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Abstract  I 

Abstract 

Nucleosides and nucleoside analogs are indispensable biomolecules which serve as buildings blocks of 

DNA and RNA, pharmaceuticals and molecular biology tools. Sparked by the demand for synthetic 

access to these compounds, a variety of approaches for nucleoside synthesis has been developed. 

Among these, biocatalytic nucleoside synthesis via nucleoside phosphorylases promises a solution to 

the long-standing selectivity challenges encountered during established chemical approaches. These 

enzymes enable direct access to nucleosides from their corresponding free nucleobases in a one-pot 

fashion under mild aqueous conditions. However, the admission of this methodology to the standard 

repertoire for nucleoside synthesis has been slow, despite the wealth of examples of nucleoside 

phosphorylase-catalyzed transglycosylations in the literature. This is likely due to a lack of predictability 

of biocatalytic nucleoside transglycosylations as well as an insufficient arsenal of high-throughput 

methodologies for the characterization of the respective enzymes and their transformations.  

To close this gap, this thesis presents analytical methods and thermodynamic frameworks for the 

characterization and optimization of nucleoside phosphorylase-catalyzed reactions. First, a 

comprehensive route efficiency assessment of N-glycosylation methods for nucleoside synthesis 

reveals the bottlenecks of current synthetic approaches and highlights the importance of developing 

concise and efficient biocatalytic routes. To facilitate this cause, a UV-based high-throughput method 

for reaction monitoring is described which relies on deconvolution of highly overlapping absorption 

spectra. With this assay at hand, the equilibrium thermodynamics of nucleoside phosphorolysis were 

explored systematically, establishing the tight thermodynamic control of this reaction system and 

providing a range of temperature-dependent equilibrium constants. Building on this foundation, an 

analytical approach to the monitoring of the hydrolytic decay of UV-inactive pentose-1-phosphates 

through UV spectroscopy is presented which employs apparent equilibrium shifts via LeChatelier’s 

principle. Furthermore, the transfer of these thermodynamic principles to transglycosylation reactions 

provided guidelines and mathematical tools for the yield prediction and optimization in synthetically 

relevant applications. These were demonstrated via the biocatalytic preparation of synthetically 

challenging selenium-containing pyrimidine nucleosides in a proof-of-concept study. Lastly, a 

hyperthermostable enzyme is described which performs phosphorolysis and transglycosylation 

reactions in cosolvent-heavy and near-boiling media, enabling increased substrate loading compared 

to common nucleoside transglycosylations.  

Collectively, the results and thermodynamic insights disclosed in this thesis enable the prediction and 

optimization of yields in nucleoside phosphorolysis and transglycosylation reactions, paving the way 

for efficient nucleoside synthesis via biocatalytic one-pot processes. 
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Zusammenfassung  II 

Zusammenfassung 

Nukleoside und Nukleosidanaloga sind wichtige Biomoleküle, die als Bausteine von DNA und RNA, 

Pharmazeutika und molekularbiologische Werkzeuge dienen. Der breite Bedarf an diesen Molekülen 

hat die Entwicklung einer Vielzahl von synthetischen Ansätzen angetrieben. Unter diesen ist die 

biokatalytische Nukleosidsynthese durch Nukleosidphosphorylasen besonders vielversprechend, da 

diese eine Lösung für die bestehenden Selektivitätsprobleme etablierter chemischer Methoden bietet. 

Diese Enzyme ermöglichen direkten synthetischen Zugang zu Nukleosiden, ausgehend von den 

zugehörigen freien Nukleobasen unter milden wässrigen Bedingungen. Trotz der wachsenden Zahl an 

Literaturbeispielen für Transglykosylierungsreaktionen mit Nukleosidphosphorylasen, geschieht die 

Aufnahme dieser Methodik in das Standardrepertoire für Nukleosidsynthesen jedoch nur sehr 

langsam. Dies begründet sich wahrscheinlich in der mangelnden Vorhersehbarkeit der Ausbeuten in 

biokatalytischen Transglykosylierungen, sowie dem limitierten Arsenal an Hochdurchsatzmethoden 

zur Charakterisierung der entsprechenden Enzyme und ihrer Reaktionen.  

Um diese Lücke zu schließen, präsentiert diese Arbeit analytische Methoden und einen 

thermodynamischen Rahmen zur Charakterisierung und Optimierung von Nukleosidphosphorylase-

katalysierten Reaktionen. Zunächst werden Engpässe und Limitationen von bekannten Methoden zur 

Nukleosidsynthese mittels einer Effizienzanalyse beleuchtet, was die Notwendigkeit der Entwicklung 

von effizienten biokatalytischen Ansätzen aufzeigt. Um dieses Unterfangen zu ermöglichen, wird 

darauffolgend eine UV-basierte Hochdurchsatzmethode zum Reaktionsmonitoring von Nukleosid-

phosphorolyse-Reaktionen präsentiert, die auf Dekonvolution von stark überlappenden 

Absorptionsspektren beruht. Mittels dieser Methode wurde die Gleichgewichtsthermodynamik von 

Nukleosidphosphorolyse-Reaktionen untersucht, wodurch die thermodynamische Reaktionskontrolle 

in diesem System etabliert werden konnte. Aufbauend auf diesen Erkenntnissen wurde ferner ein 

analytischer Ansatz zur UV-spektroskopischen Beobachtung der Hydrolyse von UV-inaktiven Pentose-

1-phosphaten entwickelt, welcher sich Gleichgewichtsverschiebungen nach dem Prinzip von 

LeChatelier bedient. Der Transfer dieser thermodynamischen Erkenntnisse auf Nukleosid-

transglykosylierungen ergab Richtlinien und mathematische Werkzeuge zur Vorhersage und 

Optimierung der Ausbeuten in diesen synthetisch relevanten Reaktionen. Diese wurden anschließend 

anhand der Präparation von synthetisch anspruchsvollen Selen-modifizierten Pyrimidinnukleosiden in 

einer Proof-of-concept Studie demonstriert. Zuletzt wird eine hyperthermostabile 

Nukleosidphosphorylase beschrieben, welche in Kosolvens-lastigen und fast kochenden Medien stabil 

und katalytisch aktiv ist, wodurch eine höhere Substratlöslichkeit verglichen mit gängigen 

Nukleosidtransglykosylierungen ermöglicht wird. 

Zusammenfassend erlauben die Ergebnisse dieser Arbeit die Vorhersage und Optimierung von 

Ausbeuten in Nukleosidphosphorolyse und -transglykosylierungen, was die effiziente Synthese von 

Nukleosiden in biokatalytischen Eintopfreaktionen ermöglicht.  
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Introduction 1 

1 Introduction 

Nucleosides are truly central biomolecules. Much of today’s progress in the biological sciences and 

medicinal chemistry depends on nucleosides and nucleoside analogs serving as molecular probes, raw 

materials for oligonucleotide synthesis and pharmaceuticals for the treatment of various cancers and 

viral infections. However, nucleoside analogs are notoriously hard to access using traditional synthetic 

chemistry. In fact, the current lack of straightforward and robust methodologies for the synthesis and 

diversification of nucleosides and their analogs stems not from a lack of desire but rather from the 

difficulty to prepare these compounds in a selective and efficient manner. The main obstacles to this 

end are presented by the low nucleophilicity of nucleobases (complicating direct N-glycosylation) as 

well as the density of functional groups on the sugar moiety (complicating regio-, chemo- and 

diastereoselectivity of all transformations). To address these challenges, a variety of creative 

approaches have been devised to prepare nucleosides from their corresponding nucleobases which 

are comparably easy to access. Nonetheless, these approaches typically require lengthy routes of more 

than six synthetic steps as well as considerable purification effort throughout the route. 

Biocatalytic nucleoside synthesis employing nucleoside phosphorylases represents an attractive 

alternative to bypass the challenges plaguing conventional nucleoside synthesis. These enzymes 

perform the reversible phosphorolysis of nucleosides to their corresponding nucleobases and pentose-

1-phosphates. Synthetically, they can be used in (trans)glycosylation approaches to furnish nucleosides 

directly from their free nucleobases with perfect selectivity. This considerably shortens the synthetic 

process down to a single step which can be done under mild aqueous conditions without the need for 

toxic or otherwise harmful reagents.  

However, the acceptance of nucleoside phosphorylases into the repertoire of nucleoside chemists has 

been slow, presumably due to a limited understanding and lack of predictability of these biocatalysts 

and their reactions. For one, the choice of the right enzyme and substrate for maximum phosphorolysis 

and transglycosylation conversions had remained difficult and, secondly, the thermodynamics of these 

reaction systems had not yet been systematically analyzed, making it challenging to rationally engineer 

efficient bioprocesses. Thirdly, physicochemical frameworks for the prediction and optimization of 

yields in such coupled equilibrium reactions were missing. Additionally, versatile analytical tools for 

the high-throughput characterization of nucleoside phosphorylases and their reactions had not yet 

been developed, limiting the analysis of these processes to time-consuming HPLC analysis. Besides 

that, the prejudice of enzymes having a narrow substrate scope and being limited to low temperatures 

and fully aqueous reaction conditions is likely still deeply rooted in synthetic organic chemistry, 

ultimately hindering the admission of biocatalytic methodologies to the toolkit of synthetic chemists.  

To address these obstacles, this thesis presents analytical methods and thermodynamic frameworks 

for the characterization and optimization of biocatalytic nucleoside synthesis processes employing 

nucleoside phosphorylases. In the first chapter, the state of the art is established by highlighting the 

significance of nucleosides and nucleoside analogs, expanding on the synthesis of nucleosides as well 

as some associated environmental concerns and introducing nucleoside phosphorylases along with a 

brief history of their discovery and applications. The following chapters present and discuss the 
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research hypotheses which laid the foundation for the work presented in this thesis. A route efficiency 

assessment of the synthesis of nucleosides via N-glycosylation reveals the current bottlenecks 

hindering the available synthetic options and sets the stage for the improvement of biocatalytic 

approaches bearing significant potential. To aid this cause, the development of a UV-based high-

throughput analytical method is presented which employs spectral unmixing of highly overlapping 

absorption spectra for reaction monitoring. This ultimately proved central to the following systematic 

exploration of the thermodynamics of nucleoside phosphorolysis as well as the characterization of the 

stability of pentose-1-phosphate intermediates. Building on these fundamental insights, the transfer 

of these methodologies to the characterization of transglycosylation reactions is described. Their 

straightforward optimization via principles of thermodynamic control is presented and further 

demonstrated by synthetic applications. This thesis closes with an interesting case of enzymatic 

thermostability and cosolvent tolerance, refuting the stereotype that enzymes always have a narrow 

working space. 
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2 Scientific Background 

 Nucleosides and Nucleoside Analogs 

All life on earth builds on nucleosides. Linked together by phosphate ester bridges, nucleosides are 

central components of DNA and RNA, enabling the storage of information in the genomes of all known 

living organisms. Triphosphates of nucleosides, known as nucleotides, serve as essential cellular energy 

transfer and storage systems, empowering the cellular machinery to perform a spectrum of vital 

enzymatic reactions ranging from simple functional group interconversions to the synthesis of 

proteins, genomes and whole new cells. This machinery further depends on a range of other 

nucleoside-based compounds such as flavin or nicotinamide dinucleotides, both of which enable 

enzymatic oxidations and reductions central to the primary and secondary metabolism. Simply put, 

nucleoside-based compounds enable life on earth as we know it. 

Structurally, nucleosides are composed of a functionalized N-heterocyclic base and a ribose-based 

sugar moiety. The natural nucleosides carry the nucleobases adenine (1), guanine (2), cytosine (3), 

thymine (4) and uracil (5, Chart 1) representing either a purine (1 and 2) or a pyrimidine scaffold (3−5). 

While genomic information is stored as stable DNA featuring a 2’-deoxyribosyl backbone and the 

corresponding nucleosides 1a−4a, transcribed (transient) information is contained in RNA featuring 

uracil instead of thymine and the more labile ribosyl-based backbone of 1b−3b and 5b. Interestingly, 

the names of these nucleosides and nucleobases date back to the early days of biochemistry and reflect 

the fundamental nature of these compounds. All nucleosides are termed according to their 

nucleobases and share the -ine suffix, descriptive of the fact that they contain nitrogen atoms, with 

the purine nucleosides additionally hinting at the presence of a sugar moiety via the -ose suffix (e.g. 

aden-os-ine). Named after their origins of discovery, the nucleobase cytosineI was found as a vital part 

of cells (from the Greek zyto-, meaning cell),2 adenine was first isolated from ox pancreas (from the 

Greek aden-, meaning gland),3 thymine from thymus glands4 and guanine, infamously, from guano 

(commonly known as bird droppings).5 Only uracil deviates from this rule as its name originates from 

Behrend’s early syntheses of pyrimidine and purine nucleobases,6 during which he mentioned a 

demethylated analogue of thymine and “arbitrarily termed it uracil”,II presumably due to its partial 

structural resemblance to uric acid, which in turn had been known as a constituent of urine since 

before the dawn of systematic scientific literature records.7 

Inspired by the central role of natural nucleosides in cellular processes, an astounding variety of 

modified nucleosides has been designed and prepared to fulfill, extend or influence a range of 

biological functions. Predestined by the vital role of nucleosides in cell replication, analogs of these 

compounds often serve as entry points for the development of anticancer and antiviral interventions. 

In fact, nucleoside analogs currently represent approximately one fourth of all approved small 

molecule pharmaceuticals for cancer treatments.8–12 These comprise heavily modified scaffolds such 

as mericitabine (9) bearing only distant resemblance to their natural counterparts, as well as 

 
I which is a bit of a misnomer since it contains no sugar moiety 
II translated from German: “welche ich willkürlich mit dem Namen Uracil belege” 
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compounds such as floxuridine (6), clofarabine (7) or islatravir (8), which only feature a few key 

substitutions. Despite their structural diversity, nucleoside analogs for cancer and antiviral treatments 

are united by the core principles of their modes of action relying on DNA replication inhibition in fast-

replicating cells typical of cancerous or virus-infected tissues.9,10,13,14 Other nucleoside analogs serve a 

spectrum of functions as molecular biology tools. For instance, locked15,16 or fluorinated17 nucleic acids 

can be employed as thermally stable DNA or RNA labelling probes and nucleoside analogs bearing a 

conjugated fluorophore are used as markers and fluorescent probes.18 Alkynes like 5-ethynyluridine 

enable further straightforward diversification of oligonucleotides, granting access to the study of RNA 

synthesis or visualization of cellular localization via click chemistry-based conjugation of 

fluorophores.19,20 Collectively, these examples showcase the power of nucleoside analogs which play 

an integral role in nearly all areas of modern life science. 

 

Chart 1.  
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 Synthesis of Nucleosides  

Driven by the demand for nucleosides and nucleoside analogs in nearly all areas of life science, a variety 

of synthetic approaches to nucleosides has been developed, with early reports dating back more than 

six decades.21 Synthetic access to heterocyclic nucleobases with various substitutions is rather 

straightforward through a number of condensation reactions (Scheme 1, top),22–28 while the 

corresponding nucleosides require the addition of a sugar moiety to said bases via N-glycosylation, 

which is a much more challenging task. Indeed, the synthesis of many nucleobases has already been 

accomplished in the late 1800s6 (not considering prebiotic nucleobase/nucleoside synthesis, of course, 

which is currently a hot topic of its own)29–36 whereas nucleoside synthesis through glycosylation 

continues to be an active research area in present days.37–41 This thesis focuses on the synthesis of 

ribosyl and 2’-deoxyribosyl nucleosides, whose synthesis via N-glycosylation has attracted by far the 

most research interest due to these scaffolds representing the bulk of nucleoside analogs used. 

Nucleosides featuring other sugar moieties require entirely different synthetic approaches such as 

starting from natural nucleosides to install substitutions via elaboration of the existing scaffold,42–44 

preparation of modified sugar synthons from carbohydrates from the chiral pool45 or even de novo 

synthesis.46–48 All these approaches necessitate complicated and often lengthy routes of their own and 

shall not be the focal point of this thesis. 

