphorylase (PNP; EC 2.4.2.1)

and 5′–methylthioadenosine phosphorylase (MTAP;

EC 2.4.2.28) catalyze the reversible phosphorolysis of

purine nucleosides, as depicted in Scheme 1. Both

belong to the PNP family [19]. According to Shugar

and co-workers, PNPs can be grouped into two main

classes (for a comprehensive review, see ref. [19]): PNPs

of the first class (‘low molecular mass PNPs’), found

mainly in mammalian tissues and in some bacteria, are

specific for 6–oxo purine nucleosides only; those of the

second class (‘high molecular mass PNPs’) are predomi-

nantly found in bacteria and accept 6–oxo (e.g. inosine

and guanosine) as well as 6–amino (e.g. adenosine) pur-

ine nucleosides as substrates. Because of the broader

substrate specificity, the latter group of enzymes is espe-

cially interesting for synthetic applications. Although

many PNPs have been extensively studied [19],

examples of ‘high molecular mass PNPs’ derived from

thermophiles are limited to those from Geobacillus ste-

arothermophilus (GsPNP, punB gene) [9,20] and Ente-

robacter aerogenes (EaPNP) [21,22]; the MTAP from

Aeropyrum pernix (ApMTAP) [23], Sulfolobus solfatari-

cus (SsMTAP) [24,25] and Pyrococcus furiosus (PfM-

TAP) [26], whereby only GsPNP, EaPNP and

ApMTAP were considered for synthetic applications.

Besides, ApMTAP has been recently applied in synthe-

sis reactions [23], however, the information about the

enzyme’s characteristics is not available.

In this study, we report on: (a) the preparation of

three recombinant ‘high molecular mass’ PNPs derived

from the thermophilic bacteria Deinococcus geother-

malis (DgPNP) and Geobacillus thermoglucosidasius

11955 (GtPNP), as well as from the hyperthermophilic

archaeon A. pernix (ApMTAP); and (b) the investiga-

tion into their physicochemical and substrate specific-

ity. Here, we report on their thermal properties,

kinetic parameters and substrate specificities in regard

to natural purine substrates (inosine, adenosine and

their 2′–deoxy counterparts, 1 and 2, Scheme 1), ana-

logues of natural substrates modified at the C2′ carbon
atom [2′–amino-2′–deoxyadenosine (7), 2′–amino-2′–de-
oxyinosine (8), 2′–deoxy-2′–fluoroadenosine (9) and its

C2′–arabino diastereomer 10 (Scheme 2)].

Our results reveal that 2′–modified nucleosides are

accepted as substrates by all recombinant enzymes stud-

ied, indicating that these enzymes are promising biocat-

alysts for the synthesis of their respective nucleoside

analogues. Indeed, in preliminary experiments for the

synthesis of 2′–deoxyfluoro adenine nucleosides 9 and

10, when the prepared PNPs were applied in combina-

tion with thermostable pyrimidine nucleosides phos-

phorylases (PyNP) [17], using adenine as an acceptor

and the respective 2′–deoxy-2′–fluorouridine (dUrd2′F)

and 1-(2-deoxy-2-fluoro-b-D–arabinofuranosyl)uracil (dUrd2′F)

as the pentofuranose residue donors, the formation of

the desired nucleosides was observed with a yield of ~ 24%.

Finally, we tested cytidine (11) and 2′–deoxycytidine
(12) as substrates of the PNPs prepared and found

that these nucleosides showed moderate substrate

activity compared with that of 2′–deoxyfluoro adenine

nucleosides 9 and 10.

Results

Cloning, expression and purification

In order to avoid problems arising from stable second-

ary structures in the 5′–mRNA region [27], the target
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gene sequences were cloned with an N–terminal hexah-

istidine tag.

All three enzymes were functionally expressed in

E. coli BL21. Soluble GtPNP was well expressed under

standard conditions [TB medium, 37 °C, 100 lM
isopropyl b–D–thiogalactoside (IPTG)] as shown in

Fig. 1A (lane 1). For the expression of DgPNP

(Fig. 1A, lane 3) and ApMTAP (Fig. 1A, lane 5),

EnPresso� medium [28] was used at a lower IPTG

concentration (20 lM) to prevent the formation of

insoluble protein aggregates. The final cell densities

varied from A600 = 19 (ApMTAP) to 25 (DgPNP) and

42 (GtPNP).

In SDS/PAGE analysis, the purified proteins

(Fig. 1A, lanes 2, 4 and 6) showed bands correspond-

ing to the theoretically calculated molecular masses of

the monomeric subunits (DgPNP, 30.0 kDa; GtPNP,

27.6 kDa; and ApMTAP, 27.0 kDa).

However, in the samples of purified ApMTAP, a

second band with a molecular mass of ~ 116 kDa

could be seen. It was confirmed by MS analysis that

this second band also represents ApMTAP (Tables S1

and S2). Because disulfide bond formation is consid-

ered to be a key factor for protein stabilization in ther-

mophilic archaea [29–31], we assumed that the second

band related to one of possible oligomerization states

of the ApMTAP monomeric subunits connected by

the disulfide bonds. This assumption was supported by

SDS/PAGE analysis (Fig. 1B, lanes 3 and 6), which

revealed that the oligomeric band was predominant

when the purified ApMTAP was heat-treated in the

absence of dithiothreitol (Fig. 1B, lane 3), whereas the

monomeric band was predominant after dithiothreitol

treatment (Fig. 1B, lane 6). This phenomenon was not

observed for the other proteins. Furthermore, we

found that the higher oligomeric state of ApMTAP

was catalytically active, whereas the monomeric ApM-

TAP was inactive (data not shown).

Thermal characteristics

The effect of temperature on the activity of the

enzymes was examined between 30 and 99 °C (Fig. 2).

DgPNP showed optimal activity at 55 °C (Fig. 2),

which is slightly higher than the optimal growth tem-

perature (45–50 °C) of D. geothermalis [32]. The stabil-

ity half-life at 60 °C was 1.6 h, whereas 80% of the

activity was retained at 55 °C for 8 h (Fig. 3A).

GtPNP showed an optimal activity at 70 °C (Fig. 2),

which is ~ 15 °C higher than the optimal growth
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temperature (55 °C) of its source microorganism

G. thermoglucosidasius [33] and 10 °C higher than the

temperature optimum of GtPyNP, another NP

enzyme, from the same microorganism [17]. GtPNP

was incubated at 70 °C for 8 h and no significant

activity loss could be observed (Fig. 3B), whereas

GtPyNP at 70 °C had a half-life of only 1.6 h [17].

The activity of ApMTAP increased exponentially at

increased reaction temperatures up to the highest tem-

perature tested (99 °C, Fig. 2), while the source micro-

organism A. pernix shows optimal growth at

temperatures between 90 and 95 °C [34]. ApMTAP is

extremely thermostable with an estimated half-life of

69 h at 90 °C (Fig. 3C).

The thermal characteristics of the PNPs studied here

along with other thermostable PNPs characterized

by a broad substrate specificity (recognition of both

6–amino and 6–oxo purine nucleosides) are summa-

rized in Table 1.

Fig. 3. Thermal stabilities of DgPNP (A), GtPNP (B) and ApMTAP (C). Enzymes were incubated at different temperatures and the residual

activity after defined time intervals was determined under standard assay conditions (substrate: 1 mM inosine in 50 mM phosphate buffer,

pH 7). Enzyme activities before incubation were set to 100%.

Fig. 1. SDS/PAGE analysis of recombinant

PNPs overexpressed in E. coli BL21 (A)

and the influence of dithiothreitol

treatment on the enzymes (B). (A) Soluble

fraction after incubation of the cell lysis at

65 °C (lane 1), 55 °C (lane 3) and 85 °C

(lane 5) for 15 min. Purified samples of

GtPNP (lane 2), DgPNP (lane 4) and

ApMTAP (lane 6) after Ni ion-affinity

chromatography and a desalting step. (B)

SDS/PAGE samples of purified enzymes

without dithiothreitol treatment GtPNP

(lane 1), DgPNP (lane 2) and ApMTAP

(lane 3); dithiothreitol treatment for

purified GtPNP (lane 4), DgPNP (lane 5)

and ApMTAP (lane 6). M, molecular mass

marker.

Fig. 2. Temperature dependence of the activity of DgPNP, GtPNP

and ApMTAP. The highest reaction rate observed for each enzyme

was set to 100%. Substrate: 1 mM inosine in 50 mM phosphate

buffer (pH 7).
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Substrate specificity

The substrate specificities of the enzymes prepared

were studied using a number of natural purine nucleo-

sides [adenosine (Ado), inosine (Ino), 2′–deoxyadeno-
sine (dAdo), 2′–deoxyinosine (dIno)] and 2′-modified

analogues (dAdo2′NH2 and dIno2′NH2, dAdo2′F and

dAdo2′F).

Phosphorolysis of purine nucleosides

The results show that all three enzymes recognize

both 6–oxopurine (e.g. Ino, dIno, dIno2′NH2) and

6–aminopurine nucleosides (e.g. Ado, dAdo, dAdo2′

NH2) (Fig. 4). Although specific activities for the

same substrate are distinct for each enzyme, it can

be generally stated that natural substrates are signifi-

cantly better accepted than 2′–amino modified sub-

strates (50–500 versus 0.05–3 U�mg�1), whereas the

latter are significantly better accepted than the 2′–flu-
oro substituted compounds (0.01–0.03 U�mg�1).

Moreover, it is noteworthy that ApMTAP is charac-

terized by relatively low specific activities with natu-

ral substrates, but by a relatively broad substrate

spectrum at the same time, including dAdo2′NH2 and

dIno2′NH2, dAdo2′F and dAdo2′F; whereas GtPNP is

highly specific for natural substrates but also accepts

modified substrates. DgPNP was the best candidate

for phosphorolysis of the 2′–fluorinated purine nucle-

osides (Fig. 4). Interestingly, GtPNP and ApMTAP

displayed similar levels of activity with dAdo2′NH2.

However, the replacement of the heterocyclic base

adenine of dAdo2′NH2 with hypoxanthine (resulting

in dIno2′NH2) led to a significant decrease in sub-

strate activity in the case of GtPNP, whereas the

substrate activity towards ApMTAP was slightly

enhanced relative to dAdo2′NH2 (Fig. 4). Notably, a

similar characteristic of the GtPNP activity is

observed in the case of reactions with Ado and Ino,

whereas dAdo and dIno showed reversed dependence

of activities.

Table 1. Thermal characteristics of PNPs.

Enzyme Organism Thermal stability (t1/2) Temp. optimum [°C] Ref.

EcPNP Escherichia coli > 30 min (50 °C); < 30 min (55 °C) 60 [35]

DgPNP Deinococcus geothermalis > 8 h (55 °C); 1.7 h (60 °C) 55 This study

EaPNP Enterobacter aerogenes 7 days (60 °C)a 60 [21]

GtPNP Geobacillus thermoglucosidasius > 8 h (70 °C); 6.3 h (75 °C) 70 This study

GsPNP Geobacillus stearothermophilus > 24 h (70 °C) 70 [9,20]

ApMTAP Aeropyrum pernix 69.3 h (90 °C) > 99 This study

SsMTAP Sulfolobus solfataricus > 2 h (100 °C); 15 min (130 °C) 120 [25]

PfMTAP Pyrococcus furiosus > 5 h (100 °C); 43 min (130 °C) 125 [26]

a Purified enzyme was kept in 30 mM inosine (in 25 mM phosphate buffer) at 60 °C.

Fig. 4. Activity of the thermostable PNPs with natural and modified substrates. Reaction conditions: 1 mM substrate in 50 mM potassium

phosphate buffer (pH 7) at 55 °C (DgPNP), 70 °C (GtPNP) and 80 °C (ApMTAP). Reactions were stopped by trichloroacetic acid or cold

MeOH (dAdo and dIno) in the initial reaction phase.
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Phosphorolysis of pyrimidine nucleosides

Araki et al. patented the method for producing

cytidine compounds using recombinant E. coli PNP as

biocatalyst and 2-deoxy-a-D–ribofuranose-1-phosphate
and cytosine as substrates in 100 mM Tris/HCl buffer

[36]. Recently, Stepchenko et al. described the phos-

phorolysis of 2′–deoxycytidine (dCyd), 2′–deoxyuridine
(dUrd) and 2′–deoxythymidine (dThd) under the con-

ditions of recombinant E. coli PNP in 80 mM phos-

phate buffer (pH 7.0) at 15 °C. It was shown that

dCyd and dUrd are good substrates and ~ 50% was

phosphorolyzed after 24 h, whereas substrate activity

of dThd was unexpectedly lower [37]. These data

prompted us to test a number of pyrimidine nucleo-

sides as substrates for the PNPs under investigation.

It was found that substrate efficiency of cytidine (Cyd)

is increasing in the following order: DgPNP (12

mU�mg�1) < GtPNP (14 mU�mg�1) < ApMTAP (36

mU�mg�1). Interestingly, in the case of dCyd, the

reverse decrease in substrate activity was observed, viz.

DgPNP (34 mU�mg�1) > GtPNP (17 mU�mg�1)

> ApMTAP (10 mU�mg�1). The activities of DgPNP,

GtPNP and ApMTAP with Urd (0.97, 0.83 and

4.21 mU�mg�1, respectively) and thymidine (< 0.05,

0.26 and 6.83 mU�mg�1, respectively) were found to

be rather low.

Kinetic parameters

The kinetic parameters of the thermostable PNPs are

summarized in Table 2, along with other literature

data. Km and Vmax were measured in 50 mM potassium

phosphate buffer and typical Michaelis–Menten kinet-

ics were observed. Note that TtPNP, EcPNP, SsM-

TAP and PfMTAP are hexamers, whereas TtPNPII is

a monomer.

The results show that the enzymes have a higher

affinity (low Km values) towards adenosine than to

inosine, e.g. 5–8 times higher in the cases of DgPNP

and GtPNP. Similar remarkable differences in the sub-

strate affinity were also described for PNPs from

T. thermophilus [18] and PfMTAP [26]. The kcat values

of the nucleoside phosphorylases assessed for the natu-

ral substrates dIno and dAdo point to a very high cat-

alytic activity of GtPNP (cf. the relevant data in

Fig. 4), provoking reasonable interest to its use in bio-

technological transformations.

Multiple sequence alignment

DgPNP, GtPNP and ApMTAP share a sequence iden-

tity with EcPNP of 54, 55 and 30%, whereas GtPNP

shows 86% identity with GsPNP; ApMTAP shows

45% identity with SsMTAP.

The amino acid sequence alignment of ‘high molecu-

lar mass PNPs’ from different thermopiles with E. coli

is shown in Fig. 5. The thermal characteristics and

substrate specificities of these proteins were described

above.

The alignment shows that the amino acid residues

known to be involved in the active site of E. coli PNP

and S. solfataricus MTAP [19,24,39] are generally con-

served, with the exception of Met64, Ser90, Cys91,

Ala156, Pro162 and Phe167 in EcPNP which have

variations in the thermostable PNPs (indicated in

boxes in Fig. 5).

The amino acid residues from 62 to 76 of EcPNP

are considered to be highly conserved sequence motifs

[39] involved in ribose binding [19]. In the thermo-

zymes, especially in ApMTAP (Fig. 5), smaller resi-

dues such as Ile66*, Gly68, Ala71, Ala72, Val73* and

Val74* replace Met64*, Ile66, Cys69, Ser70* and

Ile71* of EcPNP, respectively (residues highlighted in

pink of Fig. 5 are designated by * in the text). More-

over, in or close to the phosphate- and base-binding

sites, similar phenomena can be observed: smaller resi-

dues in ApMTAP (or SsMTAP) Gly25*, Ala44*,
Ala164*, Ala167, Ala172 and Ala173* replace Leu23*,
Val42*, Leu158*, Ser161, Met166 and Phe167* of

EcPNP, respectively. On the one hand, the smaller res-

idues provide more space for the modified substrate

[38], which may explain the relatively broad substrate

spectrum of ApMTAP. On the other hand, the amino

acid composition of thermophilic proteins is thought

to be correlated with their thermostability [13]. Indeed,

compared with EcPNP, ApMTAP contains more

hydrophobic and small residues such as Val (10.4 ver-

sus 8.4%), Leu (12.3 versus 6.3%) and Gly (13.9 ver-

sus 9.6%). Furthermore, it is known that the

substitution of Lys by Arg residues is advantageous at

high temperatures because the Arg d–guanidino moiety

has less reactivity than the Lys amino group due to its

high pKa and resonance stabilization [13]. It can be

observed that the Arg content increases from EcPNP

(5.0%), GtPNP (6.0%), DgPNP (6.9%) to ApMTAP

(8.2%), whereas the Lys content decreases from

EcPNP (5.9%), GtPNP (3.4%), ApMTAP (1.6%)

to DgPNP (0.8%).

Among the eight PNPs shown in Fig. 5, only

TtPNPI [18] cannot accept Ado as a substrate, sup-

posedly because of its residues substitutions in the

base-binding sites: Glu156, Phe178 and Asn204

instead of Ala156, Val178 and Asp204 in EcPNP.

Note that these residues are highly conserved in other

PNPs (Fig. 5). The Asp204 (EcPNP) is considered as
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the key base-binding amino acid residue by the pro-

tonation of the purine base at N7 accompanied by

hydrogen bonding with the C6 amino group [19].

According to Mikleu�sevi�c et al. [40], mutation of

Arg204 to Asn in EcPNP results in a 1000–fold
decrease in the enzymatic activity, which further pro-

vides evidence for the role of Asp204 in the PNP

specificity of Ado. Asp204 (corresponding to Asp223

in DgPNP, Asp 203 in GtPNP and Asp210 in ApM-

TAP) was conserved in the PNPs studied here and as

a consequence they can well accept Ado as substrate.

However, to explain the difference in the reaction rate

and substrate preference between the studied PNPs

and EcPNP (see Table 2), profound structure studies

of the catalytic site are needed.

Synthesis of fluorinated purine nucleosides

The aforementioned results of this study and data

from previous studies [17] prompted us to investigate

the synthesis of adenine 2′-deoxyfluoro-ribo- and -ara-

bino-nucleosides, dAdo2′F (17) and dAdo2′F (18),

respectively, using adenine as an acceptor and the

respective 2′-fluorinated uracil nucleosides, dUrd2′F
(13) and dUrd2′F (14), as donors of the pentofuranose

residues (Scheme 3). Preliminary experiments showed

the formation of: (a) dAdo2′F using TtPyNP and

DgPNP as biocatalysts (55 °C, 24 h) with a yield of

23%, and (b) dAdo2′F employing a TtPyNP and ApM-

TAP combination of enzymes (80 °C, 24 h) with a

yield of 24%. These data point to the possibility of

developing a practical synthesis of both 2′-fluorinated
adenine nucleosides, although an optimization of the

reaction conditions is necessary to increase the yield.

Pyrimidine and purine nucleosides modified at the

C2′ carbon atom of the pentofuranose ring are of

great importance as constituents of artificial oligonu-

cleotides of medicinal potential [41,42]. Among them,

2′-amino-2′-deoxy- and 2′-deoxy-2′-fluoro-b-D–ribo-nu-
cleosides attracted much attention during the last two

decades and a number of oligonucleotides containing

these modified nucleosides at diverse position of the

oligonucleotide chain have been synthesized and their

properties investigated [43–45]. More recently,

2′-deoxy-2′-fluoro-b-D–arabino-nucleosides have been

shown to be of great importance for antisense and low

molecular mass oligonucleotides as potential antican-

cer drugs [6,46,47]. Unfortunately, chemical synthesis

of pyrimidine and especially purine 2′-deoxyfluoro-
ribo- and -arabino-nucleosides, as well as their 2′-am-

inodeoxy counterparts suffers from many drawbacks

despite of enormous progress achieved in this field of

research. The search for enzymatic transformations

that can efficiently replace some of the chemical steps

in the production of these nucleosides using the princi-

ples of ‘green chemistry’ is therefore of great impor-

tance.

In our previous work, we described the recombinant

expression and biocatalytic characterization of two

thermostable PyNPs, isolated from G. thermoglucosida-

sius (GtPyNP) and T. thermophilus (TtPyNP) [17]. It

was found that GtPyNP displays very low phosphoro-

lytic activity towards dUrd2′F and dUrd2′F, whereas

TtPyNP shows rather satisfactory activity with both

2′-deoxyfluoro-ribo- and -arabino-nucleosides. This

observation pointed to the possibility of employing

TtPyNP as a biocatalyst in the transglycosylation reac-

tion with adenine as the pentofuranosyl acceptor and

Table 2. Kinetic parameters of PNPs on inosine and adenosine. NA, data not available.

Enzyme Substrate Km (lM) kcat (s
�1)a kcat/Km(s

�1�lM�1) Vmax (U�mg�1) Reaction conditions Ref.

DgPNP Inosine 975 � 65 43 � 1 0.043 85 � 2 55 °C, 50 mM phosphate, pH 7.0 This study

Adenosine 212 � 18 91 � 2 0.43 182 � 4

GtPNP Inosine 1801 � 288 248 � 13 0.14 540 � 28 70 °C, 50 mM phosphate, pH 7.0 This study

Adenosine 240 � 26 172 � 6 0.72 375 � 14

ApMTAP Inosine 137 � 22 23 � 1 0.17 51 � 2 80 °C, 50 mM phosphate, pH 7.0 This study

Adenosine 97 � 14 20 � 1 0.21 44 � 2

SsMTAP Inosine 84 � 4 22 � 1 0.26 NA 70 °C,100 mM phosphate, pH 7.4 [24]

Adenosine 25 � 1 7 � 1 0.29 NA

PfMTAP Inosine 963 1.6 0.0016 NA 80 °C,100 mM phosphate, pH 7.4 [26]

Adenosine 109 3.8 0.035 NA

TtPNPI Inosine 2080 � 20 29 � 1 0.014 69 � 1 80 °C, 50 mM phosphate, pH 7.0 [18]

TtPNPII Adenosine 320 � 20 440 � 3 1.38 880 � 6

EcPNP Inosine 96 � 2 40 � 1 0.72 10 b 25 °C, 50 mM phosphate, pH 7.4 [38]

Adenosine 46 � 7 33 � 4 0.42 8 b

a Calculations of kcat are based on the subunit molecular mass of the enzymes. b Data not reported but kindly provided by Bennett et al.