The main obstacles for (2’-deoxy)ribosyl nucleoside synthesis via N-glycosylation are presented by the 

low nucleophilicity of nucleobases and the density of preexisting functional groups on both the 

nucleobase and the sugar scaffold. These issues serve to complicate a direct nucleophilic attack of a 

nucleobase at the anomeric center of a sugar moiety to yield the corresponding nucleoside. The low 

nucleophilicity of nucleobases typically requires activation of the base either by silylation or 

deprotonation, often in the presence of rather harsh reaction conditions to overcome the sluggish 

reactivity of these compounds. This generally creates problems with regio-, chemo- and 

diastereoselectivity as both nucleobases and ribosyl-based sugars present a density of functional 

groups with nearly every carbon center bearing at least one heteroatom. As such, common undesired 

byproducts of glycosylation approaches are the hard-to-separate -anomer of the target nucleoside 

(bearing the wrongIII C1’ configuration), the N7 regioisomer of purine nucleosides (bearing a 

glycosylation at the wrong ring nitrogen) or glycosylation products arising from nucleophilic attack of 

other functional groups. To overcome these challenges, a variety of approaches has been developed 

to facilitate selective and high-yielding N-glycosylation of nucleobases to grant synthetic access to -

nucleosides.37–39,49–69 

Despite their differences, all methods for N-glycosylation of nucleobases stand united in relying on 

nucleophilic attack of a nucleobase on an activated glycosyl intermediate (Scheme 1, center). To this 

end, one of three possible key intermediates is generated from a corresponding sugar synthon to 

enable selective nucleophilic attack at the anomeric position. These include i) a 1,3-dioxolate cation 

 
III “Wrong“ is always a matter of perspective, of course. It is herein assumed that natural nucleosides 
or close analogs thereof are sought after, which are -anomers of pyrimidine (N1-glycosylation) or 
purine nucleosides (N9-glycosylation). 
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formed via recruitment of the adjacent protecting group, ii) a highly reactive glycosylation cation 

generated by sequestration of a leaving group and charge delocalization across the ring oxygen and iii) 

an intermediate bearing a good leaving group at the anomeric center which can be replaced by classic 

SN2-type substitution to give a -nucleoside. These intermediates can be accessed directly from an 

assortment of sugar synthons (Scheme 1, bottom), which in turn need to be prepared from 

(deoxy)ribose by installation of protecting and leaving groups in up to 7 steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of nucleobases and N-glycosylation to access the corresponding -nucleosides. 

Adapted in part from 70. 
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 Environmental Concerns in Nucleoside Synthesis 

Although a variety of glycosylation methods for nucleoside synthesis is available from the literature, 

many of these come with significant drawbacks and environmental concerns. Since the preparation of 

the highly functionalized scaffolds of nucleosides presents a range of issues regarding the selectivity 

of glycosylation approaches, elaborate protecting group schemes are typically employed. As such, all 

hydroxyl groups across common sugar synthons are generally decorated with acetyl or benzoyl groups 

(Scheme 1). This not only requires reaction steps for installation and removal of these protecting 

groups, but also significantly contributes to lower atom economies and high waste accumulation.71–73 

Furthermore, the low reactivity of nucleobases requires i) activation of the anomeric position of sugar 

synthons as well as ii) methods to suppress or prevent the competing reattack of anomeric leaving 

groups, which could otherwise hinder a productive attack by the nucleobase.21,37,54,74 To this end, a 

spectrum of tactics has been employed to sequester the anomeric leaving group, such as iodine-

mediated cyclization of a pentenyl scaffold54 or gold-catalyzed formation of isocoumarins from ortho-

hexynylbenzoic acids (Scheme 2).37 This, however, necessitates lengthy routes to install these leaving 

groups, making the preparation of suitable sugar synthons for nucleobase glycosylation a considerable 

investment of time, money and labor.21 Moreover, purification effort throughout these multistep 

routes routinely amounts to substantial solvent use, with common chromatography solvents such as 

hexane or dichloromethane raising additional environmental concerns (Scheme 2, top).75–77 From a 

practical perspective, almost all glycosylation approaches employ anhydrous conditions and several 

toxic, flammable and/or otherwise harmful reagents, including fluorinated Lewis acids or harsh 

silylating agents such as those employed by approaches relying on thioglycosides,58 making traditional 

nucleoside synthesis an unattractive endeavor for the wet lab chemist (Scheme 2, bottom). Therefore, 

efficient biocatalytic methods that bypass these obstacles are highly desirable and promise selective 

nucleobase glycosylation under mild aqueous conditions (please see below). 

 

 

 

 

 

 

 

 

 

Scheme 2. Environmental and safety concerns in nucleoside synthesis.37,58,75  
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 Nucleoside Phosphorylases 

Nucleoside phosphorylases are enzymes which present solutions to the selectivity challenges 

encountered in chemical nucleoside synthesis.IV In nature, these enzymes play an integral role in the 

central metabolism across all kingdoms of life by channeling ribosyl units in salvage pathways.78–80 

Their discovery dates to a 1945 report by Kalckar81 who observed that an enzyme obtained from rat 

liver shows phosphorolytic activity with inosine. Having established that nucleoside phosphorylases 

perform the reversible phosphorolysis of nucleosides to yield the corresponding nucleobase and a 

pentose-1-phosphate (Scheme 3, top), the following works by Kalckar,82 Friedkin83–85 and others86,87 

explored the synthesis of ribose- and 2-deoxyribose-1-phosphate (10a and 10b) as well as their use in 

the reverse reaction to obtain a different nucleoside via glycosylation. Consequently, these early works 

already provided a wealth of information, including the mode of reactivity, thermodynamic inves-

tigations and preparative examples. Much of the subsequent reports on nucleoside phosphorylases 

focused on the kinetics of the reaction and provided kinetic constants as well as deep mechanistic 

insights.78,88–104 The acceleration of structural biology powered by X-ray crystallography yielded a series 

of structures of nucleoside phosphorylases following the late 1990s, further contributing to a 

mechanistic understanding on the molecular level.105–116 In recent years, nucleoside phosphorylases 

regained attention as biocatalysts for the synthesis of nucleosides via transglycosylation which might 

offer a more sustainable alternative to traditional nucleoside synthesis.41,117–130 

Commonly, nucleoside phosphorylases are divided into pyrimidine and purine nucleoside 

phosphorylases, based on their substrate preference.131 This functional characterization largely 

overlaps with the structural classification since pyrimidine nucleoside phosphorylases mainly form S-

shaped dimers with active sites located in the solvent-exposed pockets of the monomers, while purine 

nucleoside phosphorylases are predominantly functional as hexamers with inter-monomer active sites 

(Figure 1).132 The exception to this rule is presented by uridine phosphorylases which belong to the 

family of purine nucleoside phosphorylases from a structural standpoint but perform the 

phosphorolysis of a pyrimidine nucleoside.92,97,99,115,133 In both families of enzymes, substrate binding 

and catalysis follow a similar scheme. Hydrogen bonds between active site residues and the 

nucleobase heteroatoms as well as interactions with the 5’-OH group position the nucleoside substrate 

in a productive pose to the nucleophilic phosphate. The latter, in turn, is bound through interactions 

with histidine or arginine residues in a polar pocket of the active site (Figure 1). Catalysis in these 

enzymes is then achieved via dissipation of the increased electron density in the nucleobase in the 

transition state as the phosphate attacks at the anomeric center, displacing the nucleobase (Scheme 

3, bottom). Although the exact reaction mechanisms are still a topic of debate, there is increasing 

consensus that the transformations performed by purine nucleoside phosphorylases have more SN1-

character while pyrimidine nucleoside phosphorylase-catalyzed reactions proceed in a more concerted 

fashion according to a SN2-type substitution.91,92,94,134–142 In either case, the reaction products pentose-

1-phosphate and the nucleobase are generated in the active site and released into the bulk solvent 

where protonation steps reestablish the charge of both species according to the ambient pH 

 
IV Nucleoside deoxyribosyltransferases catalyze a similar reaction,206,207 but with a very limited 
substrate scope. 
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(Scheme 3, center).92,94,143 The substrate spectra of both classes of enzymes are rather relaxed and 

largely limited by the H-bonding substituents needed for productive substrate binding.122,144 For 

instance, nucleoside phosphorylases have been reported to convert a range of modified nucleosides, 

including pyrimidines with substitutions in the 5- and 6-position of the nucleobase,41,120,145 purines with 

various substitutions in the 2- and 6- position,126 arabinosyl nucleosides,128,146 fluorinated121,146,147 or 

aminated148 nucleosides as well as selenium- or sulfur-containing nucleosides.149 Combined with the 

discovery and classification of a spectrum of highly thermostable members of the family,122,127,128,144,150 

these examples showcase the versatility and potential of nucleoside phosphorylases for biocatalytic 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Crystal structures of nucleoside phosphorylases revealing the modes of substrate 

binding.113,116 Thymidine phosphorylases are structural homologues of non-specific pyrimidine 

nucleoside phosphorylases. Charges of amino acid residues are shown for pH 9. 
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Scheme 3. Nucleoside phosphorylase-catalyzed reactions. The reactions performed by pyrimidine and 

purine nucleoside phosphorylases exhibit both SN1 and SN2 character and may not be as defined as 

shown in this scheme. Charges of amino acid residues are shown for pH 9. For clarity, only selected 

resonance structures of the stabilized negatively charged pyrimidine nucleobase are shown. These only 

provide a snapshot of the possible and plausible resonance structures one could imagine. Likewise, 

participation of the ring oxygen in the transition state was omitted for clarity. 
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 Biocatalytic Nucleoside Synthesis Via Nucleoside Phosphorylases 

Owing to their outstanding selectivity in glycosylation reactions, nucleoside phosphorylases have been 

applied to the synthesis of various nucleosides. Although the early examples of nucleoside 

phosphorylase-catalyzed nucleoside synthesis82,84 were largely curiosity-based, these enzymes have 

reattracted attention as biocatalysts for preparative applications over the past decade.119,122–124,126,129 

By offering perfect chemo-, regio- and diastereoselectivity in N-glycosylation reactions, they effectively 

bypass the main obstacles troubling established nucleoside synthesis approaches and shorten the 

respective synthesis down to a single step. Furthermore, aqueous conditions obviate the need for the 

excessive use of organic solvents, greatly reducing the potential environmental impact of many 

nucleoside syntheses. Additionally, these biocatalytic reactions are appealing from a practical 

perspective since they do not require any protecting groups or hazardous reagents and are 

operationally simple. For these reasons, nucleoside phosphorylases are currently under development 

in industry and academia to achieve more sustainable nucleoside synthesis by supplementing and 

augmenting existing methods.28,151,152 

In preparative applications, nucleoside phosphorylases are commonly employed as transglycosylation 

catalysts (Scheme 3, top). Therefore, a starting nucleoside, typically naturally occurring uridine (5b) or 

thymidine (4a), is subjected to enzymatic phosphorolysis, liberating the corresponding nucleobase and 

a pentose-1-phosphate.131 The latter then serves as a sugar synthon in a reverse phosphorolysis 

(glycosylation) with a different nucleobase to furnish the target nucleoside bearing the desired 

nucleobase. Depending on the starting and the product nucleoside, either one or two nucleoside 

phosphorylases are required to yield a pyrimidine or purine nucleoside of interest. Herein, inorganic 

phosphate only plays a catalytic role since it is consumed in the first step but liberated again in the 

second step. Formally, such a transglycosylation reaction sequence equals the direct glycosylation of 

a nucleobase with the sugar moiety of a sacrificial nucleoside.  

Despite the numerous advantages offered by nucleoside phosphorylase-based nucleoside synthesis, 

the admission of this methodology to the toolkit of organic chemists has been slow. For instance, the 

low water solubility of many nucleobases generally restricts the substrate loading in transglycosylation 

reactions to the low millimolar range, which is several orders of magnitude lower than the desired 

substrate titers in industrial applications.71,153,154 Additionally, the equilibrium nature of nucleoside 

phosphorolysis (and in extension transglycosylation) has so far not been systematically investigated 

and only selected examples of equilibrium constants for this transformation can be found in the lit-

erature.89,97,99,104,117,125,155–158 Furthermore, the choice of the right enzyme(s) as well as reaction 

conditions has remained elusive and reliable physicochemical frameworks for the optimization of 

conversions in these reactions are missing. Ultimately, these obstacles hinder the design of efficient 

biocatalytic processes using nucleoside phosphorylases and prevent the introduction of these enzymes 

into the standard repertoire for nucleoside synthesis. 
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3 Research Hypotheses 

Given the limited understanding of nucleoside phosphorylase-catalyzed (trans)glycosylations and their 

potential in organic synthesis, the following research hypotheses were central to the work presented 

in this thesis. 

 

H1 Biocatalytic nucleoside synthesis is more efficient and sustainable than nucleoside 

synthesis via traditional chemical routes. 

H2 Deconvolution of overlapping UV absorption spectra can provide a means for quick and 

cheap reaction monitoring of enzymatic nucleoside phosphorolysis and glycosylation 

reactions. 

H3 Nucleoside phosphorolysis is a reversible endothermic reaction with a substrate-specific 

equilibrium constant. 

H4 The thermodynamic reaction control of nucleoside phosphorolysis can be leveraged to 

observe the hydrolysis of pentose-1-phosphates via apparent equilibrium shifts.  

H5 The thermodynamic reaction control of nucleoside phosphorolysis enables a systematic 

prediction of transglycosylation yields. 

H6 Equilibrium thermodynamics can be employed to rationally improve the yields of hard-to-

access nucleosides such as selenium-modified pyrimidines in transglycosylation reactions. 

H7 Thermostable nucleoside phosphorylases enable reactions under harsh conditions 

facilitating increased substrate loading. 
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4 Results and Discussion 

Prompted by the demand for methods to access nucleosides and their analogs, a variety of synthetic 

approaches has been developed. Among these, biocatalytic nucleoside synthesis catalyzed by 

nucleoside phosphorylases has recently attracted renewed interest. This thesis presents analytical 

tools and thermodynamic frameworks for the characterization and optimization of nucleoside 

phosphorolysis and (trans)glycosylation reactions. To this end, each chapter is built around a central 

research hypothesis and a publication in a peer-reviewed journal. Consequently, the following 

chapters are only condensates. The points raised for each topic are discussed in more detail in the full 

texts of the respective publications, which are available at the end of this thesis. Although key findings 

of these works are summarized and put into context in the following chapters, the reader is 

encouraged to view the full texts for deeper insights, additional figures and technical details. In many 

cases, these publications are further supported by electronic supplementary materials comprised of 

further experimental details, additional data, calculations or supplementary resources such as 

reference spectra or calculation tools. These are available from the data sharing platform zenodo.org 

via the digital online identifiers provided in the List of Publications.  
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 Efficiency Assessment of Nucleoside Synthesis Approaches 

The identification of bottlenecks and obstacles encountered in the pursuit of efficient (biocatalytic) 

nucleoside synthesis was fundamental to the work presented in this thesis. All chemical approaches to 

nucleoside synthesis published so far require protected sugar synthons and overall routes of varying 

length. Since these routes also vary greatly in their synthetic strategy, yields as well as the conditions 

used, it becomes rather challenging to compare different approaches in terms of their overall efficiency 

or sustainability. Although biocatalytic nucleoside synthesis was often praised as the greener or more 

environmentally friendly method, there was no set of benchmarks which would have allowed a 

substantiation of this claim. Furthermore, there is a growing consensus that biocatalytic approaches 

are often, but certainly not always, more efficient than their chemical competitors.153 This led to the 

formulation of the first research hypothesis: 

H1 Biocatalytic nucleoside synthesis is more efficient and sustainable than nucleoside 

synthesis via traditional chemical routes. 

This hypothesis was examined through an analysis of the environmental factor (E-factor) of methods 

for nucleoside synthesis by N-glycosylation. The E-factor71,72 is a mass-based metric to express the 

amount of waste generated for a (hypothetical) kilogram of product as 

E-factor 




 (1) 

where waste includes all materials in a process that are not the product. To generate a level playing 

field for all methods, the E-factor was calculated over the entire route required for that method. This 

route E-factor therefore includes materials over a number of steps and allows a comparison of vastly 

different methods on the basis of the amount of waste they produced to access a given product. The 

required data about material usage was extracted directly from the experimental sections of the 

publications describing the use of the respective method. Although some quantities frequently had to 

be estimated since literature reports across different journals contained insufficient data (e.g. 

regarding the amount of solvent use or workup materials), literature precedents153,159 as well as 

experimental data77 on the matter allowed a realistic estimation of the missing data.  

Paper I presents a route efficiency assessment of all published methods for the N-glycosylation of 

nucleobases to access -nucleosides. This analysis includes 80 route E-factor, covering up to 11 total 

steps, from 12 different glycosylation methods. All glycosylation approaches, including nucleoside 

phosphorylase-catalyzed transglycosylations, share some fundamental synthetic strategies regarding 

the use of an activated glycosyl species primed for nucleophilic attack. Nonetheless, the respective 

routes differed vastly and so did their route E-factors. The syntheses covered in this analysis have E-

factors of 165−42,499 with most methods scoring between 5,000 and 10,000. Considering that E-

factors for several different types of transformations in industrial settings are generally in the range of 

100 per step,160,161 these E-factors for nucleobase glycosylation routes are almost shockingly high. 

Furthermore, no single method consistently delivered lower E-factors than its competitors. This 

apparent lack of efficiency in a sense of resource usage162 demanded a search for the pitfalls of 
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nucleoside synthesis as well as the identification of approaches or strategies that worked particularly 

well, given that a few syntheses did achieve comparably low route E-factors. 

The most important factors for the route E-factors of glycosylation methods were the length of the 

route and the overall yield. While the yield in the key glycosylation step is commonly regarded as a key 

metric in the literature, it showed no correlation with the cumulative E-factor of the respective 

method. In contrast, total yield correlated negatively with the E-factor so that the routes with >80% 

total yield had among the lowest E-factors. Similarly, shorter routes tended to have lower E-factors as 

the lower boundary for the possible E-factor appeared to increase nearly linearly over the number of 

steps. As such, all single-step routes had lower E-factors than the best-performing route featuring nine 

steps, highlighting the importance of route design and step economy. Although both findings may be 

somewhat intuitive since i) high-yielding routes should generally fare better than very low-yielding 

ones and ii) the potential for waste accumulation is a lot higher in longer routes than in shorter ones, 

there are several interesting outliers to these rules in the dataset. For instance, Downey et al.’s 

anhydrose-based glycosylation method59 offered some of the lowest E-factors, with only around 30% 

glycosylation yield and 20% total yield. This was achieved by running a short route of only two steps 

and employing an efficient protecting group installation as well an in situ deprotection strategy, both 

of which contributed to lower solvent use compared to other routes. On the other end of the spectrum, 

the Lewis acid-catalyzed transglycosylation from cytidine to adenosine by Azuma and Isono63 offered 

71% total yield, but an E-factor of over 13,000 which is well above average in this dataset. In this case, 

route length (four steps) and excessive solvent usage outweighed the favorable yield, demonstrating 

that a suitable compromise between total yield and route length is a balancing act. Together, these 

data reveal that shorter N-glycosylation routes typically outperform longer ones in terms of their E-

factor, even when the shorter routes heavily sacrifice yield. Nonetheless, a low step count alone does 

not guarantee a low E-factor as there are several two-step routes in the dataset with high E-factors of 

20,000−40,000. Clearly, shorter routes have the potential to be a lot more efficient than longer ones, 

but there appear to be factors rooted in reaction design which offset the route length and 

tremendously contribute to waste production. 

Irrespective of the type of glycosylation method, solvent usage was the main contributor to the overall 

E-factor of the route (Figure 2). Although nucleobases and nucleosides are generally poorly soluble in 

most solvents, the bulk of this solvent must be attributed to chromatographic purification steps. As 

paper I highlights, the number of chromatography steps linearly correlates with the overall E-factor of 

the route. As such, the methods which include zero or one chromatography step displayed the lowest 

E-factors by far. This reiterates the importance of route length since purification of intermediates 

accounts for most of the E-factor of routes with more than two steps. Admittedly, some form of 

chromatography is probably unavoidable in nucleoside synthesis to achieve a sufficient purity of the 

product, but it appears that limiting chromatography steps throughout a synthetic route should be a 

central aim for “greener” nucleoside synthesis. 
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Figure 2. E-factor composition of N-glycosylation routes and exemplary sugar synthons. Adapted in 

part from 70. 

 

So where does that put biocatalytic nucleoside synthesis in terms of its efficiency? Nucleoside 

phosphorylase-catalyzed transglycosylations shine by offering a concise single-step route by 

generating a pentose-1-phosphate in situ followed by glycosylation of a nucleobase, directly yielding 

the target nucleoside. Additionally, their perfect selectivity ensures exclusive generation of the 

nucleoside of interest, avoiding unwanted byproducts such as -nucleosides or hard-to-separate 

regioisomers. So far, however, the poor solubility of nucleobases in aqueous solution restricts most 

biocatalytic nucleoside syntheses to working concentrations of 1−5 mM. Therefore, contaminated 

water presents a significant source of waste in these processes (Figure 2). The chromatographic 

purifications required to remove the residual (unreacted) donor nucleoside can further contribute to 

solvent waste. Moreover, the equilibrium nature of nucleoside transglycosylations limits the maximum 

yields in these reactions such that most transglycosylation achieve only around 50% total yield. For 

these reasons, biocatalytic nucleoside synthesis is currently on par with many of its chemical 

competitors in terms of their E-factors. One may argue that the E-factor only gives limited insights into 

the wastefulness or sustainability of a process or reaction and that the kind of waste generated by 

biocatalytic approaches is “greener” than that of many chemical syntheses. Both arguments are 
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certainly valid. The E-factor completely ignores the kind of waste that is generated and biocatalytic 

processes yield primarily water and buffer substances as byproducts. Nonetheless, any kind of waste 

requires downstream processing and remediation, which can be especially energy-intensive in the case 

of water. Consequently, it appears that biocatalytic approaches to nucleoside synthesis are currently 

not significantly more sustainable than chemical methods, but they certainly hold great potential.  

Based on the insights gained by this E-factor analysis, there are several obstacles that need to be 

addressed to move towards “greener” nucleoside synthesis. Future work should seek to develop more 

concise routes which avoid chromatographic purifications and unnecessary protecting group 

transformations. To this end, instead of focusing on maximizing glycosylation yield, the development 

of heterogenous processes or one-pot reactions is more likely to bear fruit. Biocatalytic approaches 

should aim to reduce solvent use by applying higher substrate loadings and overcome the equilibrium 

constraints imposed in transglycosylation reactions.  

Paper I further presents a systematic review of all glycosylation methods for nucleobases in addition 

to a more in-depth discussion of the above points. 
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 A Spectral Unmixing-Based Method for Reaction Monitoring 

The optimization of nucleoside phosphorylase-catalyzed transglycosylations as well as the 

characterization of the respective enzymes demanded the development of an efficient analytical tool 

for versatile high-throughput experimentation. Previous work in the field had largely relied on time-

consuming HPLC-based detection of nucleosides and nucleobases from reaction mixtures with only 

some spectroscopy-based methods for the analysis of nucleoside phosphorolysis reactions being 

available from the literature. For instance, the fluorescence of 4-thiopyrimidines,125 8-azapurines,163–

165 tricyclic nucleosides163,166,167 or guanine98 has been exploited for spectroscopic reaction monitoring. 

For UV absorption-based reaction monitoring, coupling of the reaction of interest with the oxidation 

of hypoxanthine to uric acid168 or with colorimetric phosphate detection169 as well as single-wavelength 

detection approaches for uridine, thymidine or guanosine118,170,171 were already available. However, 

these spectroscopic methods are generally highly specific and can only be applied to selected 

nucleoside-nucleobase pairs, limiting the chemical space that can be investigated. Many of these 

approaches also rely on subtle changes in the extinction at a specific wavelength, making these 

methods prone to pipetting or readout errors. Moreover, the compatibility of these approaches with 

varying reaction conditions, including temperature, pH and cosolvents, is limited. Consequently, a 

versatile method for robust spectroscopy-based reaction monitoring of transformations between 

nucleosides and nucleobases was missing. Building on previous work by Wittenburg,172 Fox173 and 

Shugar,174 Giessmann and Krausch et al. recently developed a UV spectroscopy-based method for the 

monitoring of thymidine phosphorolysis which employed a spectral shift of thymine under alkaline 

conditions.175 Following work by me and Giessmann et al. further demonstrated that this 

deprotonation-driven spectral shift of nucleobases can be extended to all natural nucleoside-

nucleobase pairs and be used for reaction monitoring via deconvolution of the resulting spectra.176 The 

natural continuation of this work was guided by the second research hypothesis: 

H2 Deconvolution of overlapping UV absorption spectra can provide a means for quick and 

cheap reaction monitoring of enzymatic nucleoside phosphorolysis and glycosylation 

reactions. 

Therefore, paper II presents a robust and versatile UV-based method for reaction monitoring of 

(enzymatic) transformations between nucleosides and nucleobases via spectral deconvolution. To this 

end, an extended spectrum of established substrates, examples of applications deviating from 

previously reported protocols as well as recommendations regarding common problems encountered 

with spectral unmixing-based monitoring are addressed.  

The fundamental principle of this approach builds on pioneering work by Fox and Shugar in the 

1950s,174 who demonstrated that, under alkaline conditions, nucleobases have different UV absorption 

spectra than their corresponding nucleosides. Wittenburg later substantiated these findings and 

established that this effect is rooted in the protonation-depended tautomeric equilibrium of 

nucleobases.172 Indeed, N1-substitution of pyrimidines (e.g. with a ribosyl moiety) changes the 

electronic characteristics of the nucleobase. The free base readily tautomerizes to an aromatic 

structure upon deprotonation which goes along with a significant shift of its absorption spectrum to 
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higher wavelengths (Figure 3). In contrast, the substituted base (i.e. the nucleoside) shows almost no 

spectral difference between neutral or alkaline conditions (Figure 3, bottom). This effect can be 

exploited for reaction monitoring to obtain absorption spectra which can easily be differentiated.  

My previous work with Giessmann176 had described a Python-based tool for the deconvolution of 

overlapping absorption spectra which relied on fitting of reference spectra to an experimental spectra. 

Therein, normalization to the isosbestic point of base cleavage (Figure 3) minimized errors from 

changing signal intensities, as only spectral shape is considered for analysis. The work presented in 

paper II extends this method to a total of 38 established substrates, including all natural nucleosides, 

a range of modified nucleosides such as halogenated and alkynylated species as well as 5’-

mononucleotides. While a standard protocol involving alkaline quenching in aqueous NaOH (pH 13) 

proved robust and applicable to various nucleosides, adjusted sample treatment protocols had to be 

developed for some outliers such as dihalogenated purine nucleosides. For these cases, quenching in 

an organic solvent such as methanol or isopropanol followed by a more subtle pH shift via a glycine-

buffered system provided suitable and reproducible absorption spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Spectral unmixing for reaction monitoring of transformations between nucleosides and 

nucleobases. Adapted in part from 177. 
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Furthermore, a number of common problems surrounding background absorption were resolved. 

Along with atypical absorption of the multiwell plate, background signals from proteins and other 

reaction components are often encountered, depending on the application. In most cases, appropriate 

background spectra can resolve the issue, but some settings (e.g. involving UV-active cosolvents) may 

require a narrowing of the wavelength range for consideration.  

Ultimately, the unparalleled versatility and substrate spectrum of reaction monitoring via spectral 

deconvolution as well as its robustness to background signals make it a highly valuable addition to the 

analytical repertoire for nucleoside phosphorylase-catalyzed reactions. Since this method is 

approximately 20 times faster per sample than conventional HPLC, while being more than 5 times 

cheaper and offering comparable accuracy, it has become the analytical method of choice for the 

experimental work presented in this thesis. Given that the underlying principle should enable a 

transfer of this methodology to nearly any nucleoside-nucleobase pair which fulfills the prerequisites 

of being i) UV-active, with an isosbestic point of base cleavage, and ii) sufficiently stable in alkaline 

solution, it should be expected that this approach will find applications beyond the ones explored so 

far. Lastly, this methodology is not restricted to nucleosides and will be valuable for a wealth of other 

(enzymatic) reaction systems where a substrate and a product of a transformation have highly 

overlapping but not identical UV absorption spectra. 

Paper II additionally lists the spectral characteristics of all established substrates and provides 

workflow recommendations for reaction quenching and data handling. 
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 Equilibrium Thermodynamics of Nucleoside Phosphorolysis 

Biocatalytic nucleoside transglycosylations involve a nucleoside phosphorolysis as well as a reverse 

phosphorolysis (commonly termed glycosylation), which are coupled in situ to furnish a nucleoside of 

interest via formal glycosylation of a nucleobase. This requires a given reversibility of the reaction, such 

that it can proceed to some extent in both directions. Therefore, the individual nucleoside 

phosphorolysis steps must be a thermodynamically controlled equilibrium reaction. Indeed, for 

selected nucleosides, including adenosine (1b), uridine (5b) and inosine, equilibrium constants of 

phosphorolysis have been reported in the literature.81,97,99,117,125,156,178,179 However, this had not been 

recognized as a general characteristic of nucleoside phosphorolysis reactions, as indicated by the fact 

that efforts including enzyme discovery,127,130 enzyme immobilization180 or enzyme engineering181,182 

have recently been employed to increase conversions in biocatalytic nucleoside phosphorolysis 

reactions. This incomplete understanding of the equilibrium nature of this reaction system led to the 

formulation of the third research hypothesis:  

H3 Nucleoside phosphorolysis is a reversible endothermic reaction with a substrate-specific 

equilibrium constant. 

This hypothesis was probed with various phosphorolysis experiments enabled by the spectral 

unmixing-based method described in paper II, revealing a systematic and characteristic behavior of 

pyrimidine and purine nucleosides in phosphorolysis reactions. 

Paper III confirms the equilibrium nature of nucleoside phosphorolysis and presents equilibrium 

constants for 24 nucleosides as well as thermodynamic data regarding the temperature-dependence 

of these substrate-specific constants. In a first set of experiments building on previous work,127,175,176 

the model substrate uridine (5b) was subjected to phosphorolysis by five different pyrimidine 

nucleoside phosphorylases in the presence of 5 equivalents of phosphate (with respect to the 

nucleoside). All reactions showed incomplete conversion of the nucleoside to the corresponding 

nucleobase, stopping short at 55.5% conversion under these conditions (Figure 4). This observation 

was not due to concentration effects of the enzyme or due to enzyme inactivation, as experiments 

with increased enzyme loading or enzyme spiking after reaction completion gave identical conversions 

(Figure 4). With different amounts of phosphate, varying equilibrium conversions were observed, 

which were all consistent with an equilibrium constant of phosphorolysis of 0.15. This unambiguously 

confirmed that the phosphorolysis of 5b is a thermodynamically controlled equilibrium reaction. 

Interestingly, related pyrimidine nucleosides, including the 2’-deoxy analog 5a or the fluorinated 

analogs of 5a and 5b, behaved almost identically with comparable equilibrium constants of 0.14−0.20. 