[38].
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dUrd2′F or dUrd2′F as donors of the corresponding

ribo- and arabino-pentofuranose.

Here, we studied this reaction testing DgPNP,

GtPNP and ApMTAP as biocatalysts for the coupling

of the intermediates 2′-deoxyfluoro-ribo- and arabino-

1-phosphates with adenine. It was found that DgPNP

catalyzes the formation of the desired dAdo2′F under

very mild conditions (55 °C, 24 h) with a yield of

24%. It is noteworthy that the undesired chemical

transformation of dUrd2′F into O2,2′–anhydro-1-(b-D–

arabinofuranosyl)uracil was very low (2%) at 55 °C
[17]. The use of TtPyNP and ApMTAP as a combina-

tion of enzymes, and dUrd2′F and adenine as substrates

(80 °C, 24 h) resulted in the formation of dAdo2′F with

a yield of 24%; TtPyNP and GtPNP as a combination

of enzymes for the same synthesis resulted in the for-

mation of dAdo2′F with a yield of 14%. It is obvious

that these results are very promising from the view-

point of their application in the development of practi-

cal syntheses of dAdo2′F and dAdo2′F.

Fig. 5. Multiple sequence alignment of high molecular mass PNP or MTAP from E. coli (EcPNP), Enterobacter aerogenes (EaPNP),

D. geothermalis (DgPNP), G. thermoglucosidasius (GtPNP), G. stearothermophilus (GsPNP), T. thermophilus (TtPNPI), A. pernix (ApMTAP)

and S. solfataricus (SsMTAP), respectively. The scale below is based on the EcPNP sequence reported in the literature [19,24]. The shading

represents the degree of sequence identity. Residues of a representative sequence involved in the active site or in intersubunit contacts

Bzowska et al. [19] and Pugmire et al. [39] are highlighted in pink. The ribose (*), phosphate (+) and base (#) binding sites according to

Bzowska et al. [19] and Cacciapuoti et al. [24] are indicated below the sequences.
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Phosphorolysis of purine nucleosides catalyzed

by GtPyNP and TtPyNP

During the course of the abovementioned studies, we

observed that the thermostable PyNPs, GtPyNP and

TtPyNP, phosphorolytically cleaved not only pyrimi-

dine nucleosides [17], but also various purine nucleo-

sides. To investigate this phenomenon further, we

determined the temperature dependence of PyNP

activity with inosine in order to exclude the possibility

that the PNP activity comes from E. coli PNP. It was

found that temperature dependence of GtPyNP and

TtPyNP activity with inosine (Fig. 6) is similar to that

obtained in experiments with one of the natural sub-

strates, uridine (see Fig. 4A in Ref. [17]). Hence, we

assume that the PNP activity is inherent to the PyNPs

and not the result of contamination with E. coli PNP.

Furthermore, the activities of GtPyNP (at 60 °C) and
TtPyNP (at 80 °C) with the other purine nucleosides

were examined and the results are summarized in

Table 3. It is obvious that both PyNPs display consider-

able activities with Ado and Ino. In fact, TtPyNP

accepts the purine significantly better than 2′–fluorinated
pyrimidine nucleosides. By contrast, the activity with

the natural pyrimidine nucleoside cytidine was extre-

mely low (TtPyNP) or was not detectable (GtPyNP).

Discussion

In this study, we prepared three recombinant PNPs

from thermophiles and studied their properties and

substrate specificity for natural substrates (Ado, dAdo,

Ino, dIno) and three sets of analogues, viz., (a) dAdo2′

NH2 and dIno2′NH2, (b) dAdo2′F and dAdo2′F, (c) Cyd

and dCyd. The reasons for selection of the analogues

are as follows: the first have closest structural relation

of the relevant natural purine nucleosides; the

diastereomeric deoxyfluoro adenine nucleosides also
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Scheme 3. Synthesis of fluorinated purine nucleosides by the coupled reactions of PyNP and PNP.

Fig. 6. Temperature dependence of the activity of GtPyNP and

TtPyNP on inosine. The highest reaction rate observed for each

enzyme was set to 100%. Substrate: 1 mM inosine in 50 mM

potassium phosphate buffer (pH 7).

Table 3. Activity of GtPyNP and TtPyNP with natural and non-

natural nucleosides. Reaction conditions: 1 mM substrate in 50 mM

phosphate buffer at 60 °C (GtPyNP) or 80 °C (TtPyNP).

Substrate

Activity (U�mg�1)

GtPyNP 60 °C TtPyNP 80 °C

Urd 51.5 153.7

Thd 22.4 295.2

Ado 0.458 0.809

Ino 0.308 0.900

dAdo2′NH2 0.021 0.065

dIno2′NH2 0.012 0.067

dUrd2′F 0.002a 0.052a

dUrd2′F NDa,b 0.005a

Cyd NDb 0.001

a 10 mM phosphate buffer. b Not observed.
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structurally mimic dAdo. However, it is well known

that the replacement of a hydrogen atom or hydroxyl

group in the sugar moiety of nucleosides gives rise to

derivatives with unexpected physico-chemical and bio-

logical properties. Finally, pyrimidine nucleosides are

not typical substrates of PNP, however, Cyd and dCyd

mimic the pyrimidine fragment of adenine base of

N3–(b-D–ribofuranosyl)adenine that was shown to be

the substrate of PNP [48–50] and a good substrate

activity of dCyd and 2′-deoxyuridine for E. coli PNP

was also described [36,37].

The role of the vicinal C2′ and C3′ hydroxyl groups
of natural purine nucleosides in the binding site of

PNPs has been discussed in a number of publications

[38,51,52]. The PNPs studied here and E. coli PNP

contain the same cluster of amino acids (Val–Glu–Met

–Glu). In this cluster, the last residue Glu181 of E. coli

PNP was suggested to play an important role in the

binding of ribose via the vicinal C2′ and C3′ hydroxyl
groups and in facilitating substrate activation by flat-

tering the pentofuranose ring [38]. In a similar way,

one can suggest that the relevant Glu residues of the

enzymes under study [DgPNP (Glu200), GtPNP

(Glu180) and ApMTAP (Glu187); (Fig. 5)] are

involved in the ribose binding site. It was previously

shown that E. coli PNP accepts the natural purine

ribo- and 2′-deoxyribo-nucleosides with similar effi-

ciency. The results of this study also showed a similar

trend (Fig. 4), indicating that the C2′ hydroxyl groups
of Ado and Ino are not essential for the enzymatic

reaction. Note that there is a lot of theoretical and

experimental data convincingly demonstrating that

natural ribo- and 2′-deoxyribo-nucleosides have rather

high conformational flexibility, viz., S ↔ N conforma-

tion of the pentofuranose ring and base rotation

around the glycosidic bond. These conformational

peculiarities allow PNPs adopting the required spatial

structure of a natural nucleoside substrate in the cata-

lytic site, which is necessary to form the productive

enzyme-substrate complex.

Compounds of the first and second sets are func-

tionally competent, i.e. contain all the functionality of

inherent natural substrate, purine nucleosides and,

a priori, one can expect their substrate activity for

PNPs to be similar to those of natural substrates.

Indeed, the amino function of dAdo2′NH2 and dIno2′

NH2 is isosteric for the hydroxyl group and can func-

tionally replace the hydroxyl group. The only impor-

tant peculiarity of the amino function vs hydroxyl

group consists in that the former can exist in the

C2′-ammonium cation ↔ C2′-amino equilibrium

implying the pH dependence of the substrate activity,

on the one hand (Scheme 4), and the ionic interaction

of the phosphate anion and ammonium cation imped-

ing the correct spatial arrangement of the productive

nucleoside/phosphate/enzyme complex, on the other.

The observed dramatic decrease in substrate activity

by going from natural substrates to dAdo2′NH2 (7) and

dIno2′NH2 (8) (2–3 orders of magnitude) prompted us

to: (a) test the substrate activity of both aminodeoxy

nucleosides at different pH values of the reaction mix-

tures (Table S3, Fig. S1), and (b) analyze the

C2′-ammonium cation and C2′-amino forms of the for-

mer by the restricted Hartree–Fock (RHF) ab initio

method using a basis set of STO-3G (HYPER-CHEM, 8.1

release) and the PM3 geometry optimization as start-

ing approximation for the ab initio calculations com-

pared to similar data for Ado (Table S4).

Preliminary experiments on the pH dependence on

the substrate properties gave a rather variable picture

of activities (Fig. S1) and pointed to the need to per-

form more detailed studies to obtain meaningful

results. For example, a plot of kcat/Km as a function of

pH is needed to reflect the essential ionizing groups of

the free enzyme that play a role in both substrate

binding and catalytic processing [53].

Analysis of the amino and ammonium forms of

dAdo2′NH2 by the ab initio method revealed the essen-

tial differences in the base orientation about the glyco-

syl bond as well as the ribofuranose rings of two

species, on the one hand, and some difference of both

forms from the natural substrate, on the other hand.

Conformational analysis of dAdo2′NH2 (7) in water by

NMR spectroscopy clearly pointed to its high S ↔ N

and anti ↔ syn conformational flexibility [54]. Taking

into account that both functionally competent forms

are in equilibrium under optimal pH values for PNP

functioning, an enzyme can accept the most suitable

conformer for binding. On the whole, these consider-

ations allow us to suggest the involvement of the

C2′-ammonium cation in an interaction with phos-

phate anion as a likely reason for the very low sub-

strate activity of dAdo2′NH2 (7) and dIno2′NH2 (8).

In the case of diastereomeric adenine deoxyfluoro

nucleosides dAdo2′F (9) and dAdo2′F (10), the most

OHO

HO

N

NN

N

R

NH2

7, R = NH2
8, R = OH

OHO

HO

N

NN

N

R

NH3 X

pH < 6.2

pH > 6.2

Scheme 4. Equilibrium of C20-ammonium cation and C20-amino at

different pH environment.
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unexpected finding is that both functionally competent

analogues show very similar extremely low (3–4 orders

of magnitude compared with that of Ado) substrate

activity for the all investigated enzymes. The H and F

atoms have similar van der Waals’ radii and thus do not

create any steric hindrances to the substrate binding in

the catalytic center of the investigated enzymes. How-

ever, a fluorine atom, as an isostere for the hydrogen

atom [55], differs dramatically from its isostere owing to

the strongest electronegative character exerting diverse

influences on electronic properties of proximal atoms as

well as on the stereochemistry of the pentofuranose ring.