Notably, enzyme-independent equilibrium behavior was also observed for all purine nucleosides 

tested, but with much lower equilibrium constants of 0.01−0.02. This was further confirmed with 

phosphorolysis experiments at different temperatures, which revealed that i) the equilibrium constant 

of nucleoside phosphorolysis is a temperature-dependent characteristic with a highly substrate-

dependent entropy contribution and ii) purine nucleosides have much higher Gibbs energies of 

phosphorolysis than pyrimidine nucleosides. As such, almost all equilibrium constants of nucleoside 

phosphorolysis increased with temperature in an Arrhenius fashion with the purines generally giving 
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much lower conversions under identical conditions than pyrimidines, consistent with their respective 

thermodynamic properties.  

Thus, paper III reveals a range of equilibrium constants giving insights into the thermodynamics of 

nucleoside phosphorolysis and represents the first systematic characterization of this reaction system. 

While the practical significance of the temperature-dependence of nucleoside phosphorolysis may 

arguably be limited, the characteristic thermodynamic properties of pyrimidine and purine nucleosides 

as well as the spectrum of equilibrium constants reported in this publication laid the foundation for 

the following works presented in papers IV−VII. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Thermodynamic control of nucleoside phosphorolysis. Adapted in part from 183. 
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 Equilibrium Shifts for the Kinetic Analysis of Sugar Phosphate Hydrolysis 

With a good understanding of the equilibrium nature of nucleoside phosphorolysis, these reaction 

systems are predictable and can easily be manipulated through the choice of reaction conditions. 

However, some applications involving 2’-deoxy nucleosides tend to show more conversion of the 

nucleoside to the nucleobase over time than expected for their equilibrium constant. This often 

manifests itself in a slow increase of the apparent conversion after an initial establishment of an 

equilibrium state. Since this effect is highly pH- and temperature-dependent, it was easily ascribed to 

the decay of the pentose-1-phosphate product 10b, which is known to be prone to hydrolysis under 

acidic conditions.121 Nonetheless, synthetic applications require an understanding of the stability of 

these sugar phosphate intermediates, which necessitated an investigation into the hydrolysis of these 

compounds.184 The elusive nature of these UV-inactive molecules and the lack of high-throughput 

methodologies for the detection and quantification of pentose-1-phosphates prompted the 

formulation of the fourth research hypothesis: 

H4 The thermodynamic reaction control of nucleoside phosphorolysis can be leveraged to 

observe the hydrolysis of pentose-1-phosphates via apparent equilibrium shifts.  

For this method, spectral unmixing was employed to detect slight changes of the apparent equilibrium 

conversion in nucleoside phosphorolysis reactions. With the law of mass action and the mass balances 

of all reactants, this information could be leveraged to assess the hydrolysis of pentose-1-phosphates 

in a discontinuous manner by uncoupling the phosphorolysis and hydrolysis processes. 

Therefore, paper IV presents a UV spectroscopy-based method for the quantification and kinetic 

analysis of the hydrolysis of UV-inactive pentose-1-phosphates. This flashlight approach exploits the 

tight thermodynamic control of nucleoside phosphorolysis via the observation of deviations from an 

established equilibrium following LeChatelier’s principle (Figure 5, top). To this end, a nucleoside 

phosphorolysis reaction in equilibrium can be subjected to hydrolyzing conditions after termination of 

the enzymatic reaction, which leads to (partial) hydrolysis of the initially generated sugar phosphate. 

Upon addition of fresh nucleoside phosphorylase, a new equilibrium is generated since one of the 

products was (partially) removed from the equilibrium. Thus, the reaction system reestablishes 

reactant concentrations through further conversion of the nucleoside to the nucleobase which again 

fulfill the equilibrium constraint given by the law of mass action. The apparent extent of conversion in 

this new equilibrium then reflects the respective loss of a product and can be used to calculate the 

amount of hydrolyzed pentose-1-phosphate through equations available via implementation of the 

adjusted mass balances in the law of mass action. For 5b, this approach offers a surprisingly broad 

working space as a range of conditions enables a significant maximum equilibrium shift that can be 

quantified by high-throughput spectral unmixing-based reaction monitoring. In fact, nucleosides in 

general lend themselves to this approach as their equilibrium constants of phosphorolysis 

(K = 0.01−0.80) allow a straightforward adjustment of the reaction conditions for an apparent 

equilibrium shift of up to 25 percentage points, as revealed by a theoretical examination of the working 

space (Figure 5, bottom). This approach was demonstrated with an examination of the hydrolysis of 

the relatively stable ribose-1-phosphate (10a) in near-boiling media at different pH values. To this end, 
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10a was generated in situ by phosphorolysis of 5b and subjected to 98 °C for various times. A 

continuation of phosphorolysis in these mixtures resulted in new equilibria consistent with the 

fundamental predictions of the theoretical framework and yielded half-lives of 1.8−11.7 h, depending 

on the pH of the incubation mixture. 

This approach reflects how principles of thermodynamic control can be exploited to probe the stability 

of reactants in a coupled reaction system and provides an inexpensive and easy-to-handle method for 

the analysis of pentose-1-phosphate hydrolysis. Previous methods for the quantification of pentose-1-

phosphate decay have relied on thin layer chromatography121 or colorimetric phosphate detection.185 

In contrast, this method employing UV spectroscopy i) does not require pure pentose-1-phosphates 

which can be expensive and/or hard to isolate, ii) enables application of various buffer systems or 

cosolvents and iii) delivers robust and quantitative data in a high-throughput fashion. 

Paper IV includes the necessary equations, which can, in principle, be transferred to all pentose-1-

phosphates as well as other thermodynamically controlled reaction systems where similar decay 

effects can be encountered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. A flashlight approach to the quantification of pentose-1-phosphate hydrolysis via monitoring 

of a coupled phosphorolysis equilibrium. Adapted in part from 186.  
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 Yield Optimization of Nucleoside Transglycosylations 

Having characterized the thermodynamic control of nucleoside phosphorolysis reactions, these 

principles were extended to transglycosylations comprising a forward and reverse phosphorolysis. 

Despite the fact that nucleoside transglycosylation is a well-established biocatalytic method for the 

synthesis of nucleosides directly from their respective nucleobases,41,118–130,144–149 the investigation of 

the thermodynamics of this coupled reaction system has been largely neglected. As such, a general 

characterization of nucleoside transglycosylation reactions with respect to yield optimization was 

missing from the literature. Thus, the interrelation between the obtained conversions and the choice 

of enzyme, the employed starting materials as well as the product(s) of these reactions has remained 

unclear and elusive. Although a recent report by Alexeev et al.117 demonstrated an approach for a 

system of equations for the yield prediction in nucleoside transglycosylations, the respective equations 

failed for higher equilibrium constants. Therefore, a general physicochemical framework for the 

prediction and optimization of yields in nucleoside transglycosylations was needed to enable a robust 

and streamlined optimization of these biocatalytic reactions. Empowered by the thermodynamic 

insights presented in paper III, this gap in the literature motivated the formulation of the fifth research 

hypothesis: 

H5 The thermodynamic reaction control of nucleoside phosphorolysis enables a systematic 

prediction of transglycosylation yields. 

This hypothesis was probed with a theoretical examination of nucleoside transglycosylation systems, 

which revealed general trends and systematic behaviors of these reactions in line with experimental 

observations. 

Paper V presents general principles for the yield prediction and optimization of biocatalytic nucleoside 

transglycosylations based on thermodynamic characterizations of the individual phosphorolytic steps 

(Figure 6, top). As explored previously,183 the first and second reaction steps of a nucleoside 

transglycosylation are both under tight thermodynamic control. Therefore, it appears logical to assume 

that the net reaction would follow the respective equilibrium constraints: 

 
11

1
 (2) 

  

 
21

2
 (3) 

 

Here, K1 and K2 are the apparent equilibrium constants of phosphorolysis of the sugar donor and the 

product nucleoside, respectively, and [B1], [B2], [N1], [N2], [P1P] and [P] are the equilibrium 

concentrations of the nucleobases, nucleosides, pentose-1-phosphate and phosphate, respectively. 

However, these equilibrium constraints, combined with the mass balances of all reactants, yield only 

five non-redundant equations for a system of six variables, assuming that all reaction components are 

considered as species with variable concentrations. Alexeev et al.’s117 approach of a cubic expression 

assuming a constant phosphate concentration yielded results which were not in agreement with 
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experimental HPLC data for nucleosides with high equilibrium constants, such as the pharmaceutically 

and biologically relevant 5-ethynyluridine (12b, K2 = 0.35). Therefore, paper V presents a numerical 

solution to this problem which was employed to access the concentrations of all reaction components 

directly from the equilibrium constraints (2) and (3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Thermodynamic control of nucleoside transglycosylations. Adapted in part from 187. 
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A theoretical investigation of this reaction system with realistic equilibrium constants of 

phosphorolysis revealed several important characteristics which serve to guide the optimization of 

nucleoside transglycosylation reactions (Figure 6, center). First, high equilibrium constants of 

phosphorolysis of the starting nucleoside (sugar donor) are highly beneficial to conversion of the 

nucleobase of interest to the target nucleoside. Therefore, uridine (5b) and thymidine (4a) present 

very favorable thermodynamic characteristics and further recommend themselves as sugar donors by 

being easily commercially available and well soluble in aqueous media. Conversely, high equilibrium 

constants of the product nucleoside are unfavorable and limit the maximum yields that can be 

achieved. Although an excess of sugar donor can be employed to promote higher conversions, this 

comes with significantly diminished returns. Secondly, phosphate concentrations should generally be 

kept to a (catalytic) minimum to prevent phosphorolysis (or non-synthesis) of the product nucleoside. 

This is especially important for products with unfavorable equilibrium constants as these are more 

sensitive to higher phosphate levels. Conversely, reaction systems working towards purine nucleosides 

are very robust, insensitive to phosphate concentrations and high-yielding even with moderate 

excesses of the sugar donor, because of the the low equilibrium constants of these products. 

Experimental data of selected examples reflecting the characteristic behavior of transglycosylation 

systems depending on the thermodynamic properties of the nucleosides involved supported these 

predictions (Figure 6, bottom). Thus, paper V demonstrates the value of fundamental thermodynamic 

insights for the prediction and optimization of synthetically useful biocatalytic equilibrium reactions. 

Paper V additionally provides a simplified equation for the calculation of maximum yields in 

transglycosylation reactions via robust analytical solutions and highlights further examples of 

nucleoside transglycosylation systems with different nucleosides from a theoretical and experimental 

perspective. The tools available in the supplementary information enable straightforward reaction 

optimization based on either i) previously reported equilibrium constants183 or ii) at least one selected 

preliminary experiment for the determination of the equilibrium constants of phosphorolysis of the 

target nucleoside. The latter approach was already applied for the optimization of the biocatalytic 

synthesis of dihalogenated purine nucleosides,40 where data from one analytical-scale experiment per 

target compound was sufficient for yield predictions. Reactions under in silico optimized conditions 

gave the anticipated conversions, which could easily be transferred to the preparative scale, 

demonstrating the predictability and tunability of nucleoside transglycosylations based on principles 

of thermodynamic reaction control. 
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 Synthesis of Selenium-Modified Pyrimidine Nucleosides 

The principles of yield optimization in transglycosylation reactions were applied to the synthesis of 

selenium-containing pyrimidine nucleosides. These compounds are valuable tools for structure and 

function studies of nucleic acids and have been employed for the crystallographic characterization of 

ribozymes188 and riboswitches,189 among others.190,191 Previous syntheses of 2-Se-pyrimidine 

nucleosides via selenation of isocytidine192,193 or methylated sulfo-nucleosides194–197 require long 

routes of 7 steps or more and considerable purification effort, as discussed in chapter 4.1 (paper I).70 

Therefore, it was envisioned that a biocatalytic approach via glycosylation of a selenium-containing 

nucleobase, which can be accessed in 1 step from selenourea,198 would provide a concise and 

straightforward route to these selenium-containing nucleosides. There was literature precedence that 

such a transformation would, in principle, be feasible since the substrate scope of some thermostable 

pyrimidine nucleoside phosphorylases enabled conversion of the respective 2-Se-nucleobases.149 

However, several challenges needed to be addressed to transition from the previously reported 

conditions to a synthetically useful procedure, including low conversions, low substrate solubility and 

oxidative loss of the substrate and product in aqueous solution. This prompted the sixth research 

hypothesis: 

H6 Equilibrium thermodynamics can be employed to rationally improve the yields of hard-to-

access nucleosides such as selenium-modified pyrimidines in transglycosylation reactions. 

This hypothesis was examined with a series of analytical-scale experiments under conditions which 

improved the solubility and stability of 2-Se-pyrimidines and enabled the biocatalytic preparation of 

these synthetically challenging nucleosides. 

Paper VI presents a biocatalytic synthesis of 2-Se-pyrimidine nucleosides via transglycosylation from 

natural uridine (5b) or thymidine (4a, Figure 7, top). To improve the low solubility of the starting 

materials, the reaction pH was adjusted to 9, which facilitated dissolution of the deprotonated 2-Se-

nucleobase (Figure 7, center). The instability and oxidative deselenation of these nucleobases in 

aqueous solution199 was addressed by the addition of dithioerythritol (DTT) and nitrogen-sparging of 

reaction mixtures, which promoted the stability of the starting materials for more than 24 h even at 

high temperatures (Figure 7, center). While DTT slightly reduced the activity of the applied pyrimidine 

nucleoside phosphorylase, all other modifications to the reaction conditions were tolerated without 

loss of enzymatic activity. With these conditions in hand, analytical-scale transglycosylation reactions 

were performed, which revealed remarkably high equilibrium constants of phosphorolysis of the target 

nucleosides (K = 5 to 10, RG = -4 to -5 kJ∙mol-1). These unfavorable thermodynamic properties indi-

cated that high yields in transglycosylation reactions were beyond reach, since unreasonably high 

sugar donor excesses of 20 equiv. (or higher) would need to be applied to achieve even 60% conversion 

to the target nucleoside (Figure 7, bottom). Therefore, a tradeoff between yield and sugar donor 

excess was met by applying 10 equiv. of sugar donor. Small-scale reactions under optimized conditions 

yielded the anticipated conversions, which could easily be transferred to the semi-preparative scale, 

where identical results were achieved. However, purification of the desired products from the reaction 

mixtures presented a considerable bottleneck due to the presence of large quantities of unreacted 

sugar donor (which was required for the equilibrium shift). The 2-Se-nucleosides either i) did not retain 

on preparative HPLC columns or ii) the purified fractions persistently contained unreacted sugar donor, 
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which necessitated a rather laborious two-step purification process. Although the combination of a 

silica column chromatography step on normal phase followed by preparative HPLC on a reverse phase 

finally yielded pure products, it was not without considerable expense of solvent and loss of product. 

Nonetheless, the isolated yields of 6−40% achieved via this approach using only one reaction stepV 

compared favorably to most established routes where total yields of < 10% are typically achieved over 

7 steps or more. Consequently, paper VI demonstrates that even synthetically challenging and 

sensitive nucleosides such as selenium-modified pyrimidine nucleoside can be accessed via 

transglycosylations catalyzed by nucleoside phosphorylases. However, it also serves as an example that 

the thermodynamic properties of the target nucleoside (with respect to phosphorolysis) can severely 

limit the possible maximum yields in these reactions. It also became evident that while high sugar 

donor excesses do promote higher conversions to the target nucleoside, this can complicate work-up 

and purification procedures immensely. Ultimately, the unfavorable thermodynamics displayed by 

selenium-modified nucleosides call for the development of methodologies that bypass the equilibrium 

constraints which limited the yields in this proof-of-concept study.  

Paper VI additionally presents an in-depth discussion of the solubility and instability challenges 

encountered with the starting materials and provides further rationale and analytical evidence 

supporting the choice of reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Optimization of the biocatalytic synthesis of 2-Se-pyrimidine nucleosides. Adapted in part 

from 200. 