An ab initio analysis of dAdo2′F and dAdo2′F and

comparison of the results obtained with those of

X–ray crystallographic data for Ado and dAdo2′F
(Table S4), as well as the data of the conformational

NMR analysis of dAdo2′F [56] and dAdo2′F [57] unex-

pectedly revealed a rather broad stereochemical and

electronic similarity of the 2′-deoxyfluoro-ribo- and

-arabino-nucleosides that is in harmony with the activ-

ity data (Fig. 4). The only reasonable explanation of

the observed very low substrate activity of dAdo2′F
and dAdo2′F may be connected to the structural pecu-

liarities of the productive complex giving rise to the

glycoside bond cleavage. Bennet et al. suggested flat-

tering of the pentofuranose ring of the substrate (the

C4′–O4′–C1′–C2′ torsion angle strives to 0°) as one of

the most important features of the reaction [38]. As

distinct from the Ado/ara-adenine (Ade) pair, the C2′
fluorine atom of dAdo2′F and dAdo2′F in all likelihood

exerts a much higher energy barrier than that of Ado

and dAdo for flattering of the pentofuranose ring,

which is unexpectedly similar to and independent of

the fluorine ribo- or arabino- configuration.

Conclusion

Here, we described the preparation of three PNPs from

the thermophilic microorganisms D. geothermalis,

G. thermoglucosidasius and A. pernix, aiming at the

search for new efficient biocatalysts for the synthesis of

modified nucleosides. The recombinant expression in

E. coli resulted in a high yield of biologically active

enzymes. The PNPs were found to be stable at their

optimal temperatures (DgPNP: optimal activity at

55 °C retaining thereupon 80% for 8 h; GtPNP: opti-

mal activity at 70 °C without losing activity for 8 h;

ApMTAP: activity exponentially rising up to 99 °C).
Natural substrates (Ado, Ino and their 2′-deoxy coun-

terparts) are effectively phosphorolyzed by all three

investigated enzymes (activity level within 50–
500U�mg�1). The activity of the enzymes for dAdo2′NH2

and dIno2′NH2 was found to be approximately two

orders of magnitude lower (within 0.01–3.25 U�mg�1)

than their activity for natural substrates. ApMTAP

showed the highest level of enzymatic activity for

dAdo2′NH2 and dIno2′NH2. A similar further decrease in

substrate activity was found for dAdo2′F and dAdo2′F

(within 0.01–0.03 U�mg�1). DgPNP showed the highest

activity for this type of substrate among the enzymes

tested here. It should be stressed that the substrate activ-

ities of dAdo2′F and dAdo2′F are unexpectedly similar

and do not depend on the fluorine atom configuration.

Interestingly, cytidine was phosphorolyzed by the all

studied PNPs with an efficiency similar to that of adenine

2′-deoxyfluoro nucleosides. Furthermore, uridine and

thymidine were also phosphorolyzed by the studied PNPs

(except for DgPNP, which cannot accept thymidine as

substrate), but the activity was 6–30 times lower than that

for cytidine.

It was found that the previously described thermo-

stable pyrimidine nucleoside phosphorylase TtPyNP

[17] and the present described DgPNP and ApMTAP

can be applied for the transglycosylation reaction of

adenine in the presence of dUrd2′F and dUrd2′F with

the formation of the corresponding adenine nucleo-

sides dAdo2′F and dAdo2′F at a yield of ~ 24%.

Table 4. Oligonucleotide primers and GenBank number of PNPs in this study.

Enzyme Primer sequence (5′–3′)a

GenBank

Accession

number

DgPNP F:TACTAGGGATCCGTGGCGCGTGTACCGG

R:CAGCATAAGCTTTCACATGCTGTTGGAAGG

ABF45792

GtPNP F:ACTAGGGATCCTTGAGCATCCATATCGAAG

R:AGCATAAGCTTTTATTCTACGCGAATCGCC

AEH47728

ApMTAP F:ACTAGGGATCCAGGAAGCCGGTTCACCTCG

R:AGCATAAGCTTCTAGACTCCTCCTGTGAGG

NP_147653

a Restriction sites for BamHI (GGATCC) and HindIII (AAGCTT) are indicated in bold and the insert-specific sequences are underlined.

F, forward primer; R, reverse primer.
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The investigation of the underlying enzymatic mech-

anisms of the prepared thermostable PNPs and their

employment for the synthesis of purine nucleosides of

biological interest are in progress.

Materials and methods

Bacterial strains, cloning, expression and

purification

Escherichia coli TOP10 (Invitrogen, Carlsbad, CA, USA)

and BL21 (Novagen, Darmstadt, Germany) strains were

used for gene cloning and protein expression, respectively.

The genomic DNA of T. thermophilus HB27 and G. ther-

moglucosidasius 11955 were isolated as previously reported

[17]. The genomic DNA of D. geothermalis and A. pernix

were isolated by Marco Casteleijn (Bioprocess Engineering

Laboratory of the University of Oulu, Finland). The target

gene sequences were amplified from genomic DNA by PCR

using Pfu DNA polymerase (Fermentas, Vilnius, Lithua-

nia). The used primer pairs are listed in Table 4.

The PNP encoding genes were cloned via BamHI/Hin-

dIII digestion (FastDigest restriction endonucleases; Fer-

mentas) and subsequent ligation (T4 DNA Ligase; Roche,

Mannheim, Germany) into a modified pCTUT7 vector [17].

In brief, this vector includes an IPTG inducible lac pro-

moter and a hexahistidine coding sequence connected to

the 5′–end of the target gene.

DgPNP and ApMTAP were expressed in E. coli BL21 in

EnPresso� medium (BioSilta, Oulu, Finland) by the use of

the Enbase� technology [58] using Ultra Yield FlasksTM

and AirOTopTM seals (both from BioSilta, Oulu, Finland).

The expression of DgPNP and ApMTAP was induced after

overnight cultivation at 37 or 30 °C, respectively, by the

addition of 20 lM IPTG. GtPNP was expressed in E. coli

BL21 cells in Terrific Broth (TB) medium [59] by the induc-

tion of 100 lM IPTG to the culture growing at 37 °C for

2.5 h. Cells were harvested by centrifugation (16 000 g,

5 min, 4 °C) after either 24 h (for EnPresso� medium) or

3.5 h (for TB medium) after induction, respectively.

Cell disruption and protein purification were carried out

as described previously [17]. Briefly, cells were broken by

ultrasonic treatment (UP200S sonicator; Hielscher

Ultrasonics GmbH, Teltow, Germany), then the lysate was

heat-treated at 50 °C (DgPNP), 65 °C (GtPNP) or 85 °C
(ApMTAP) for 15 min, and after centrifugation (16 000 g,

20 min, 4 °C) the supernatant containing the target protein

was further purified by metal ion-affinity chromatography

(Ni-NTA Superflow cartridge; Qiagen, Hilden, Germany)

and the HiPrep 26/10 desalting column on an €Akta FPLC

system (GE Healthcare, Munich, Germany).

The protein purity was checked by SDS/PAGE accord-

ing to a standard protocol [59]. To analyze whether the

disulfide bridge exists in the enzymes, the purified enzymes

(0.5 mg�mL�1) were treated with or without the reducing

agent, i.e. 0.1 M dithiothreitol, in the incubation step of

SDS/PAGE analysis. The molecular mass marker (Sm0431)

was purchased from Fermentas. The purified protein con-

centration was determined by using a NanoDrop1000 Spec-

trophotometer (Thermo Fisher Scientific, Wilmington, ME,

USA) [60] and applying E280 nm
1% = 6.3 (for DgPNP), or

8.8 (for GtPNP and ApMTAP), respectively. The absorp-

tion coefficients were theoretically calculated from the

amino acid sequence (VECTOR NTI software; Invitrogen).

Enzyme activity assay

All the reactions were performed within 200–1000 lL scale

in Eppendorf tubes, which were incubated in a thermom-

ixer (Biozym, Hessisch Oldendorf, Germany) at 300 rpm.

The standard activity assay (phosphorolysis) was carried

out in potassium phosphate buffer (50 mM; pH 7.0) con-

taining 1 mM purine nucleoside. After 2 min preheating at

the corresponding temperature, a certain amount of puri-

fied enzyme (~ 0.5 lg�mL�1 for natural substrates;

0.1 mg�mL�1 for modified substrates) was added into the

mixture and the reaction was stopped (addition of 1/2 vol

of 10% trichloroacetic acid or methanol) after a defined

time interval so that < 10% of the substrate was converted

to the product. Under these conditions, the reaction rate

was linear as a function of time and enzyme concentration.

After centrifugation (20 000 g, 15 °C, 25 min) the samples

were stored at �20 °C for following analyses. Negative

controls (without enzyme addition) were performed in par-

allel. The reaction mixtures were analyzed by HPLC as

described in [17]. The substrate conversion was calculated

from the HPLC chromatograms:

Conversionð%Þ ¼ ½product�
½product� þ ½substrate� � 100%

One unit (U) of enzyme activity was defined as the amount

of the enzyme catalyzing the conversion of 1 lmol of

substrate per minute under the respective assay conditions.

Temperature optimum and thermal stability

measurements

In order to determine temperature optima of the

enzymes, the reaction mixture (1 mM inosine in 50 mM

potassium phosphate buffer, pH 7.0) was preheated for

2 min at different temperatures (from 30 to 99 °C), suit-

ably diluted enzyme solution was added, and the reaction

was stopped by the addition of trichloroacetic acid after

3 min.

Thermal stability was analyzed by incubating purified

PNP aliquots (13–55 lg�mL�1) in 50 mM phosphate buffer

(pH 7.0) on a PCR machine (Eppendorf, Hamburg, Ger-

many) at the respective temperatures. After defined time
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intervals, tubes were withdrawn and cooled on ice. The

residual activity of the incubated enzyme was determined at

50 °C for DgPNP, 60 °C for GtPNP and 80 °C for ApM-

TAP using inosine as a substrate under standard assay con-

ditions. In order to determine the half-life, the residual

activity data over time were fitted to the exponential decay

equation a = a0·e
(�k·t) (SIGMAPLOT 11.0; Systat Software

GmbH, Erkrath, Germany), where k is the first-order deac-

tivation coefficient, a is the residual activity and a0 is the

original activity before treatment. Finally, the half-life was

obtained by t1/2 = ln 2·k�1.

Kinetic parameters determination

Reactions were performed in triplicate at least to obtain

the initial velocity at a fixed phosphate concentration

(50 mM, pH 7.0) and the substrate concentration varied

over a 20-fold range (spanning 0.25–5 times the Michaelis–

Menten constant) [61]. Reaction temperatures were: 55 °C
for DgPNP, 70 °C for GtPNP and 80 °C for ApMTAP.

Km and Vmax were determined by nonlinear regression

based on the Michaelis–Menten equation (applied in SIGMA-

PLOT 11.0).

Multiple sequence alignment

Protein identities were assessed with the protein basic local

alignment tool (BLAST) of the NCBI web server [62]. The

multiple alignments were constructed using Expresso mode

of T-Coffee server [63], which implemented an automated

identification of suitable structural templates via a BLAST

search against the PDB database [64]. The corresponding

UniProt Protein accession numbers are P0ABP8 (EcPNP),

G0E416 (EaPNP), Q1IY92 (DgPNP), F8CYG4 (GtPNP),

P77835 (GsPNP), Q72IR2 (TtPNPI), Q9YDC0 (ApMTAP)

and P50389 (SsMTAP). The figure of alignment was cre-

ated using Jalview2 [47].