 
V Two steps, if one counts the preparation of the selenium-containing nucleobase via condensation of 
selenourea and ethyl formylacetate (for 14) or ethyl acetoacetate (for 15).198 
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 A Hyperthermostable Enzyme for Reactions Under Harsh Conditions 

Since the thermodynamic characterization of nucleoside phosphorolysis183 and transglycosylation187 

reactions enabled yield robust prediction and optimization, the second bottleneck for efficient 

biocatalytic nucleoside synthesis was addressed next: substrate solubility.70 Many nucleobases are 

poorly soluble in aqueous solution with typical substrate concentrations in transglycosylation reactions 

ranging from 1 to 10 mM.40,41,124 However, for preparative-scale and industrial applications, much 

higher substrate concentrations of more than 200 mM are generally sought after.71,153,154,201 This 

necessitates the application of harsh reaction conditions in the form of base, heat and cosolvent to 

facilitate the solubility of nucleobases. Consequently, thermostable nucleoside phosphorylases have 

received increased attention since these enzymes are known to be robust and retain activity even 

under harsh conditions.144 In this context, the pyrimidine nucleoside phosphorylase from Thermus 

thermophilus (TtPyNP) appeared particularly attractive because it has been reported to be active at up 

to 100 °C and tolerate cosolvents such as DMSO and DMF.127,150 Therefore, it presented an ideal 

candidate to probe the seventh research hypothesis: 

H7 Thermostable nucleoside phosphorylases enable reactions under harsh conditions 

facilitating increased substrate loading. 

This hypothesis was interrogated through kinetic experiments with TtPyNP to probe the limits of its 

tolerance to harsh reaction conditions. 

Paper VII presents investigations on the activity as well as the thermal and cosolvent stability of 

TtPyNP. In accordance with literature reports, TtPyNP was active at up to 100 °C with the rate constant 

following Eyring relationships (Figure 8).202 Combined with the enzyme tolerating a remarkably broad 

pH range and cosolvents (DMSO or ethylene glycol) at up to 60−80% (v/v), this suggested that the 

performance of TtPyNP would primarily be limited by its stability, rather than activity under the applied 

conditions. Indeed, TtPyNP displayed a rather low half-life of only around 2 min at 100 °C but proved 

much more stable at slightly lower temperatures, which enabled more than 106 predicted total 

turnovers with the model substrate 5b. Remarkably, the enzyme was even quite stable and active at 

high cosolvent concentrations such as 40% DMSO or 60% ethylene glycol (v/v) at 80 °C (Figure 8, 

center). Together with the substrate scope of TtPyNP including a range of substituted uridine analogs, 

these results indicated that this enzyme would indeed be useful as a catalyst for transglycosylation 

reactions under harsh conditions, which would then enable higher substrate loadings. However, 

attempts to determine the Michaelis-Menten constant KM of TtPyNP for a model substrate under 

conditions far from those reported in the literature revealed an atypical inhibition behavior. While 

substrate inhibition is well known in uridine phosphorylases (which belong to the purine nucleoside 

phosphorylases from a structural perspective),92,203 inhibition of pyrimidine nucleoside phosphorylases 

had not yet been described. Although the kinetics of TtPyNP at higher substrate concentrations first 

suggested a substrate inhibition by nucleosides, a series of follow-up experiments i) in the presence of 

either product and ii) running the reverse reaction revealed that this enzyme is in fact inhibited by 

nucleobases (Figure 8, bottom). Given that this inhibitory effect already occurs at substrate 

concentrations below 1 mM, it renders TtPyNP’s performance in preparative settings with higher 

substrate loadings rather subpar. While this inhibition probably holds no physiological relevance for 

the host organism since the intracellular concentrations of nucleosides and nucleobases are in the low 
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micromolar range (more than two orders of magnitude lower than the concentrations necessary to 

effect significant inhibition),204 it does discourage the use of TtPyNP in preparative applications. 

Ultimately, these characteristics make TtPyNP an oddity among pyrimidine nucleoside phosphorylases, 

displaying unparalleled stability and a rare case of productVI inhibition.  

Paper VII additionally presents kinetic and stability data exploring the cosolvent space of the enzyme 

and in-depth discussions of the inhibitory effects observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The peculiar case of the hyperthermostable pyrimidine nucleoside phosphorylase from 

Thermus thermophilu (PDB 2dsj). Adapted in part from 205. 

 
VI Or substrate inhibition, depending on the direction in which the reversible reaction is run. 
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5 Conclusion and Outlook 

The synthesis of nucleosides directly from their corresponding nucleobases is a long-standing challenge 

in synthetic organic chemistry. Although a range of glycosylation methods has been developed to this 

end, these currently come with significant drawbacks rendering them inefficient and laborious. 

Biocatalytic approaches via nucleoside phosphorylases promise perfect selectivity and function under 

harmless aqueous conditions but have previously suffered from a limited understanding of i) the 

equilibrium thermodynamics in phosphorolysis and transglycosylation reactions, ii) the stability of the 

reactants involved and iii) thermostable enzymes enabling the application of conditions permitting 

higher substrate solubility. 

This thesis presents analytical methods and thermodynamic frameworks for efficient nucleoside 

synthesis via nucleoside phosphorylases. Encouraged by a route efficiency assessment which revealed 

the bottlenecks plaguing traditional as well as biocatalytic nucleoside synthesis (paper I),70 a 

systematic characterization of the equilibrium thermodynamics of nucleoside phosphorolysis reactions 

was pursued. Therefore, a high-throughput method for reaction monitoring via deconvolution of UV 

absorption spectra was developed (paper II)177 and applied to the characterization of the 

phosphorolysis equilibria of a range of natural and modified nucleosides (paper III).183 Building on this 

thermodynamic foundation, a UV-based method for the kinetic analysis of the hydrolytic decay of UV-

inactive pentose-1-phosphates was realized (paper IV).186 The transfer of these thermodynamic 

groundworks to nucleoside transglycosylation reactions then yielded a set of general principles for the 

yield prediction in these reactions as well as means for their straightforward optimization (paper V).187 

Subsequently, these insights enabled the preparation of sensitive and synthetically challenging 

selenium-containing pyrimidine nucleosides in a biocatalytic one-step process (paper VI).200 Lastly, a 

hyperthermostable pyrimidine nucleoside phosphorylase was characterized with the aim of enabling 

its application in preparative settings reaching beyond the low substrate loadings currently troubling 

nucleoside transglycosylations (paper VII).205 The thermodynamic insights and tools presented in this 

thesis aid the development and optimization of biocatalytic processes for nucleoside synthesis by i) 

streamlining the (high-throughput) characterization of biocatalysts, ii) uncovering the equilibrium 

thermodynamics of previously unexplored nucleosides and iii) enabling the yield prediction in 

transglycosylations based on minimal experimental information. As such, several projects surrounding 

the synthesis of nucleosides and nucleotides already profited from the work in this thesis. These have 

either been published recently,40 are under review for publication or are currently in preparation for 

submission in due course. 

Since this work describes the thermodynamics of nucleoside phosphorolysis and transglycosylations, 

as well as their limitations, future work should aspire to look beyond equilibrium reactions in these 

systems. As paper VI demonstrated,200 unfavorable equilibrium thermodynamics can severely limit the 

maximum yields and make biocatalytic transglycosylations a challenging endeavor. Although some 

approaches have been developed to render the first phosphorolysis step irreversible,41,82 they shared 

the same primary obstacles of other nucleoside transglycosylation reactions and performed equally 

well (or worse) regarding their efficiency as quantified by the E-factor. Therefore, future efforts in the 

field should be focused on i) escaping the inherent equilibrium limitations of transglycosylation 
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reactions, ii) improving the solubility of nucleobase substrates (or enable higher net substrate loadings 

otherwise) and iii) expanding the biocatalytic repertoire for modified nucleosides by engineering 

enzymes capable of accepting challenging substrates such as nucleosides with fluorinated or arabinosyl 

sugar moieties. Ultimately, biocatalytic nucleoside synthesis already holds great potential to augment 

existing chemical routes to a range of nucleoside targets. With future work addressing the remaining 

bottlenecks and challenges, enzymatic nucleoside synthesis will undoubtedly become a standard 

method for the concise and efficient synthesis of nucleosides directly from their nucleobases. 
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7 Ten Theses 

The following ten theses are a condensate of the cumulative scientific insights presented in this work. 

Naturally, they are not comprehensive and, certainly, more than ten fundamental statements could 

be drawn from the work in this thesis. As such, this selection of ten theses also reflects the priorities 

of the author. 

 

 

1 The efficiency of a synthetic route (in the sense of resource efficiency) is primarily a function 

of route length and solvent use throughout that route.  

2 Contaminated water is the main source of waste in nucleoside phosphorylase-catalyzed 

nucleoside syntheses due to the low water-solubility of many nucleosides and nucleobases. 

3 Spectral deconvolution is a powerful analytical tool for the monitoring of nucleoside phos-

phorylase-catalyzed reactions and other transformations in which the substrate and 

product have different but highly overlapping UV absorption spectra. 

4 Nucleoside phosphorolysis is a thermodynamically controlled reversible endothermic 

reaction with Gibbs free energies of -5 to 15 kJ mol-1. 

5 The equilibrium constant of nucleoside phosphorolysis is a function of temperature. 

6 The hydrolysis of pentose-1-phosphates can be monitored quantitatively via equilibrium 

shifts of a nucleoside phosphorolysis reaction. 

7 In a predictable manner, the maximum conversions in nucleoside transglycosylation re-

actions depend on the thermodynamic properties of the target nucleoside and the starting 

nucleoside serving as the sugar donor as well as the concentrations of this sugar donor and 

inorganic phosphate. 

8 Yields and conversions in nucleoside transglycosylation reactions cannot be quantitative 

due to the system’s nature as a reversible equilibrium reaction. Maximum yields are 

therefore always the result of a tradeoff between i) the addition of sugar donor pushing the 

equilibrium to higher conversions and ii) wasting this sugar donor due to diminished returns 

effects. 

9 Selenium-containing pyrimidine nucleosides can be accessed directly from their corres-

ponding nucleobases via nucleoside transglycosylation, despite the unfavorable equili-

brium constants of phosphorolysis of these compounds in the range of 5−10 and the 

sensitivity of the nucleobases to oxidation in aqueous solution. 

10 The pyrimidine nucleoside phosphorylase from Thermus thermophilus resists high concen-

trations of the organic cosolvents DMSO and ethylene glycol at temperatures of up to 90 °C, 

facilitating the solubilization of poorly water-soluble nucleobases. 
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Paper I  

Kaspar, F.; Stone, M.R.L.; Neubauer, P.; Wagner, A. Route efficiency assessment and review of the 

synthesis of -nucleosides via N-glycosylation of nucleobases. Green Chem. 2020, accepted article, 

https://doi.org/10.1039/D0GC02665D.  

This article was published under an RSC Green license which permits the author reproduction of the 

unaltered material in a thesis such as this one, given that proper acknowledgement of the source is 

provided. 

 

Author contributions (with definitions by Brand et al. 1) 

Conceptualization, F.K.; Data curation, F.K.; Formal analysis, F.K. and M.R.L.S.; Funding acquisition, P.N. 

and A.W.; Investigation, F.K. and M.R.L.S.; Methodology, F.K.; Project administration, F.K. and A.W.; 

Resources, A.W. and P.N.; Software, - ; Supervision, F.K.; Validation, - ; Visualization, F.K.; Writing—

original draft, F.K.; Writing—review & editing, F.K., M.R.L.S., P.N. and A.W. 

Specifically, my contribution included formulation of the research idea, literature search, data 

acquisition, data extraction from the original literature, data curation, calculation of the E-factors, 

interpretation of the results as well as illustration and lead writing of the publication.   

 

Preamble 

Although biocatalysis is often hailed as the “greener” or “sustainable” alternative to traditional 

chemical synthesis routes, there has been a growing recognition that this might not always be the case. 

In fact, the “greenness” of a biocatalytic synthesis can vary drastically, just like that of its chemical 

counterparts, as work from Hollmann and colleagues continues to demonstrate quite nicely.  Given 

that typical nucleoside transglycosylation reactions from our laboratory and those of others are 

performed on a 1−5 mM scale with incomplete conversion of the starting material and non-negligible 

loss of product during purification, I had some reservations about our routes being much greener than 

their chemical competitors. However, proof of any kind was missing. Since the Covid-19 pandemic 

effectively halted all practical work in our laboratory for a few months, I suddenly found the time to 

investigate the fundamental question “Is biocatalytic nucleoside synthesis greener than chemical 

nucleoside synthesis?” from my desk at home. To answer this question, I took stock of the entire 

literature on nucleoside synthesis via N-glycosylation and extracted experimental details and 

procedures to calculate environmental factors (E-factors), as a representative metric for efficiency and, 

in extension, greenness. Not only did this literature search reveal that not one efficiency analysis had 

been published for synthetic routes with glycosylation-type chemistry, but also that nucleoside 

synthesis, biocatalytic or otherwise, was generally far from efficient. Although we were pleased to see 

that this data highlighted that biocatalytic nucleoside synthesis has tremendous potential by providing 

a concise single-step route, it became clear that issues arising from poor substrate solubility and 

unfavorable reaction equilibria urgently needed to be addressed. 
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Driven by the increasing global effort to establish a sustain-

able economy, most branches of chemistry have questioned

their practices and aimed to design “greener” processes and

reagents.8,9 Among others, these efforts include the use of sus-

tainably sourced solvents (and recycling thereof), the develop-

ment of more concise and high-yielding routes to pharmaceu-

ticals and the establishment of waste-minimizing cascade

syntheses, to name just a few. The pharmaceutical industry

(and related fields) has been quick to adopt green chemistry

principles and environmental concerns are increasingly recog-

nized in this area.10 Subsequent research has made a wealth of

information publicly available to benchmark and predict

various metrics of sustainability and efficiency of chemical

syntheses.11–19 Several comprehensive assessments of different

routes for the preparation of pharmaceutically relevant target

molecules have been published, which have provided further

insights into the pitfalls of some synthetic approaches and

highlighted successful strategies from a sustainability

perspective.20–25 Beyond that, assessments of individual newly

published reactions or approaches versus established methods

have become a common sight in the literature and continue to

provide a valuable and critical evaluation of the state of the

art.26–45 However, most of the above approaches focus either

on (i) drug-like molecules and, consequently, the heterocycle

chemistry commonly involved or (ii) single transformations.

To the best of our knowledge, a comprehensive assessment of

sustainability or efficiency for glycosylation-type chemistry is

missing from the literature. Spurred by this lack of infor-

mation, we were curious which of the available methods for

nucleoside synthesis would be most compatible with a low-

waste economy and be efficient in a sense of resource usage.

Since nucleosides will undoubtedly continue to be central to

all areas of life science, we aimed to provide a transparent evalu-

ation and specifically investigated which routes to nucleosides

would yield the most efficient and sustainable synthesis. Rather

than starting an assessment at a randomly chosen synthon, we

opted to consider the entire route necessary for a given strategy.

Since preparation of the sugar synthon is generally the most

time- and material-intensive part of these routes,7 we assumed

that all routes had to start from unprotected readily available

materials. To this end, we surveyed the literature for glycosyla-

tion methods for the synthesis of β-nucleosides and extracted

experimental data and protocols for several nucleoside

examples to calculate representative environmental factors

(E-factors, EF)9,46–50 for the entire synthetic routes. The E-factor

is a mass-based metric to assess the amount of waste produced

during a synthetic process or route, where

EF ¼
mwaste

mproduct

with mproduct being the weight of the pure product and mwaste

being the mass of all materials involved in a synthesis that are

not the product. In our analysis, we both considered the simple
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Scheme 1 Convergent synthesis of nucleosides with N-glycosylation

as the key step. N-Heterocyclic nucleobases such as pyrimidines and

purines with variable substitution patterns (blue circles) can be accessed

directly from cheap precursors via condensation reactions while sugar

synthons need to be prepared by multistep routes from unprotected

sugars.
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E-factor (sEF) which, as pioneered by Sheldon,9 only considers

the reagents used as

sEF ¼

P
mreagents �mproduct

mproduct

as well as the complete E-factor (cEF)9 which considers all

materials used as

cEF ¼

P
mreagents þ

P
mauxiliaries þ

P
msolvents �mproduct

mproduct

where ∑mreagents is the sum of the masses of all reagents

(including starting materials), ∑mauxillaries is the sum of the

masses of all auxiliary materials (such as inorganic salts and

silica gel, for example) and ∑msolvents is the sum of the masses

of all solvents, including organic solvents and water.