Synthesis of fluorinated purine nucleosides

The syntheses of adenine 2′–deoxyfluoro-ribo- and -arabino-

nucleosides (dAdo2′F and dAdo2′F, respectively) were per-

formed in phosphate buffer (2 mM, pH 6.5) containing

2 mM dUrd2′F or dUrd2′F and 1 mM Ade. The enzyme

loading was 0.1 mg�mL�1 for each nucleoside phosphory-

lase, viz., GtPyNP or TtPyNP and PNP. The reaction was

conducted at defined temperatures for up to 24 h. The syn-

thesized nucleosides, dAdo2′F and dAdo2′F were identified

by comparison of their retention times and UV spectra

with those of authentic samples by HPLC (Fig. S2). The

calculated yields are based on the amount of adenine

applied into the reaction.

Preparation of thermostable PyNP, isolated from the

thermophilic microorganisms Geobacillus thermoglucosida-

sius (GtPyNP) and Thermus thermophilus (TtPyNP) was

described in [17].

Nucleosides and bases

Ade, Ado and Ino were purchased from Carl Roth (Kar-

lsruhe, Germany); hypoxanthine, dAdo, dIno, Cyt and

dCyt were purchased from Sigma-Aldrich (Steinheim, Ger-

many); dAdo2′F was purchased from Metkinen Chemistry

(Kuusisto, Finland); dAdo2′NH2, dIno2′NH2 and dAdo2′F
were kindly provided by Prof. Alex Azhayev (Metkinen

Chemistry).
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 Table S1. Identification of ApMTAP by MALDI-TOF MS quatered measurements* 
 

Measurement Peptide Count Protein Scorea Seq. Cov. % 

1 15 139.00 64.00 
2 12 287.00 62.00 
3 7 90.00 24.00 
4b 12 202.00 50.00 

 

a Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits, where ion score is a 
measurement of how well is the observed MS/MS spectrum matches to the stated peptide. 
b Matched peptides were shown in Bold Red (Score: 202, Expect: 3e-17, Sequence Coverage: 50%): 
 
    1  MMRGSHHHHH HGSRKPVHLE AGPGDVAPLV VAVGDPGRAE RLATGLLEDA  
  51  RLVSSARGLK VYTGSFNGSE VTIATHGIGG PSAAVVFEEL RMLGAEVLVR  
101  LGTSGGLSKD LRLGDVVVAA GAGCYWGSGG SIQYAGERPM CLPASPDPIL  
151  TAGIYRGLSS RLGDRVVLAP VMSSDAFYAE TPEAAGRWRS LGMAAVEMEL  
201  HTLFSISWIR GFRSAGVLIV SDLLLPEGFK RITPGELARR EVEVGRALLE  
251  VLTGG 
 
* The protein spots were excised from stained SDS-PAGE gel (Fig.1B, lane 3). The tryptic digest with subsequent spotting on a 
MALDI-target was carried out automatically with the Ettan Spot Handling Workstation (Amersham Biosciences, Uppsala, Sweden) 
using tryptic digests mprotocol. The MALDI-TOF and MALDI-TOF-TOF measurements were carried out on the 4800 MALDI TOF-
TOF Analyzer (Applied Biosystems, Foster City, CA, USA). This instrument is designed for high throughput measurement, being 
automatically able to measure the samples, calibrate the spectra and analyze the data using the 4000 Explorer™ Software V3.5.3. 
The TOF-MS settings were: a mass range from 900 to 3700 Da, a peak density of 20 peaks per 200 Da, maximal 65 peaks per 
spot and an S/N ratio of 15. The TOF-TOF-MS settings were: a mass range from 60 to Precursor - 20 Da, a peak density of 50 
peaks per 200 Da and maximal 65 peaks per precursor. The peak list was created for an S/N ratio of 10. For data base search, the 
Mascot search engine Version is 2.1.04 (Matrix Science Ltd, London, UK). http://www.matrixscience.com/ 

http://www.matrixscience.com/�


Table S2. Peptides identification of ApMTAP by MALDI-TOF MS and MS/MS 
 

Peptide 
Number 

Calculated 
Mass 

Observed 
Mass 

Match 
Error 
(Da) 

Match 
Error 
(ppm) 

Sequence Position 
Sequence MS/MS 

Ion Score* Start End 

1 1003.5604 1003.5537 -0.0067 -7 92 100 MLGAEVLVR  
2 1012.5897 1012.5716 -0.0181 -18 232 240 ITPGELARR  
3 1058.5841 1058.5657 -0.0184 -17 42 51 LATGLLEDAR  
4 1203.6692 1203.6539 -0.0153 -13 101 112 LGTSGGLSKDLR  
5 1285.5795 1285.569 -0.0105 -8 4 14 GSHHHHHHGSR 66.8300018 

6 1285.5795 1285.569 -0.0105 -8 4 14 GSHHHHHHGSR  
7 1671.9388 1671.9205 -0.0183 -11 42 57 LATGLLEDARLVSSAR  
8 1914.1058 1914.0894 -0.0164 -9 214 231 SAGVLIVSDLLLPEGFKR  
9 2281.1169 2281.1287 0.0118 5 166 187 VVLAPVMSSDAFYAETPEAAGR  
10 2297.1118 2297.1218 0.01 4 166 187 VVLAPVMSSDAFYAETPEAAGR  
11 2350.2876 2350.2996 0.012 5 15 38 KPVHLEAGPGDVAPLVVAVGDPGR 120.709999 

12 2350.2876 2350.2996 0.012 5 15 38 KPVHLEAGPGDVAPLVVAVGDPGR  
13 2706.4685 2706.5132 0.0447 17 15 41 KPVHLEAGPGDVAPLVVAVGDPGRAER  
14 2738.3455 2738.385 0.0395 14 162 187 LGDRVVLAPVMSSDAFYAETPEAAGR  
15 3165.585 3165.6614 0.0764 24 61 91 VYTGSFNGSEVTIATHGIGGPSAAVVFEELR  

* Ion score is -10 × Log (P), where P is the probability that the observed match is a random event. Ion score greater than 49 means 
the ions were statistically significant (P<0.05).



Table S3. pH-dependent activity of the thermostalbe PNPs with natural and modified substrates. 
 

 
Enzyme 

 dAdo2’NH2 dIno2’NH2  dAdo  Ado  dIno  Ino 

pH Activity 
[U/mg] SD Activity 

[U/mg] SD pH Activity 
[U/mg] SD pH Activity 

[U/mg] SD pH Activity 
[U/mg] SD pH Activity 

[U/mg] SD 

                  
 6.3 0.447 0.01 0.040 0.001 5.6 148.85 9.50 5.9 112.24 14.07 5.6 88.04 4.03 5.6 31.34 4.78 

 DgPNP 7.0 1.039 0.11 0.045 0.005 7.0 210.92 14.61 7.0 238.19 18.96 7.0 86.11 5.00 7.0 36.62 6.17 
  8.3 0.376 0.01 0.015 0.004 8.5 88.50 0.36 8.2 180.22 0.41 8.5 40.53 0.65 8.5 18.40 0.66 
                  
 6.3 2.743 0.35 1.972 0.492 5.6 286.41 18.87 5.9 250.19 48.94 5.6 415.58 37.80 5.6 167.25 9.07 

 GtPNP 7.0 8.353 0.14 1.958 0.401 7.0 237.13 21.60 7.0 410.29 12.34 7.0 285.38 6.42 7.0 192.34 13.67 
  8.3 0.877 0.13 0.153 0.042 8.5 83.71 13.08 8.2 340.78 1.65 8.5 88.81 0.22 8.5 70.55 7.07 
                  
 6.3 6.708 0.74 4.359 0.279 5.6 114.57 4.83 5.9 21.72 0.38 5.6 302.37 9.61 5.6 34.07 2.86 

ApMTAP  7.0 3.950 0.26 7.615 0.861 7.0 96.25 1.16 7.0 42.46 1.67 7.0 154.93 14.34 7.0 45.42 0.90 
  8.3 0.207 0.07 3.318 0.232 8.5 7.59 2.85 8.2 34.58 2.93 8.5 43.51 2.17 8.5 66.95 2.07 

Reaction conditions: 1 mM substrate in 50 mM potassium phosphate buffer (pH 5.6~8.5) at 55°C (DgPNP), 70°C (GtPNP), and 
80°C (ApMTAP). Reactions were stopped with cold MeOH in the initial reaction phase. 
 



Table S4. The structural and electronic features a of Ado, dAdo2′NH2, dAdo2′F and dAdo2′F 
 

Compound 
Base 

conformation 
χ, deg b 

β-D-Pentofuranose 
conformation 

Selected data 

Bond length 
C1′-N9 (Å) 

Electronic charge (ε) 
Others 

C1′ N9 O4′ N7 

Ado -114.6; anti  
(-anticlinal) 

S; 3E (C3′-exo) 
P = 189.5°, υmax = 26.0° 1.47683 0.166 -0.272 -0.249 -0.267 C2′-OH: -0.098 ε 

C3′-OH: -0.095 ε 

Ado c -171.1; anti 
(antiperiplanar) 

N; 3E (C3′-endo) 
P = 7.2°, υmax = 36.0° 1.466      

dAdo2′NH2 
-117.6; anti  
(-anticlinal) 

East; 0T1 (O4′-endo) 
P = 102.5°, υmax = 38.9° 1.46766 0.178 -0.261 -0.260 -0.261 C2′-NH2: -0.066 ε 

dAdo2′NH3⊕ 
Cl- 

-178.8; anti 
(antiperiplanar) 

S; 2E (C2′-endo)  
P = 165.5°, υmax = 43.0° 1.48539 0.180 -0.268 -0.248 -0.257 C2′-NH3

⊕: +0.402 ε 

dAdo2′F -113.4; anti  
(-anticlinal) 

S; 3E (C3′-exo) 
P = 203.0°, υmax = 25.7° 1.47357 0.161 -0.268 -0.251 -0.266 C2′-F: -0.139 ε 

dAdo2′F
 d -164.3; anti  

(antiperiplanar ) 
N; 3E (C3′-endo) 

P = 8.8°, υmax = 35.7° 1.468      

dAdo2′F -118.6; anti  
(-anticlinal) 

S; 3E (C3′-exo) 
P = 206.5°, υmax = 20.3° 1.47249 0.162 -0.267 -0.258 -0.269 C2′-F: -0.137 ε 

a The structures have been analyzed by the restricted Hartree–Fock (RHF) ab initio method using basis set of STO-3G (Hyper-Chem, 8.1 release) and the 

PM3 geometry optimization as starting approximation for the ab initio calculations.   
b The χ angle is defined as torsion angle O4′-C1′-N9-C4 (anti: -180°<χ <-90°; high-anti: -90° <χ <-70°; anticlinal: -150°<χ <-90°; antiperiplanar: -180°<χ <-

150°; syn: χ = 0° ± 90°; high-syn: 90° <χ <110°); an anti conformation of adenine around the C1′-N9 glycosidic bond was found for all the nucleosides listed 

above except for the NH3
⊕ form of dAdo2′NH2, for which an antiperiplanar conformation resulted from calculations. 

c X-ray data taken from Lai, T.F.; Marsh, R.E (1972) Acta Cryst. Sect. B, B28, 1982-1989; see also: Klooster, W.T.; Ruble, J.R.; Craven, B.M.; McMullan, R.K 

(1991) Acta Cryst. Sect. B, B47, 376-383. 
d X-ray data taken from Morishita, K.; Hakoshima, T.; Fujiwara, T.; Tomita, K-i.; Kaneyasu, T.; Uesugi, S.; Ikehara, M (1984) Acta Cryst. Sect. C, C40, 434-436. 
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Fig. S1. Relative pH-dependent activity of the thermostalbe PNPs with natural and modified substrates (the activity of every PNP 
with each substrate at pH 7 was set to 100 %). Reaction conditions (see Table S3) 
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Fig. S2. Spectral chromatograms for synthesized dAdo2'F and dAdo2'F. HPLC chromatogram of 100 µM dAdo2'F (A), dAdo2'F 
synthesis mixture (B), 500 µM dAdo2'F (C), and dAdo2'F synthesis mixture (D). Inserted UV spectrum at 10.2 min (dAdo2'F) (A), 10.1 
min (dAdo2'F) (B), 5.7 min (dAdo2'F) (C), and 5.5 min (dAdo2'F) (D).  
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Introduction 

Nucleoside analogues are broadly used as anti-tumour and anti-viral agents. In the living cell, 

they manifest biological effects via diverse metabolic transformations, primarily as a result of 

conversion into derivatives of phosphoric acid, or themselves by inhibiting the metabolic 

pathways or as blockers of the synthesis of nucleic acids.[1] 

Table 1. Structure and bioactivity of halogenated purine nucleosides. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Among the great diversity of the biologically important nucleosides of this family, adenosine 

analogues containing chlorine (1-3) or fluorine (4-6) atom at the C2 carbon atom as well as 2,6-

dichloro- and 6-chloro-2-flouropurine ribo- (7 and 9) and 2′-deoxyribo-nucleosides (8 and 10) 

are of particular interest. Indeed, (i) Cladribine (1), Clofarabine (3) and Fludarabine (6) attract 

much attention during last two decades as drugs of great therapeutic potential, in particular for 

the treatment of leukemia[2, 4, 7]; (ii) 2-chloroadenosine (2Cl-Ado, 2) was shown to be an agonist 

of the adenosine receptor that induces apoptosis in several cell lines[3]; (iii) 2′-deoxy-2-

fluoroadenosine (2F-dAdo, 4) and 2-fluoroadenosine (2F-Ado, 5) are the first members of this 

group of adenosine analogues, have been synthesized in the middle of the last century, they 

showed high cytostatic activity against tumour cells that, unfortunately, is accompanied by the 

high toxicity for normal cells[5-6]. Di-halogenated purine nucleosides 7-10 (see Table 1 

Table ) are of great value first of all as precursors for the synthesis of numerous purine 

nucleosides in the framework of the R&D of efficient routes to the preparation of known 

substances as well as new nucleosides of potential biological importance.  

Until now, the vast majority of the considered nucleoside analogues have been synthesized 

by chemical methods. Two approaches to the synthesis of purine nucleosides have been widely 

and extensively studied. The first, convergent approach consists in the condensation of purine 

base with a suitable pentofuranose derivative and subsequent deprotection (see, e.g. [5-6, 9]; and 

the reviews [10]). The second, comprises in the chemical transformation of purine base or/and 

pentofuranose fragment of the natural commercially available ribo- or 2′-deoxyribo- nucleoside 

Nucleoside X Y R Bioactivity 

1 Cladribine NH2 Cl H anti leukemia; used in clinic[2] 

2 2Cl-Ado NH2 Cl OH (ribo) induce apoptosis in several cells[3] 

3 Clofarabine NH2 Cl F (arabino) anti leukemia; used in clinic[4] 

4 2F-dAdo NH2 F H cytotoxic[5] 

5 2F-Ado NH2 F OH (ribo) highly cytotoxic[5-6] 

6 Fludarabine NH2 F OH (arabino) anti leukemia; used in clinic[7] 

7 26DCP-R Cl Cl OH (ribo) smooth muscle relaxant[8] 

8 26DCP-dR Cl Cl H unknown 

9 6C2FP-R Cl F OH (ribo) unknown 

10 6C2FP-dR Cl F H unknown 

 



in the desired compound [11]. Despite the very impressive progress achieved in the development 

of chemical methods, the preparation of purine nucleosides remains a challenging problem. 

Without going into details, it should be noted that a common drawback of both approaches is 

indispensable introduction and subsequent removal of the protective groups, which is associated 

with chromatographic purification on almost every step, a lack of selectivity of chemical 

reactions, and the problems associated with the poor regio- and stereo- selectivity of chemical 

reactions (see, e.g. [12] and the papers cited therein). 

In complete contrast, enzymatic synthesis of nucleosides by the transglycosylation reaction 

proceeds strictly stereo- and regio- selectively (except for a few specific substrates[13]), which 

requires organic solvents (ethanol, acetonitrile) only on steps of isolating of the individual 

desired compound. Obviously, the substrate specificity of the enzyme and physicochemical 

properties of the substrates are critically important factors of this reaction. From a viewpoint of 

the practical synthesis, nucleoside phosphorylases (NPs) of diverse origin are presently very 

useful biocatalysts for the synthesis of base and pentofuranose modified nucleosides[13-14], which 

include pyrimidine NPs (PyNP, EC 2.4.2.2; UP, EC 2.4.2.3; TP, EC 2.4.2.4) and purine NPs 

(PNP, EC 2.4.2.1; MTAP, EC 2.4.2.28). These enzymes catalyze the reversible phosphorolysis 

of nucleoside in the presence of inorganic phosphate to afford -D-ribofuranose-1-phosphate 

(-D-Rib-1P) and nucleobase. The basic synthetic strategy is illustrated in Scheme 1.  
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Scheme 1. Enzymatic synthesis of modified nucleosides. 

 
The rationality of the transglycosylation reaction consists in the transfer of the 

pentofuranose moiety of a donor, which is commercially available pyrimidine nucleoside or its 

pentofuranose modified derivative, to the purine base; the direction of the reaction is determined 

by the differences in the equilibrium of nucleoside phosphorolysis catalyzed by purine vs 

pyrimidine phosphorylases. The equilibrium of the phosphorolysis is usually shifted to the 

nucleoside formation, which is more pronounced for the reactions catalyzed by PNP than that 

by PyNP, thus the coupled reactions proceed in the direction of purine nucleoside synthesis. 

Moreover, it is effective to use pyrimidine nucleosides as pentofuranose donor because the 



product (pyrimidine base) from the first step will not become the competitor of the reactant 

(purine base) for the second step (Scheme 1). 

A number of halogenated nucleosides have been synthesized by NPs from different sources. 

For instance, 2-Cl (or F) substituted adenine is accepted as substrate of PNPs from E. coli [15], 

Geobacillus stearothermophilus[16] and Sulfolobus solfataricus[17] for the synthesis of Cladribine 

1 [15a-d, 16], Fladarabine 6 [15e, 16] and their analogues; 6-Cl substituted purine is accepted by PNPs 

from E. coli [18] and Aeromonas hydrophila.[19] The reported conversions resulted in satisfactory 

yields of desired nucleosides (mainly HPLC data), and some of them gave yields in the range 

from 50 % to 80 % for the pure individual nucleosides. However, the wider application was 

restricted due to the following limitations: 

Firstly, broadly used bacterial whole cells as biocatalysts possess a number of enzymes that 

can consume substrates, catalyze undesired transformation of substrates or formation of 

nucleosides and, moreover, secrete in a medium of cell metabolite(s). The purified NPs (e.g., E. 

coli enzymes) typically exhibit lower activity towards the analogues of the natural substrates, 

and they will become inactive under the harsh conditions including high temperature, high 

substrate concentration and organic solvents. Even though today molecular evolution techniques 

are available to improve the E. coli enzymes[20] or even adapting the cell to organic solvents[21] , 

the genetic reservoir of the variety of microorganisms probably offers better starting points. 

Enzymes from thermophiles are advantageous over the conventional bacterial enzymes for the 

synthesis of modified nucleosides. Abstracting from their ability to operate at higher 

temperatures, a priori can be expected a wider range of substrate specificity due to their 

evolutionary distance to E. coli. 

Secondly, the purine bases 2-chloroadenine (2Cl-Ade) and 2-fluoroadenine (2F-Ade) have 

extremely low solubility in aqueous solutions which are most suitable for the enzymatic 

reactions. We tested the effect of temperatures on the solubility of 2Cl-Ade and 2F-Ade as well 

as relevant compounds in water solution in the range from 25 °C to 80 °C and found that the use 

of halides 26DCP and 6C2FP as substrates of the enzymatic synthesis is much more promising 

than 2Cl-Ade and 2F-Ade from the viewpoint of preparative synthesis because of their greater 

solubility (Table 2). Nevertheless, the use of 2Cl-Ade and 2F-Ade in the enzymatic synthesis of 

nucleosides was described in a number of publications (e.g. [15b, 16]).  

 

 

 

 

 



Table 2. Temperature dependence of the substrate solubility in aqueous solution.[a] 

 

 

 

 

 
 

 

 

[a]  Solubility was measured by UV spectroscopy at the maximum wavelength of each compounds (284-288 nm) in 2 
mM potassium phosphate buffer (pH 7.0). 2CA= 2Cl-Ade; 2FA= 2F-Ade; Ade= adenine; 26DCP= 2,6-
dichloropurine; 6C2FP= 6-chloro-2-fluoropuine; 6C2FP-R= 6-chloro-2-fluoropuine riboside. 

[b] The largest relative standard deviation is less than 3 % (n = 4). 
[c] Determined at 22 °C. 
[d] Determined at 43 °C. 
[e] ND= not determined. 

 

Results and Discussion 

Scrutiny of the published methods for the chemo-enzymatic synthesis of base and 

pentofuranose modified purine nucleosides prompted us to formulate a new versatile approach 

to the synthesis of this class of biologically important compounds. This approach consists in the 

enzymatic synthesis of 2,6-dihalogenated purine nucleosides, in particular 2,6-dichloropurine 

(26DCP) and 6-chloro-2-fluoropurine (6C2FP), as valuable scaffolds for the enzymatic and/ or 

chemical preparation of a broad palette of modified nucleosides. The motivation of this work is 

associate with the preparation of a number of PyNPs and PNPs from the thermophilic 

microorganisms (TtPyNP from Thermus thermophilus, GtPyNP and GtPNP from Geobacillus 

thermoglucosidasius, DgPNP from Deinococcus geothermalis, and ApMTAP from Aeropyrum 

pernix) and the study of their substrate properties,[22] which allow us to choose the most efficient 

biocatalysts for the synthesis of halogenated purine nucleosides. Note that dihalogenated purines 

have not found application as substrates of the enzymatic synthesis of their nucleosides owing to 

very poor substrate activity for the other reported PNPs. 