Considering the number of reactions and routes we aimed to

assess, as well as their heterogeneity, we herein opted for the

use of the E-factor as a simple and accessible metric. A full life

cycle assessment51–53 would have far surpassed the scope of

this work and, given the (sometimes) incomplete literature data,

also proven unrealistic. Likewise, we did not consider energy

consumption (e.g. for inclusion in an E+-factor)54 as this data

was not available from the literature. It should therefore also be

recognized that our data only describe the amount and not the

sort of waste generated, how harmful this waste is to the

environment or how costly its treatment is (i.e. a kilogram of

NaCl or water had the same E-factor as a kilogram of fluori-

nated Lewis acids or methylation reagents).

This article reviews the state of the art for β-nucleoside syn-

thesis via N-glycosylation and provides an assessment of the

performance and efficiency of all available methods and their

routes. Since the last comprehensive review of nucleoside syn-

thesis by Vorbrüggen,7 there have been some notable

additions to the toolbox, which we briefly introduce along with

some general considerations. We further present a collection

of 80 route E-factors (covering up to 11 total steps) which were

extracted from over 30 papers using 12 different

N-glycosylation methods. Our data highlight prominent

sources of waste, reveal the inefficiency of some strategies and

underscore that route and reaction design tremendously

impact the overall E-factor of the synthesis. Based on these

findings, we outline current obstacles and bottlenecks which

future synthetic efforts should seek to address. Lastly, our

freely available data allow straightforward benchmarking of

future syntheses to evaluate their efficiency.

Nucleoside synthesis via
N-glycosylation

All methods for N-glycosylation of nucleobases are united in

employing a reactive (activated) glycosyl intermediate that is

subjected to nucleophilic attack by a nucleobase (Scheme 2,

top). All approaches published to date proceed via one of three

key intermediates for attack by the nucleobase (Scheme 2,

middle). Selective attack at the anomeric center is encouraged

either by (i) generation of a 1,3-dioxolane cation through

recruitment of the neighboring protecting group, (ii) formation

of a reactive glycosyl cation with charge delocalization across

the ring oxygen or (iii) employment of a good leaving group

that sets the right configuration upon SN2-type substitution at

the anomeric position. These intermediates can be accessed

from various synthons, all of which typically bear one or more

protecting groups and need to be prepared from (deoxy)ribose

in 1–7 steps (Scheme 2, bottom). Despite these shared basic

strategies, conditions and methodologies employed by the

available methods differ significantly and are generally guided

by the sugar synthon employed for N-glycosylation. It should
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be noted that the following overview only includes methods

which predominantly yield the β-nucleoside in reasonable yield

and selectivity. Therefore, nucleoside syntheses which favor

α-nucleosides, afford minimal yields and/or poor selectivity, or

do not employ an N-glycosylation step were not included.

Furthermore, methods whose reports did not include sufficient

detail to reconstruct the experimental procedures are also not

included below or in our E-factor assessment.

Glycosyl acetates

Vorbrüggen’s classic synthesis of nucleosides built on silyl

Hilbert–Johnson conditions and was originally only described

for pyrimidine nucleosides.55 A fully protected glycosyl acetate

is subjected to Lewis acid catalysis, yielding a glycosyl cation

intermediate upon displacement of the anomeric acetate

(Scheme 3). This labile species is then reacted with a silylated

nucleobase to afford a nucleoside after global deprotection. Its

exceptional substrate scope, easy adaptability and reliability

have made it the most popular method for nucleoside syn-

thesis in academia and industry. Nonetheless, downsides of

this method include the need for silylated nucleobases, harsh

reaction conditions and the stoichiometric amounts of Lewis

acid generally used.56–59

Halogenoses

Direct glycosylation of nucleobases with halogenoses can be

achieved through nucleophilic substitution at the anomeric

center. This method is particularly popular for the synthesis of

2′-deoxy nucleosides that are otherwise difficult to access due

to the lack of anchimeric assistance. Halogenoses can be

accessed from the respective methoxyriboside and are subject

to direct nucleophilic attack by the nucleobase (Scheme 4). To

this end, different methods for nucleobase activation, includ-

ing silylation and deprotonation by strong bases, have been

employed.60–63 However, the functional group tolerance of this

approach is hampered by the harsh conditions needed for this

transformation. Further, the regioselectivity for purine nucleo-

side synthesis, as well as glycosylation yield, are generally

limited. Despite its shortcomings, glycosylation with halo-

genoses offers a favorable atom economy compared to other

methods.

o-Hexynylbenzoates

Spurred on by the difficulty to glycosylate purine bases via

Vorbrüggen-type conditions, Yu and colleagues developed a

glycosylation method based on ortho-hexynylbenzoic esters.64

Under gold catalysis, the benzoic ester at the anomeric posi-

tion reversibly rearranges to an isocoumarin scaffold and

yields a glycosyl cation (Scheme 5). This effectively minimizes

competition of the leaving group with the nucleobase for

attack at the anomeric center, enabling productive attack by

Scheme 2 Synthesis of nucleosides via N-glycosylation, including key

intermediates and sugar synthons. Under varying conditions, a sugar

synthon is transformed to a reactive intermediate primed for nucleophi-

lic attack by an (activated) nucleobase, which furnishes a β-nucleoside.

LG = leaving group, R = protecting group, B = nucleobase, SM = starting

material, *EPP = (phenylethynylphenyl)phenyl.

Scheme 4 Nucleobase glycosylation with halogenoses.

Scheme 3 Nucleobase glycosylation with glycosyl acetates. Scheme 5 Nucleobase glycosylation with o-hexynylbenozates.
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weak nucleophiles such as purine nucleobases. Although this

method allows glycosylation under mild conditions without

the use of stoichiometric activating reagents, it demands a

long reaction sequence and extensive use of protecting groups

on both the sugar and the nucleobase.

o-(1-Phenylvinyl)benzoates

A similar strategy that eliminates competition of the leaving

group with the nucleobase relies on irreversible sequestration

of a vinylbenzoic ester (Scheme 6).65 Esterification of triben-

zoylated ribose with o-(1-phenylvinyl)benzoic acid accesses a

stable sugar synthon. When subjected to an iodine source this

synthon affords a glycosyl cation which can be intercepted by a

silylated nucleobase. This method provides excellent glycosyla-

tion yields and regioselectivity under mild conditions.

However, the need for a long reaction sequence with multiple

protecting group manipulations make this approach rather

laborious.

3,5-Dimethyl-4-(2′-phenylethynylphenyl)phenyl (EPP)

glycosides

The same strategy and conditions can also be employed with

(phenylethynylphenyl)phenyl glycosides as alternative leaving

groups (Scheme 7).66

Pentenyl glycosides

Sequestration of a n-pentenyloxy group as an iodomethyl tetra-

hydrofuran to avoid competition of the leaving group with

weakly nucleophilic nucleobases is a strategy developed

recently by Fraser-Reid and colleagues.67 Starting from a per-

benzoylated methyl riboside, a n-pentenyl orthoester is pre-

pared through recruitment of the 2-benzoyl group. Similar to

the above approaches, treatment of this ester with an iodo-

nium source and a silylated nucleobase affords the corres-

ponding β-nucleoside after global deprotection (Scheme 8).

While this approach also suffers from a rather long reaction

sequence (7 steps from unprotected starting materials) and a

strict limitation to 2′-hydroxy nucleosides, it does provide

excellent stereoselectivity and little problems with regio-

selectivity. Nonetheless, the substrate scope is limited and the

need for the extensive use of protecting groups raises concerns

from an efficiency perspective.

Propargyl-1,2-orthoesters

A similar methodology to Fraser-Reid et al. was developed by

Rao and coworkers68 to facilitate high yields in the

N-glycosylation of nucleobases. A propargyl-1,2-orthoester can

be obtained from the respective perbenzoylated riboside

through base-promoted attack of the alcohol to enable sub-

sequent glycosylation under mild conditions. Addition of a

silylated pyrimidine nucleobase under Lewis acid catalysis

affords exclusively the β-anomer of the nucleoside (Scheme 9).

Despite the method’s promise of excellent stereo- and regio-

selectivity, it has only been applied to two nucleobases to date,

presumably since the preparation of the sugar synthon is

rather lengthy and labor-intensive.

Trifluoroacetimidate glycosides

N-Glycosylation under mild conditions can also be achieved

through activation of glycosyl donors as trifluoroacetimidates,

which are excellent leaving groups.69,70 Nucleophilic attack of

a silylated nucleobase provides near-quantitative yields of the

thermodynamically favored β-nucleoside under Lewis acid cat-

alysis (Scheme 10). However, this method has only been

demonstrated for a small selection of pyrimidine nucleosides

thus far. The extensive use of protecting groups, stoichiometric

Scheme 6 Nucleobase glycosylation with o-(1-phenylvinyl)benzoates.

Scheme 7 Nucleobase glycosylation with EPP glycosides.

Scheme 8 Nucleobase glycosylation with pentenyl glycosides.

Scheme 9 Nucleobase glycosylation with propargyl-1,2-orthoesters.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2020 Green Chem.
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application of activating agents and unfavorable atom

economy make the viability of this approach rather question-

able, despite its impressive yields.

Thioglycosides

Thioglycosides have been employed in carbohydrate synthesis

for various glycosylations and are notable for their versatility.

Their use in nucleoside synthesis is rather rare, yet there are

examples in the literature.71 Similar to other approaches, this

method relies on in situ formation of a charged five-membered

ring through recruitment of the protecting group at the 2-posi-

tion after treatment of the thioglycoside with a triflate source

(Scheme 11). This reactive intermediate is then intercepted by

an activated nucleobase to generate the favored β-anomer.

While yields of the glycosylation step are good to excellent,

this approach requires a rather lengthy synthesis of the sugar

synthons (4–5 steps) and suffers from similar drawbacks con-

cerning protecting groups and silylating agents to analogous

methods. It is noteworthy that even 2′-deoxynucleosides can be

accessed with this approach, although not in high yield or

anomeric selectivity.

Anhydroses

Building on Mitsunobu glycosylation conditions and pioneer-

ing work by Chow and Danishefsky,72 Hocek and colleagues

developed73 and optimized74 a glycosylation strategy that relies

on in situ tributylphosphine-mediated formation of a mono-

protected anhydrose. Subsequent nucleophilic attack of a

deprotonated nucleobase at the electronically favored 1-posi-

tion exclusively provides the β-anomer of the nucleoside

(Scheme 12). This concise route profits from employing only

one protecting group (which can be installed in one high-yield-

ing step from D-ribose), a respectable substrate scope and mod-

erate to good yields of only the desired anomer, which signifi-

cantly simplifies purification. Drawbacks of this method are

few and mainly comprise the strict limitation to 2-hydroxy

sugars.

1-Phosphates

The biocatalytic synthesis of nucleosides via nucleoside phos-

phorylases (NPs) is well established and has recently attracted

renewed interest.75 NP-catalyzed nucleoside transglycosylations

employ an easily accessible nucleoside, such as natural uridine

or thymidine, as the synthetic starting point.76 A pentose-1-

phosphate is generated by phosphorolytic cleavage of the start-

ing nucleoside and then serves as the glycosyl donor to a

second nucleobase, which furnishes the nucleoside of interest

(Scheme 13).77–83 These reactions capitalize on their promise

of mild reaction conditions, perfect regio- and stereoselectivity

of NPs, and overall excellent functional group tolerance. Both

ribosyl and 2′-deoxyribosyl nucleosides with various nucleo-

bases can be accessed easily with this methodology. While the

substrate scope is somewhat limited by the capabilities of the

available enzymes, further expansion of the substrate scope by

enzyme engineering can be expected.84 Recent progress in the

thermodynamic characterization of these reactions has further

enabled robust optimization of reaction conditions by lever-

aging principles of thermodynamic reaction control.80,85 Thus,

considerable progress in this field may be anticipated.

Protected nucleosides

Transglycosylation can also be achieved through heat- and

Lewis acid-mediated dissociation of the nucleobase from a

donor nucleoside (Scheme 14).86–88 This yields an unstable gly-

cosyl cation which can be intercepted by a silylated nucleo-

base, affording the nucleoside of interest after global de-

protection. Owing to several drawbacks of this approach, litera-

ture examples are rare and date back to the late 20th century.

Scheme 11 Nucleobase glycosylation with thioglycosides.

Scheme 10 Nucleobase glycosylation with trifluoroacetimidates.

Scheme 12 Nucleobase glycosylation with anhydroses.

Scheme 13 Nucleobase glycosylation with 1-phosphates.

Scheme 14 Nucleobase glycosylation with protected nucleosides.

Critical Review Green Chemistry
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These include, among others, the need to protect every func-

tional group, the limitation to purine nucleosides, poor

control of the configuration at the anomeric center, as well as

exceptionally harsh and hazardous reaction conditions.

E-factor assessment of glycosylation
methods for nucleobases

Considering the route length, methodology and yield of the

individual steps of the available approaches, it is to be

expected that these routes for nucleobase glycosylation would

differ significantly regarding their efficiency and waste

production.

Data collection

We sought to provide a fully transparent assessment of the

efficiency and sustainability of the available methods for

nucleobase glycosylation. Therefore, we surveyed the literature

for examples of applications for these approaches and calcu-

lated the E-factor for the entire routes. In all cases, performing

these calculations for every example in the literature (or even

every example in a given publication) would have far surpassed

the scope of this work. Thus, we selected representative

examples that cover multiple pyrimidine and purine nucleo-

sides each with various functional groups, as far as available

from the literature (please see Chart S1† for an overview of all

nucleosides considered herein).

To generate a level playing field for all methods, we opted

to have all routes start from readily available unprotected start-

ing materials. Consequently, we assumed that all routes

started either from (deoxy)ribose or a natural nucleoside.

Whenever possible and provided in the literature, we con-

sidered the E-factor for the synthesis of the sugar donor

employed for glycosylation based on the route and procedures

reported by the authors of that paper. However, this infor-

mation was not available in most cases (i.e. the explicit meth-

odology for synthon preparation was not always reported).

Therefore, we assumed that whatever synthon these authors

used for their synthesis was prepared according to classic lit-

erature procedures.89–102 Similarly, many nucleoside syntheses

ended with the protected nucleoside and in those cases, we

assumed that a suitable classic deprotection protocol from the

literature was used.94 To avoid favoring one method over

another, we applied these same assumptions equally across

the board to all methods that built on a given synthon or

required a given deprotection.

Calculations

To calculate the sEF and cEF of each route over all steps, we

extracted experimental details and procedures from the reports

of these methods. However, many reports across different jour-

nals did not provide a sufficient description of the experi-

mental procedures to allow a precise reconstruction of the pro-

tocol. To still permit a calculation of cEF (which includes, for

example, reaction solvents and solutions for quenching and

extractions), several quantities had to be estimated. We based

these estimates on previous reports of this kind,45 original

papers on the matter44,103 as well as our own experience with

typical laboratory procedures. A complete and transparent

description of all calculations and estimates is given in the

ESI.†

Route cEF and sEF

As expected, the sEF and cEF of the available routes differed

significantly, both within and between methods. The sEFs in

our dataset of 80 route E-factors (please see the ESI† for

details) were as low as 1.8 and as high as 73.3, with most

methods scoring between 10 and 30 (all kgwaste per kgproduct
which is omitted from hereon for clarity). In contrast, the cEFs

covered more than 2 orders of magnitude, with values from

165 to 42 499 (Fig. 1). Interestingly, some methods had

E-factors in a rather narrow range, whereas others displayed

significant variation between substrates/routes. Downey et al.’s

anhydrose-based method is good example of the latter. While

their originally reported procedure73 had quite unfavorable

E-factors in a broad range (sEF = 11–53.8, cEF = 20 195–42 499,

routes N1–N7 in the ESI†), the subsequently published

improved protocol74 fared much better, but still displayed con-

siderable variability (sEF = 1.8–9.6, cEF = 1760–6017, routes

N8–N13). On the other hand, alternative methods such as

Fraser-Reid and colleagues’ n-pentenyl orthoester-based pro-

cedure67 showed little E-factor variation (sEF = 22.2–29.7, cEF

= 10 590–14 495), except for substrates where glycosylation

yield suffered tremendously (N32–N37).

In general, we were surprised to find how high most of

these E-factors were. Both well-established and newly devel-

oped methods, and even biocatalytic approaches, typically had

cEFs in the range of 5000–10 000. This significantly surpasses

many other types of transformations employed in industrial

settings that typically have cEFs of less than 100 per step.15,16

Fig. 1 Complete and simple E-factors of N-glycosylation methods for

nucleobases cover an extensive range with great variability within and

between methods. All E-factors represent route E-factors over all steps.

Please see the ESI† for all details of the calculations.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2020 Green Chem.
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While some of this may be ascribed to the fact that nucleo-

sides are complex molecules with a high density of sensitive

functional groups, these E-factors are still comparably high,

considering the high demand and broad applicability of these

compounds. Notably, none of the available methods per-

formed well for all nucleobase substrates and/or delivered sig-

nificantly lower E-factors than all other methods. Motivated by

this lack of true efficiency104 in the sense of resource usage

(and consequently high waste production), we were curious to

find the sources of these high E-factors and identify areas

where improvement is needed. At the same time, we sought to

identify strategies that worked particularly well and may be

employed by future “greener” nucleoside syntheses.

Yield

Most methods in the literature for nucleoside synthesis

focused on optimization of glycosylation yield as the key

metric. To this end, several strategies have been developed that

employ highly reactive sugar synthons or disable competition

of the leaving group with the nucleobase for (re)attack at the

anomeric position. In many cases, these strategies succeeded

in achieving glycosylation yields upwards of 90%. However,

while the yield of an individual step is certainly a critical vari-

able, it should always be viewed in light of the entire synthesis.

Indeed, we found no correlation between glycosylation yield

and sEF or cEF (Fig. 2A). Many of the strategies that sought to

optimize glycosylation yield also performed quite lengthy

routes and employed large leaving groups. Consequently, both

the total yield and the atom economy of these routes suffered

immensely, which is reflected by these E-factors.

In contrast to glycosylation yield, we found that total yield

(over the entire route) correlated negatively with route sEF and

cEF, albeit only moderately (Fig. 2B). This comes as no sur-

prise, as one would generally expect a higher efficiency for

high-yielding routes versus those that barely generated any

product. Nonetheless, there were some interesting outliers in

the literature. The glycosylation and total yields of Downey’s

improved anhydrose-based approach were modest by most

standards (in the range of 30% and 20%, respectively), yet this

method displayed some of the lowest sEFs in our entire

dataset (sEF = 1.8–9.6, see the grey diamonds in Fig. 2B).74 By

employing a concise route (2 steps) and managing the atom

economy by using only one protecting group that could be

cleaved in situ, they were able to outweigh the rather moderate

yields. Obviously, these sEFs could have been even lower with

higher yields under the same conditions. However, these

yields were still sufficient to achieve what could be considered

an efficient (lower waste) synthesis. Other methods that had

higher glycosylation and total yields, for example those

employing trifluoroacetimidates (>88% glycosylation yield,

N38–N43, please see the ESI† for details) or propargyl-orthoe-

sters68 (>85% glycosylation yield, N44–N47), also necessitated

longer routes and had more unfavorable atom economies,

leading to much higher sEFs of 18–40. Clearly, yield is an

important variable, but only to a certain extent. Even excellent

yields are generally offset by cumulative reagent usage across a

long route. Although yield of the key glycosylation step consti-

tutes a bottleneck for some nucleobases, it appears that, from

an efficiency standpoint, chasing maximum yields is not a

fruitful strategy if it entails following longer routes.

Route length

The length of a route, as given by the number of total steps,105

varied drastically among different glycosylation methods and

appeared to dictate the lower bounds for possible route

E-factors. The shortest available routes relied on nucleoside

phosphorylases for biocatalytic glycosylation and had only one

step, whereas the longest routes had around 9 to 11 steps,

with several protecting group transformations. The cumulative

sEFs and cEFs of all methods covered a broad range over all

route lengths, and trended upwards with increasing route

length (Fig. 3). This data highlights two important points for

consideration. Routes employing only one step tended to

perform rather favorably (sEF < 11), probably because the

potential for waste accumulation in a one-step route is quite

limited. On the other end of the spectrum, long routes with

9–11 steps all had sEFs higher than 40 and cEFs well above

Fig. 2 Yield of the glycosylation step is a misleading predictor of

method efficiency compared to total yield across the route. (A)

Glycosylation yield shows no correlation with route sEF or cEF. (B) Total

yield over the entire route correlates negatively with route sEF and cEF.

Downey et al.’s improved anhydrose-based method (N8–N13) is shown

as grey diamonds (sEF and cEF).

Critical Review Green Chemistry
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10 000. While these routes still displayed great heterogeneity, it

appears that waste accumulation to a certain extent was a

natural consequence of the number of transformations. It

should be noted, however, that short routes don’t guarantee

lower E-factors, as our dataset featured 22 routes with 2 steps

(all from Downey et al.’s method or biocatalytic) which mostly

performed favorably regarding their E-factor, but also included

a few outliers with cEFs above 15 000 (Fig. 3). These data

demonstrate that shorter routes do not necessarily translate to

lower E-factors, but clearly have the potential to perform more

efficiently than longer alternatives, especially if several protect-

ing group transformations are involved.

E-factor contributions

Irrespective of yield and route length, the cEFs of all routes

were mainly composed of solvent contributions (Fig. 4). The

reagents used throughout a synthesis, as well as inorganics

only added minorly to the route cEFs, as contributions from

organic solvents and (for biocatalytic routes) water typically

made up more than 95% of the cEF. This observation is some-

what intuitive as nucleobases and many nucleosides are gener-

ally poorly soluble in all solvents and solvents are known to be

the main determiner for E-factors, if they are included in the

calculation.11,36,44,45 Nonetheless, we were surprised to find

that even routes which employed heterogenous steps were

characterized by overshadowing solvent contributions.

Biocatalytic routes were particularly plagued by the low water

solubility of many nucleobases, which has so far largely

restricted these syntheses to working concentrations in the low

millimolar range. However, some routes which sought to

prepare especially insoluble guanosine derivatives used this to

their advantage to realize the lowest cEFs in our dataset. Zuffi

et al.’s82 (cEF = 200, route N29) and Ubiali et al.’s83 (cEF = 165,

route N31) one-step syntheses of 2′-deoxyguanosine from thy-

midine via transglycosylation employed a substrate loading

which was an order of magnitude higher than other biocataly-

tic routes and profited from the target compound readily preci-

pitating from the reaction mixture. Thus, the higher substrate

loading in heterogenous reaction steps appears particularly

attractive for sugar or nucleobase transformations. Based on

our data it could be reasoned that (beyond heterogenous reac-

tions) any strategy that allows higher substrate/reagent loading

will result in lower E-factors. Yet even if one or multiple steps

of a route can be realized heterogeneously, or with otherwise

high substrate loading, solvent contributions from other steps

may still be the main contributors to the cEF of that route.

Again, this underscores that the demands and opportunities

of a single step need to be considered as part of the entire

route, and that shorter routes offer more potential for mini-

mizing E-factors. It should also be noted that we did not con-

sider recycling of any solvents in this analysis. Clearly, some

solvents can be and are recycled in industrial settings to

reduce the net waste arising from a reaction, especially in the

case of low-boiling solvents such as dichloromethane or

hexane. However, other solvents like pyridine, water or aceto-

nitrile may be harder and much more energy-intensive to

recover, purify and reuse. Thus, given the heterogeneity of sol-

Fig. 4 Complete E-factors of nearly all routes are mainly composed of

solvent contributions. All contributions are also given in the ESI† with

reference to the procedure and details for calculation.

Fig. 3 sEF and cEF generally increase with route length. The total

number of steps denotes the number of steps from an unprotected

sugar starting material to an unprotected nucleoside. A step is con-

sidered as every transformation that was followed by a workup and/or

purification of some sort.

Green Chemistry Critical Review
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vents employed and their role in the respective syntheses, we

opted to consider all solvents as waste without any recycling.

Chromatography

Solvent contributions for many steps originated to a large

extent from chromatographic purification steps. In fact, the

number of chromatography steps was equally good at setting

the lower bounds for cEF as the total number of steps in a

route – irrespective of the transformations, yields and types of

workup performed (Fig. 5). It should be noted that very few

syntheses in our dataset included quantities for their chrom-

atography solvents, which required us to estimate these for

most of the routes discussed herein. Like Hollmann and col-

leagues,45 we estimated 500 mL of solvent per gram of crude

product and calculated the E-factor contributions via the

density of the chromatography solvents employed (which are

generally reported). Depending on the solvent used and the

crude product, this equaled a cEF contribution of around

500–1500 per chromatography step in most cases. Considering

published experimental data on this issue,44,103 and the fact

that most chromatography steps in our dataset were done to

isolate material from complex mixtures, this is a very conserva-

tive estimate for most syntheses analyzed here. Still, chromato-

graphy solvents dominated the cEFs of all routes that

employed chromatographic purifications. Naturally, longer

routes featured more chromatography steps, which is reflected

in their cEFs (see e.g. N50–N52 or N56–N59). Conversely, the

two routes that did not employ any chromatography steps (N29

and N31, see above) had the by far lowest cEFs. Admittedly,

chromatography probably cannot be avoided altogether given

the nature of the transformations required for nucleoside syn-

thesis but limiting chromatography steps should be a primary

goal to achieve more efficient and “greener” nucleoside

synthesis.

Protecting groups

All non-biocatalytic syntheses considered herein employed pro-

tected sugar synthons, whose synthesis constitutes the most

labor- and resource-intensive part of the route. Most sugar syn-

thons need to be accessed in 3–7 steps from (deoxy)ribose

through selective protection and introduction of the anomeric

leaving group. Thus, the synthesis of these synthons accumu-

lates a considerable E-factor even before the key glycosylation

step. Even though yields for the required transformations are

generally high to excellent, reagent usage and purification

throughout these routes is reflected in the high sEFs and cEFs

(Chart 1). Please note that these E-factors are somewhat

skewed by the high molecular weights of the protected syn-

thons and may not directly translate to full route E-factors

since the E-factor is a mass-based metric, and the nucleoside

products are generally a lot lighter than these synthons.

Exceptions to these observations are presented by biocatalytic

routes77–83 requiring no protecting groups (which considerably

shortens these syntheses by all protecting and deprotecting

steps) and Downey’s method73,74 which only employs one

(albeit large) protecting group, that can be installed in one

step and cleaved in situ after the reaction. The only other

method that consistently delivered E-factors close to these two

approaches is halogenose-based glycosylation, which uses an

easy to prepare synthon with a small leaving group. Clearly,

the non-biocatalytic synthesis of nucleosides requires at least

some protecting groups due to the complex arrangement of

reactive functional groups in the target compounds. However,

the choice of protecting groups and synthon for glycosylation

should be made based on the most concise and efficient route

to that synthon. Every protecting and deprotecting step that

can be avoided in a synthesis typically results in lower waste

production through a better atom economy and less purifi-

cation effort.

Fig. 5 The number of chromatography steps sets the lower bounds for

route cEF. For all details regarding calculation of chromatography con-

tributions to cEF, please see the ESI.† Chart 1 Please see the ESI† for procedures and references.
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Transitioning to more efficient
nucleoside synthesis
Benchmarks

Based on these observations, we propose some benchmarks

for nucleoside synthesis to be termed “efficient”. Future syn-

thetic efforts should seek to achieve sEFs below 10 and cEFs

below 2000 in a route that takes 4 steps or less. We explicitly

opt against inclusion of any recommendations regarding glyco-

sylation or total yield, protecting groups, solvent usage or chro-

matographic purifications. However, a balance and improve-

ment of all these metrics will be reflected in the E-factor. We

chose to include route length as a relevant parameter, since

the average step for nucleoside synthesis took roughly one day

(Fig. S1†) and time investment in a synthesis is certainly a rele-

vant factor. Selected routes in our dataset already meet these

benchmarks (N11 and N29–N31), although only for some

purines. We believe that there is potential for nucleoside syn-

thesis to become more efficient in general by striving to meet

these proposed benchmarks. To this end, there are some areas

which require and deserve attention by researchers to effect

immediate improvement.

Areas for improvement

The above data illustrate that nucleoside synthesis is currently

hampered by several bottlenecks that manifest themselves in

inefficient routes with high E-factors. Most notably, chromato-

graphic purification steps present a significant source of waste

in the form of solvent. Although some of this solvent may be

recycled to reduce the net waste from these steps, they remain

notoriously inefficient separation processes from a sustainabil-

ity perspective. However, at least one chromatography step will

probably be required for most target nucleosides to achieve

sufficient purity, since N-glycosylation is a non-trivial trans-

formation that (beyond the desired nucleoside) often yields

several hard-to-separate byproducts. Thus, reduction of

additional chromatography steps should be a central aim for

all synthetic routes to the relevant sugar synthons. Whenever

possible, precipitation or recrystallization steps allow tremen-

dously lower resource investment and, therefore, lower

E-factors. For some of the routes outlined above, it would also

be worth considering if some of the steps required for either

sugar donor synthesis or post-glycosylation deprotection could

be performed in a one-pot manner to avoid intermediary puri-

fications. This may also help to cut down the use of solvents

like dichloromethane or hexane which serve as popular extrac-

tion and purification solvents but are recognized as environ-

mentally concerning.106 To facilitate these aims, applied

routes should be as short as possible, since additional steps

such as protecting group manipulations on the sugar moiety

have the potential to render the entire route inefficient – irre-

spective of metrics such as glycosylation or total yield.

Therefore, glycosylation approaches which employ few protect-

ing groups and do not rely on large leaving groups (which

themselves necessitate prior installment) appear to have the

most potential going forward. Future efforts to optimize exist-

ing methods or devise new methods may therefore focus on

avoiding chromatography, shortening routes and/or doing

multiple transformations in one pot. Furthermore, heteroge-

nous reactions present an attractive strategy to cut down non-

chromatography solvent waste, particularly since nucleosides

are generally poorly soluble. This holds especially true for bio-

catalytic approaches which are currently severely hampered by

the low water solubility of both the starting materials and pro-

ducts, as well as unfavorable reaction equilibria for some

nucleosides. To overcome these obstacles, strategies to enable

increased substrate loading and equilibrium shifts in favor of

the target nucleosides should be key research goals.

Conclusions

Nucleosides and their analogs are indispensable biomolecules

in nearly all areas of life science. However, the available

methods to prepare these compounds via N-glycosylation of

nucleobases suffer from severe drawbacks, which render these

routes laborious and inefficient. Our comprehensive literature

survey and E-factor analysis revealed that glycosylation

methods for nucleoside synthesis cover an extended range of

route E-factors and that glycosylation yield is an overrated

metric of efficiency. Solvents, predominantly from chromato-

graphic purification steps, are the main contributors to cEF

and a heavy reliance on protecting groups tremendously

increased both the sEF and cEF of most routes. Future synth-

eses should seek to address these bottlenecks to enable more

efficient and sustainable nucleoside syntheses.
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and 60s, Robert Giessmann and Niels Krausch had developed an assay for thymidine phosphorolysis 

which employed base-induced spectral shifts around the time I joined the institute. In collaboration 

with Robert, I extended this method to a spectrum of other nucleosides, exploiting a deprotonation-

driven aromatization and spectral shift of free nucleobases which allowed their discrimination from 

the corresponding nucleosides. Although the respective spectra still overlapped significantly and 

background absorption continues to be the prime challenge, I developed analysis conditions and 

sample treatment protocols which enabled spectral deconvolution of pyrimidines and purines alike. 