The present study was initiated by the comparative testing of activity of DgPNP, GtPNP and 

ApMTAP under optimal reaction conditions described earlier.[22] With this aim in view, two-step 

analysis was used, i.e. phosphorolysis of uridine by TtPyNP or GtPyNP to generate -D-Rib-1P 

in step 1. After this a purine base and PNP were added to the reaction mixture (step 2) and the 

formation of the corresponding purine nucleoside was monitored by HPLC. The activity of 2,6-

dihalogenated purines was compared with 2,6-diaminopurine (DAP) that is known to be one of 

the best purine substrate for PNPs from diverse sources. The results are shown in Table 3. As 

expected, DAP showed best substrate properties for the all PNPs tested; GtPNP showed 

Temp. 2CA 2FA Ade 26DCP 6C2FP 6C2FP-R

[°C] [mM][b] 

25 0.1 0.9 5.7[c] 15.8[c] 29.0[c] 79.9 

40 0.2 1.4 9.9[d] 17.6 49.3 211.5 

55 0.3 2.1 16.5 19.8 53.4 ND[e] 

65 0.4 2.2 21.7 34.0 81.8 ND 

80 0.5 4.0 36.9 38.4 150.2 ND 



superior activities vs those of DgPNP and ApMTAP towards the tested purine bases and it was 

selected for the further study.  

 
Table 3. Apparent activity of PNPs towards modified purine base. 

Purine 

base[b] 

Apparent activity[a] [U mg-1] 

DgPNP 

55 °C 

GtPNP 

70 °C 

ApMTAP 

80 °C 

DAP 98.96 152.76 10.62 

6C2FP 0.33 9.81 0.25 

26DCP 0.91 4.30 0.33 

[a] The apparent activity was determined under the conditions that  the ratio of -D-Rib-1P to purine base was 0.6 
mM: 1 mM and the base conversion rate was controlled in the linear range. 1 U = the amount of the enzyme 

converting 1 mol of purine base per minute under the defined conditions.  

[b] In 2 mM phosphate buffer (pH 7.0). DAP = 2,6-diaminopurine; 6C2FP = 6-chloro-2-fluoropuine; 26DCP = 2,6-
dichloropurine. 

 
In the next series of experiments, the enzymatic syntheses of ribosides (entries 1-5), 2'-

deoxyribosides (entries 6-10), and arabinosides (entries 11-13) using GtPNP and TtPyNP or 

GtPyNP as biocatalysts were investigated, and the results are summarized in Table 4. The 

choice of combinations of the enzymes as well as the reaction temperatures are based on the 

earlier published data of the substrate specificity of the used enzymes.[22] At indicated 

temperatures, TtPyNP and GtPyNP are interchangeable for the phosphorolysis of uridine and 

thymidine; however, AraU showed no substrate activity for GtPyNP, but is a substrate for 

TtPyNP (Table 4). 

 Analysing the data of Table 4, the excellent substrate properties of the bases studied in the 

synthesis of ribo- and 2′-deoxyribo nucleosides should be underlined first of all. Indeed, the 

experimental conditions were not optimized in regard to the donor: acceptor ratio and the 

reaction time (especially in the case of halogenated bases) and none the less the conversion of 

26DCP and 6C2FP reached 54-69 % demonstrating a great potential of the suggested approach 

to the synthesis of the corresponding nucleosides on the preparative scale. The excellent 

substrate activity of DAP towards PNP’s of diverse origin is well documented [1b, 13-14], however, 

a high rate of the 2Cl-Ade and 2F-Ade conversion in the corresponding ribo- and 2′-deoxyribo 

nucleosides is somewhat unexpected taking into account extremely poor solubility of the bases 

in aqueous media. These data on the whole allow suggesting unusually high efficiency of the 

GtPNP catalyzed practically irreversible coupling of a base with the intermediary formed -D-

Rib-1P and -D-dRib-1P promoting the solution of 2Cl-Ade and 2F-Ade in the reaction mixture.  

In the case of the synthesis of ara-nucleosides, the low phosphorolytic efficiency of TtPyNP 

along with lower catalytic power of GtPNP toward -D-ara-1P vs that in regard of the natural 

-D-Rib-1P and -D-dRib-1P are obviously the main reason of a low rate of the reaction. A 



careful optimization of the reaction conditions is necessary to improve the formation rate and 

yield of the desired nucleosides.   

 

Table 4. Synthesis of modified purine ribonucleosides via enzymatic 
transglycosylation.[a] 
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Entry 

Pentofuranosyl  Purine Base[c] Synthesized 

nucleoside 

Time/Temp 

[h/°C] 

Conversion [%] 

Donor[b] R X Y Donor[d] Base[e] 

1 

Urd 
OH 

(ribo) 

NH2 NH2 DAP-R 1/ 70 66.9 95.3 

2 NH2 Cl 2Cl-Ado (2) 1/ 70 45.8 93.3 

3 NH2 F 2F-Ado (4) 1/ 70 73.3 91.6 

4 Cl Cl 26DCP-R (7) 0.5/ 65 52.8 53.9 

5 Cl F 6C2FP-R (9) 0.5/ 65 54.1 63.0 

6 

Thd H 

NH2 NH2 DAP-dR 1/ 70 66.8 80.0 

7 NH2 Cl Cladribine (1) 1/ 70 55.0 80.0 

8 NH2 F 2F-dAdo (5) 1/ 70 83.6 65.9 

9 Cl Cl 26DCP-dR (8) 0.5/ 65 58.6 67.4 

10 Cl F 6C2FP-dR (10) 0.5/ 65 59.7 69.3 

11 

AraU 
OH 

(arabino) 

NH2 NH2 DAP-araR 3/ 70 54.6 39.5 

12 Cl Cl 26DCP-araR (11) 3/ 70 40.8   9.9 

13 Cl F 6C2FP-araR (12) 3/ 70 40.0   7.2 
 

 [a] Enzymes: TtPyNP 0.1 mg mL-1 (5.3 U mL-1 towards Urd at 70 °C) and GtPNP 0.2 mg mL-1 (2.0 U mL-1 towards 
6C2FP at 70 °C) (entries 1-3, 6-8, 11-13); GtPyNP (5.1 U mL-1 towards Urd at 65 °C) and GtPNP (0.9 U mL-1 
towards 6C2FP at 65 °C), 0.1 mg mL-1 each (entries 4-5, 9-10); Medium: 2 mM K-phosphate buffer (pH 7.0). 

[b] Pentofuranosyl donor: 2 mM. Urd = uridine, Thd =thymidine, AraU =1--D-arabinofuranosyl)uracil. 
[c] Purine base: 1 mM. 2Cl-Ade (entries 2 and 7) can only reach 0.6 mM. 
[d] Yield (according to HPLC) based on pyrimidine nucleosides (donor) conversion. 
[e] Yield (according to HPLC) based on purine base conversion. 

 

With this aim in view, TtPyNP and GtPNP were immobilized on MagReSynTM epoxide 

beads (polyethyleneimine-based iron oxide magnetic microspheres with epoxide functional 

groups; were kindly gifted from ReSyn Biosciences, Pretoria, South Africa) as one of possible 

routes to improve the yield of the desired nucleosides. The activity of the immobilized enzymes 

was measured according to the activity assay as previously described [22]  and the following data 

were obtained: TtPyNP – 4.8 mg enzyme was loaded per mL beads, 41 % residual activity; 



GtPNP – 16.5 mg enzyme was loaded per mL beads, 83 % residual activity.  It was found that 

Urd and 6C2FP in concentrations up to 80 mM and 55 mM, respectively, does not inhibit the 

immobilized enzymes.  

In the small scale (0.4 mL), under optimal conditions, the conversion of 26DCP and 6C2FP 

in the corresponding ribo-nucleosides 7 and 9 were found by HPLC to be 78% and 85%, 

respectively. See “Experimental Section” for more details. 

To validate the efficiency of the immobilized enzymes for the preparation of pure 

nucleosides on the multi milligram scale, the synthesis of 6-chloro-2-fluoro-9-(-D-

ribofuranosyl)-purine (9) was studied. The reaction mixture (in 2 mM K-phosphate buffer, pH 

7.0; total volume 50 mL) containing 50 mM Urd, 25 mM 6C2FP was kept at 60 °C for 20 h 

monitoring by HPLC. During this period, the formation of the nucleoside 9 reached 75% and 

the reaction mixture was worked-up (removing of the biocatalyst by magnet, silica gel column 

chromatography) to give the desired product in 60% yield of 98 % purity (HPLC).  

The results of the synthesis of the nucleoside 9 prompted us to extend this work to the 

preparation of nucleosides 7, 8 and 10 aiming at the R&D of the new efficient chemo-enzymatic 

routes to known and new modified purine nucleosides. This work is in progress. Emphasis is 

made on the role of the successional treatments for the efficient synthesis of purine 

nucleosides, e.g., Cladribine (1) and Fluarabine (3), using either ribonucleosides 7 and 9 (first B 

then A, and first D then C) or their corresponding 2-chloro- and 2-fluoro-adenine derivatives 

(first A then B, and first C then D) as donors of the relevant purine bases in the 

transglcosylation reactions (Scheme 2. Chemo-enzymatic routes for the synthesis of Cladribine 

and Fludarabine.Scheme 2) (cf. refs [23]). 
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Scheme 2. Chemo-enzymatic routes for the synthesis of Cladribine and Fludarabine. 

 

In summary, possibility of application of the tandem of GtPNP & TtPyNP, GtPNP & 

GtPyNP, and GtPNP and TtPyNP as biocatalysts for the synthesis of corresponding ribo, 2′-



deoxyribo and arabino purine nucleosides was studied and it was found that DAP, 2Cl-Ade, 2F-

Ade, 26DC-P and 6C2FP are effectively transformed into the corresponding ribo and 2′-

deoxyribo nucleosides; the formation of the arabino nucleosides of DAP, 26DC-P and 6C2FP 

proceeded with lesser efficiency and the careful optimization of the reaction conditions is 

necessary to develop the practical method of their preparation. Immobilisation of GtPNP and 

TtPyNP on MagReSynTM Epoxide beads resulted in more efficient transformation of 26DC-P 

and 6C2FP into the corresponding ribo nucleosides as it was exemplified by the synthesis of 6-

chloro-2-fluoro-9-(-D-ribofuranosyl)-purine (9) on a multi milligram scale. The results of the 

present study in toto represent a great interest for the R&D of efficient methods of base and 

pentofuranose modified purine nucleosides.  

 

Experimental Section 

Solubility Test 

Calibration curves were made by UV spectroscopy for each compound to be tested. The 

wavelengths of maximum absorption are: 285 nm (2Cl-Ade, = 624.6 M-1 cm-1), 284 nm (2F-

Ade, = 284.9 M-1  cm-1), 284 nm (Ade, = 261.5 M-1 cm-1), 288 nm (26DCP, = 3215 M-1 cm-

1), 285 nm (6C2FP, = 2335 M-1 cm-1; 6C2FP-R, = 1627 M-1 cm-1). The saturated solutions 

suspended in 2 mM phosphate buffer (pH 7.0) were incubated at different temperatures in a 

water bath or on a thermomixer for 30 min. The supernatant was withdrawn and cooled down 

shortly, then diluted to the suitable concentration for the absorption measurement. Solubility 

was calculated according to the saturation concentration at the defined temperature. 

Expression and Preparation of Enzymes 

TtPyNP, GtPyNP, GtPNP, DgPNP and ApMTAP were expressed in E. coli BL21 and purified 

by heat-treatment and standard Ni-NTA affinity chromatography as previously described.[22] 

Purified TtPyNP has a specific activity of 53 U mg-1 at 70 °C and GtPyNP 51 U mg-1 at 65 °C 

towards Urd in 50 mM phosphate buffer (pH 7).  

Procedure of Determination of PNP Apparent Activity towards Purine Base 

The procedure contains two steps: i) 0.5 mL 4 mM Urd was incubated with 0.1 mg GtPyNP or 

TtPyNP in 2 mM phosphate buffer (pH 7) for 5 min at the temperature of the second step. In the 

end of the reaction, equilibrium was reached and 30 % Urd was converted to Ura and -D-Rib-

1P. ii) 0.5 mL 2 mM purine base in 2 mM phosphate buffer (pH 7) with PNP (the concentration 

was selected in a way that the reaction rate was in the linear range) was added into the first step 



reaction for 2 min at 55 °C (DgPNP), 65 °C (GtPNP) or 80 °C (ApMTAP). The reaction 

mixtures were analysed by HPLC (see supporting information). One unit PNP apparent activity 

was defined as the amount of PNP which catalyses 1 μmol purine base per minute under the 

aforementioned conditions.  

Enzymatic Synthesis of Halogenated Purine Nucleosides 

0.40 mL reaction mixture consisted of 2 mM pentofuranosyl donor (Urd, Thd or AraU), 1 mM 

purine base, 2 mM phosphate buffer (pH 7.0), 0.1 mg mL-1 TtPyNP (or GtPyNP) and 0.1–0.2 

mg mL-1 GtPNP. Reactions were performed on a thermomixer at defined temperatures for 0.5 to 

3 h (Table 4) and stopped by adding ice cold water by a 1:1 dilution. Controls (Table 4, entries 

2-3, 7-8, 11-13) without enzyme were performed in parallel and showed no product formation. 

The conversions were calculated from HPLC analysis, which were the percentage of converted 

donor or base.  

Immobilization of TtPyNP and GtPNP 

Immobilization and the optimal reaction conditions for the synthesis of 2,6-dichloro-9-(-D-

ribofuranosyl)-purine (7) and 6-chloro-2-fluoro-9-(-D-ribofuranosyl)-purine (9). TtPyNP and 

GtPNP were immobilized on MagReSynTM epoxide beads (ReSyn Biosciences, Pretoria, South 

Africa) according to the accompanied manual with a slight modification. Briefly, 0.04 mL 

suspension beads (1 mg dry beads) were loaded with TtPyNP (0.19 mg; 4.1 U towards Urd at 

70 °C) or GtPNP (0.66 mg; 2.4 U and 5.4 U towards 26DCP and 6C2FP at 70 °C, respectively) 

in a total volume of 0.40 mL binding buffer (50 mM potassium phosphate buffer, pH 6.0) and 

incubated on the thermomixer shaking at 950 rpm, 50 °C for 4 h. The quenching step was 

skipped. Beads were washed and stored at 4 °C in 50 mM potassium phosphate buffer (pH 7.0) 

for further use. 

The optimal conditions for the synthesis of the nucleoside 7 were: 0.4 mL reaction 

containing 20 mM Urd, 7 mM 26DCP, 1.4 mM K-phosphate  (pH 7.0), 4.1 U TtPyNP (towards 

Urd at 70 °C) and 2.4 U GtPNP (towards 26DCP at 70 °C). The reaction mixture was shaken at 

1000 rpm for 30 min at 70 °C and HPLC analysis showed a 78% base conversion in the 

nucleoside 7.  

The optimal conditions for the synthesis of nucleoside 9 were: 0.4 mL reaction containing 50 

mM Urd, 20 mM 6C2FP, 2 mM K-phosphate  (pH 7.0), 4.1 U TtPyNP (towards Urd at 70 °C) 

and 5.4 U GtPNP (towards 6C2FP at 70 °C). The reaction mixture was shaken at 1000 rpm for 

180 min at 70 °C and HPLC analysis showed an 85% base conversion in the nucleoside 9. 

 

  



Synthesis and purification of 6-chloro-2-fluoro-9-(-D-ribofuranosyl)-purine (9) 

Reaction mixture (50 mL) containing uridine (0.61 g, 2.5 mmol), 6-chloro-2-fluoropurine (0.216 

g, 1.25 mmol), potassium phosphate (0.1 mmol, pH 7.0) and immobilized biocatalysts (TtPyNP: 

8  mg, ca. 67 U, towards Urd at 60 °C; GtPNP: 15 mg, ca. 87 U, towards 6C2FP at 60 °C) was 

enclosed in a 50 mL-falcon tube and rotated by an end-over-end rotator at 55-60 °C in a water 

bath for 20 h. 75 % conversion on the base was determined by HPLC. The biocatalyst was 

removed by magnet and the product was isolated by the silica gel column chromatography to 

afford the desired product 9 as a white solid (0.230 g, 0.75 mmol; HPLC purity 98 %) in 60% 

yield (see the Supporting Information for more details). 
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1. General 
 
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), and VWR (Darmstadt, Germany).  Water was purified 

by a purification system from Merck Millipore (Schwalbach, Germany). MagReSynTM Epoxide is a kind gift from ReSyn Biosciences 

(Pretoria, South Africa). The UV spectrum and absorption of purine bases were recorded by Biochrom Ultrospec 3300 pro UV/Visible 

Spectrophotometer (Cambridge, England). HPLC analysis 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 × 4.60 mm). Column chromatography was 

performed on silica gel 60 (0.043-0.06 mm, 230-400 mesh, ASTM) from Grace GmbH. NMR data were recorded on Bruker AV 500 

instruments. High resolution mass spectrometry (HRMS) analyses were performed by the Analytical Facility at the Institut für Chemie of the 

Technische Universität Berlin.  

2. HPLC Chromatograms 
 
HPLC analyses were performed at a flow rate of 1 mL min-1, and the column temperature was 15 °C. The injection volume was 10 mL and 

followed by a gradient elution: mixture of 20 mM ammonium acetate + 100 % acetonitrile in the ratio of 97:3 to 60:40 in 10 min, and then 

97:3 for 8 min as eluent; UV detection at λ=260 nm.  
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Figure S1. Enzymatic synthesis of DAP-R, 26DCP-R (7), and 6C2FP-R (9) with Urd as pentofuranosyl donor (entries 1, 4, and 5 refer to Table 3 of the 
original article).  
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Figure S2. Enzymatic synthesis of 2Cl-Ado (2) and the related control (entry 2 refers to Table 3 of the original article). 
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Figure S3. Enzymatic synthesis of 2F-Ado (3) and the related control (entry 3 refers to Table 3 of the original article). 
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Figure S4. Enzymatic synthesis of DAP-dR, 26DCP-dR (8), and 6C2FP-R (10) with Thd as pentofuranosyl donor (entries 6, 9, and 10 refer to Table 3 
of the original article).  
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Figure S5. Enzymatic synthesis of Cladribine (1) and the related control (entry 7 refers to Table 3 of the original article). 
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    Figure S6. Enzymatic synthesis of 2F-dAdo (5) and the related control (entry 8 refers to Table 3 of the original article). 
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     Figure S7. Enzymatic synthesis of DAP and the related control (entry 11 refers to Table 3 of the original article). 
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Figure S8. Enzymatic synthesis of 26DCP-araR (11) and the related control (entry 12 refers to Table 3 of the original article). 
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    Figure S9. Enzymatic synthesis of 6C2FP-araR (12) and the related control (entry 13 refers to Table 3 of the original article).  
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3. Purification and Identification of 9 
 
After the conversion not increasing with the time any more, the reaction mixture were concentrated under vacuum. The residues were purified on a 
silica gel column chromatography (dichloromethane: ethanol= 15:1). However, 9 and uracil were not separated successfully and the related fractions 
were concentrated and subjected to a second silica gel purification (ethyl acetate: acetone= 7:3). Finally the desired product was purified and obtained as 
a white solid. 
 
Melting point= 182–183 °C (1st run), 182–183.5 °C (2nd run) 
 
Chemical shifts of 1H and 13C NMR are reported in parts per million (ppm) downfield from tetramethylsilane and are referenced to the residual solvent 
resonance as the internal standard (DMSO: δ = 2.54 ppm for 1H and DMSO-d6: δ = 40.45 ppm for 13C). Data are reported as follows: chemical shift, 
multiplicity (br s= broad singlet, s= singlet, d= doublet, t= triplet, dt= doublet of triplets, q= quartet, m= multiplet), coupling constants (Hz) and 
integration. 
 
1H NMR (500 MHz, DMSO-d6):  
δ= 8.99 (s, 1H; H-8), 5.98 (d, 1H, J1’, 2’ = 4.9 Hz; H-1’), 5.63 (d, J = 5.7 Hz, 1H; 2’-OH), 5.29 (d, J = 5.5 Hz, 1H; 3’-OH), 5.11 (t, J = 5.5 Hz, 1H; 5’-
OH), 4.54 (m, 1H, H-2’), 4.22 (m, 1H; H-3’), 4.03 (dt, 1H, J4’,3’= 4.03 Hz,  J4’,5’= J4’,5’’ = 4.01 Hz; H-4’), 3.74 (ddd, gemJ = 12.0 Hz, 
J = 5.2 Hz, J = 4.1 Hz, 1H), 3.63 (ddd, gemJ = 11.9 Hz, J = 5.1 Hz, J = 4.0 Hz, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6):  
δ= 157.08 (d, J = 213.96 Hz; C-2), 154.48 (d, J = 19.5 Hz; C-6(4)), 151.49 (d, J = 18.2 Hz; C-4(6)), 147.27 (d, J = 2.51 Hz; C-8 through 5 bonds), 131.4 
(d, J = 4.8 Hz; C-5), 89.2 (C-1), 86.6 (C-4) 74.9 (C-2), 70.8 (C-3), 61.7 (C-5) ppm. 
 
HR-MS (APCI) exact mass m/z= 305.0450, calcd. for C10H10ClFN4O4 [M+H]+: 305.0447. 

Isotope: calcd. for [M+H]+  m/z= 307.0418, found: 307.0420. 
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4. NMR and HR-MS Spectrum of 9 

 
 

Figure S10. 1H NMR spectrum of 9 
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Figure S11. 13C NMR spectrum of 9 
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Figure S12. HR-MS Spectrum of 9. Inserted curve is the calculated isotope distribution of [M+H]+. 
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