As of this thesis, this versatile method has put through north of 18,000 datapoints and has risen to 

become the to-go method for reaction monitoring in our group. 
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Spectral Unmixing-Based Reaction Monitoring of
Transformations between Nucleosides and Nucleobases**

Felix Kaspar,*[a, b] Robert T. Giessmann,[a] Sarah Westarp,[a, b] Katja F. Hellendahl,[a]

Niels Krausch,[a] Isabel Thiele,[a] Miriam C. Walczak,[a, b] Peter Neubauer,[a] and

Anke Wagner*[a, b]

The increased interest in (enzymatic) transformations between

nucleosides and nucleobases has demanded the development

of efficient analytical tools. In this report, we present an update

and extension of our recently described method for monitoring

these reactions by spectral unmixing. The presented method

uses differences in the UV absorption spectra of nucleosides

and nucleobases after alkaline quenching to derive their ratio

based on spectral shape by fitting normalized reference spectra.

It is applicable to a broad compound spectrum comprising

more than 35 examples, offers HPLC-like accuracy, ease of

handling and significant reductions in both cost and data

acquisition time compared to other methods. This contribution

details the principle of monitoring reactions by spectral

unmixing, gives recommendations regarding solutions to

common problems and applications that necessitate special

sample treatment. We provide software, workflows and refer-

ence spectra that facilitate the straightforward and versatile

application of the method.

Nucleoside-altering enzymes harbor significant potential for the

synthesis of nucleoside analogues. Nucleoside phosphorylases

(NPs), for instance, catalyze the reversible phosphorolytic

cleavage of nucleosides into the corresponding free nucleobase

and pentose-1-phosphate (Scheme 1) and are widely applied

for the preparation of modified nucleosides.[1–11] Consequently,

their kinetic and thermodynamic characterization has attracted

increased interest and demanded the development of efficient

analytical tools.[12,13]

Recently, we reported a UV/Vis spectroscopy-based method

for the monitoring of these reactions that largely eliminated the

need for HPLC.[14] For this method, we employed spectral

unmixing to derive nucleoside/nucleobase ratios from experi-

mental UV absorption spectra based on suitable reference

spectra. Implemented into the workflow of a high-throughput

assay, this methodology facilitated a >20-fold reduction of data

acquisition time and a roughly fivefold decrease in cost

compared to conventional HPLC, while maintaining very

comparable accuracy and excellent reproducibility. Unlike other

non-HPLC-based methods,[15–27] our approach offers a uniquely

broad substrate spectrum, including all natural and several

examples of modified nucleosides, as well as high adaptability

and the straightforward application to any substrate without

the need for laborious method development.

Following the initial report of our method, it has found

wide-spread use in our laboratory and was successfully applied

to several projects. Most notably, previous spectral character-

ization of a range of nucleoside substrates and their corre-

sponding nucleobases enabled the investigation of the thermo-

dynamic reaction control of nucleoside phosphorolysis.[12] Here

we were able to measure slight temperature-induced changes

of reaction equilibria of the phosphorolysis of 24 nucleosides

that allowed convenient experimental access to thermodynamic

properties of those reactions. Knowledge of the UV absorption

spectra of nucleosides and nucleobases also enabled qualitative

reaction monitoring of nucleoside transglycosylations to deter-

mine the time to equilibrium and reduce sampling effort.[11]

Further work to employ our method for the kinetic character-
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Supporting information for this article is available on the WWW under
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is an open access article under the terms of the Creative Commons Attri-
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Scheme 1. Nucleoside/nucleotide phosphorolysis of pyrimidine or purine

species. With the exceptions of cytosine and 1,2,4-triazole-3-carboxamide, all

nucleobases featured in this report are described.
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ization of several NPs across their broad working space to probe

the limits of their tolerance to harsh reaction conditions is

currently underway.[28] In addition, this method has greatly

aided our efforts to explore the substrate spectra of other

nucleobase-cleaving enzymes,[29] empowered screening

projects[30] and overall alleviated our dependence on HPLC.[31]

Ultimately, these examples showcase the remarkable potential

of our spectral unmixing-based method for high sample

throughput and efficient monitoring of nucleobase cleavage

reactions.

In this update we expand the scope of established

substrates, share our experience and recommendations regard-

ing solutions to common problems and describe some

examples of alternative uses of the original method that

necessitate deviation from the previously reported protocol.

This contribution highlights the utility of spectral unmixing for

the monitoring and analysis of (enzymatic) nucleobase cleavage

reactions and will prove helpful to all current and future users

of our previously published method.[14]

The principle of reaction monitoring by spectral unmixing

Spectral unmixing in this case describes the concept of linear

combination of absorption spectra that can be traced back to

its individual components. In this sense, any mixture of two (or

more) compounds with known absorption spectra can be

deconvoluted into its constituents if appropriate reference

spectra are available.[32]

Our method for monitoring of nucleobase cleavage reac-

tions employs this concept by deriving nucleoside/nucleobase

ratios from experimental spectra recorded after alkaline dilution

of samples from a reaction mixture.[14] Under alkaline conditions

the UV absorption spectra of nucleosides and nucleobases

(Figure 1A) differ sufficiently to allow discrimination (Fig-

ure 1B).[33–35] Therefore, previously recorded reference spectra

can be fitted to a background-corrected experimental spectrum

(Figure 1C) to determine the contribution and ratio of its

individual constituents (namely substrate and product of the

reaction). This approach allows for efficient reaction monitoring

when multiple UV absorption spectra from a given reaction are

available and can be deconvoluted into their individual

components to derive the respective degree of conversion

(Figure 1D). Conveniently, nearly all nucleoside-nucleobase pairs

display an isosbestic point of base cleavage that allows for

normalization to correct for differences in signal intensity which

in turn eliminates potential errors from pipetting inaccuracy. At

the isosbestic point, the nucleoside and nucleobase in question

possess the same extinction coefficient which manifests itself as

a constant signal intensity at this wavelength throughout a

reaction (see Figure 1D for the pair of 1 and 3).

In this workflow, alkaline dilution of the sample serves a

threefold purpose. This step simultaneously terminates the

reaction by denaturing the enzyme, adjusts the concentration

of the analytes and regulates the pH value of the sample to

achieve deprotonation and spectral shifting of the UV absorp-

tion spectra. The suitable degree of alkaline dilution as well as

the concentration of the base used for dilution (in our case

aqueous NaOH) varies between different nucleoside-nucleobase

pairs, since the extinction coefficients and the pH range for

stable and reproducible spectra needed for analysis differ. For

example, purine nucleosides generally display a stronger UV

absorption than pyrimidine nucleosides, which requires smaller

sampling volumes to achieve the same peak signal intensity for

these substrates.

Although we mainly discuss nucleobase cleavage (e.g., by

nucleoside phosphorolysis) in this report, spectral unmixing-

based reaction monitoring can also be applied to observe the

reverse reaction. The same principles, strategies and challenges

considered below for phosphorolysis reactions also pertain to

the corresponding transformations in the glycosylation direc-

tion.

Updated list of established substrates

Extending our previously reported list of 20 nucleosides,[14] we

herein present the spectral characteristics of 38 substrates

(Table 1). Reference spectra for all compounds and their bases

listed in Table 1 are freely available from the externally hosted

supplementary material.[36] The updated list of established

substrates now includes several modified purine nucleosides

(22–27 and 33–36) and highly modified pyrimidines such as 5-

trifluoromethyluridine (15). Notably, we also characterized some

5’-phosphorlyated nucleotides and found their spectral proper-

ties to be essentially identical to their respective non-

phosphorylated counterparts, conveniently allowing the reac-

tion monitoring for these substrates without the need for

additional reference spectra or method development.

Dealing with background

The most common obstacle with the presented method is

background absorption. Different types of background absorp-

tion are typically observed and need to be addressed individu-

ally (Figure 2). Please note that while we use the phosphorolysis

of thymidine (1, Figure 2A) as an example reaction in this

manuscript, the same principles translate to all nucleosides and

nucleotides and can be applied in the same manner.

An occasional and unavoidable type of background signal is

atypical UV absorption of the multiwell plate or of particles. A

typical background signal is in the range of 0.03 absorption

units (AU) at 300 nm and curves up towards slightly higher

intensities at 250 nm (Figure 2B). This background is very well

reproducible and easily adjusted for, as described in our original

method. However, on average in approximately 1–2% of all

measurements, we observed increased absorption across the

entire spectrum apparent as a distinct baseline shift (Figure 2C).

This results in an inability to obtain accurate fits without manual

spectral processing (which we choose to explicitly abstain

from), as in these cases the baseline can be shifted >0.10 AU.

The straightforward solution in this case is remeasurement of
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the sample in a different well, which generally resolves the

problem.

We did not mention correction for protein background in

our initial report. That is because in most cases enzyme

background absorption in the considered range of 250–350 nm

is quasi indetectable when using protein concentrations of

50 μg/mL or less in the reaction mixture that is sampled. In

selected instances where either higher concentrations and/or

especially UV-active enzymes are used, appropriate background

correction of the experimental sample may be necessary

(Figure 2D). This can easily be carried out with a spectrum of a

suitably diluted sample of the enzyme. Note that one may keep

using the previously obtained reference spectra for the

Figure 1. The principle of spectral unmixing-based reaction monitoring. A) Enzymatic phosphorolysis of thymidine (1) into 2-deoxyribose-1-phosphate (2) and

the free nucleobase 3 as well as deprotonation after alkaline quenching. Representative resonance structures are shown. B) The substrate 1 and product 3 of

the reaction have markedly different UV absorption spectra under alkaline conditions. C) The spectra of 1 (blue) and 3 (red) can be fitted to an experimental

spectrum (black line) obtained during a reaction to derive the individual contributions of both species to the observed spectrum (hashed areas). D) Unmixing

of multiple experimental spectra obtained during a reaction (left) enables reaction monitoring by deriving the degree of conversion at every sampled

timepoint (right). Spectral unmixing of nucleoside transformations generally includes background correction, normalization to the isosbestic point of base

cleavage, and fitting of the respective reference spectra. The spectra and conversions presented in this figure serve an illustrative purpose and were generated

from the reference spectra of 1 and 3, as described in the externally hosted Supporting Information.[36] Typical reaction conditions include a nucleoside

concentration of 2 mM, 10 mM phosphate, 50 mM buffer of choice and 10 μg·mL�1 NP in a total volume of 500 μL.[12]
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substrate and product without any further alterations as those

are already corrected for their respective background.

Background absorption by UV-active components in the

reaction mixture needs to be addressed on a case-to-case basis.

Generally, all common buffers, protein stabilizing agents or

even artifacts from protein purification such as imidazole do

not represent any challenge to the method and allow

straightforward use of the standard procedure without any

additional background correction. When using some organic

cosolvents, however, we noticed significant background ab-

sorption in the lower wavelength region. Whereas alcohols

including methanol, ethanol, isopropanol, ethylene glycol and

glycerol may be used without alterations to the method (see

Supporting Information for details), solvents like dimethyl

sulfoxide (DMSO) and dimethyl formamide (DMF) create back-

ground signals that need to be accounted for (Figure 2E). In

these cases we found success employing background spectra

that reflect the specific content of UV-active solvent in the

sample and, if appropriate, limiting the wavelength range for

fitting of pyrimidine UV absorption spectra to the information-

rich tail region (i. e., 265–295 nm for uridine, 4). We even found

success when using especially UV-active reaction components,

such as dithiothreitol (DTT), that proved problematic in some

instances, by selecting appropriate substrates and selectively

limiting the fitting range (see the Supporting Information for

details and Figure S3 for an example).

In rare cases, we observed elevated baselines when using

very concentrated buffers for dilution and spectral measure-

ment. Again, appropriate background spectra to correct for this

shift succeeded in resolving this issue.

Nonetheless, it should be stressed that background correc-

tion does not always lead to accurate and reliable data. We

Table 1. Spectral properties of nucleosides, nucleotides, and their bases under alkaline conditions.

Compound[a] pH[b] λmax nucleoside/nucleo-

tide [nm]

λmax nucleobase

[nm]

Isosbestic point of base

cleavage [nm]

Spectral extension

[nm]

Pyrimidines uridine (4)[c] 13 262 281 271 310

2’-deoxyuridine (5)[c] 13 262 281 272 310

5-methyluridine (6)[c] 13 267 290 277 320

thymidine (1)[c] 13 266 290 278 320

5-fluorouridine (7)[c] 13.3 269 281 282 325

2’-deoxy-5-fluorouridine (8)[c] 13.3 268 281 280 325

5-bromouridine (9)[c] 13 276 290 283 330

5-bromo-2’-deoxyuridine (10)[c] 13 275 290 282 330

5-iodouridine (11)[c] 13.3 281 291 283 340

2’-deoxy-5-iodouridine (12)[c] 13.3 279 291 282 340

5-ethynyluridine (13)[c] 13.3 285 298 262, 288 340

2’-deoxy-5-ethynyluridine (14)[c] 13.3 284 298 262, 288 340

5-trifluoromethyluridine (15) 10 259 279 267 310

cytidine (16)[c] 13.7 271 281 271 310

2’-deoxycytidine (17)[c] 13.7 271 281 271 310

uridine-5’-monophosphate (18) 13 262 281 271 310

cytidine-5’-monophosphate (19) 13.7 271 281 271 310

Purines adenosine (20)[c] 13 259 268 267 310

2’-deoxyadenosine (21)[c] 13 259 268 267 310

2-fluoroadenosine (22) 13 260 268 271 310

2’-deoxy-2-fluoroadenosine (23) 13 260 268 271 310

2-chloroadenosine (24) 13 264 271 271 310

2-chloro-2’-deoxyadenosine (25) 13 264 271 271 310

2-aminoadenosine (26) 13 279 284 285 320

2-amino-2’-deoxyadenosine (27) 13 279 284 285 320

guanosine (28)[c] 13 264 273 279 310

2’-deoxyguanosine (29)[c] 13 264 273 279 310

inosine (30)[c] 13 252 262 263 320

2’-deoxyinosine (31)[c] 13 252 262 263 320

xanthosine (32) 13.3 276 282 276 320

2,6-dichloropurine riboside (33) 9 274 279 278 310

2,6-dichloro 2’-deoxyriboside (34) 9 274 279 278 310

6-chloro-2-fluoropurine riboside

(35)

9 269 273 271 310

6-chloro-2-fluoropurine 2’-deoxyri-

boside (36)

9 269 273 271 310

adenosine-5’-monophosphate (37) 13 259 268 267 310

guanosine-5’-monophosphate (38) 13 264 273 279 310

inosine-5’-monophosphate (39) 13 252 262 263 320

1,2,4-triazole-3-carboxamide ribo-

side (40)[d]
13 –[e] –[e] –[e] –[e]

[a] See Figure S1 for the structures of all compounds. [b] pH 9 was generally achieved in 50 mM Tris/NaOH buffer, pH 10 in 100 mM glycine/NaOH buffer,

pH 13 in 100 mM NaOH, pH 13.3 in 200 mM NaOH and pH 13.7 in 500 mM NaOH. [c] From the original report.[14] [d] Ribavirin. [e] Both λmax values are at

<250 nm, and there is no isosbestic point of base cleavage. Note that reaction monitoring can still be performed by single- or multi-wavelength detection,

but normalization to the isosbestic point of base cleavage is not possible for this substrate.
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experienced serious difficulties to correct for noise in instances

where the background signal intensity is comparable to the

signal intensity of the nucleoside-nucleobase pair under

investigation and directly and/or completely overlaps with this

signal (i. e., when examining the effect of enzyme inhibitors in

stoichiometric quantities). In principle, background subtraction

from the experimental spectrum is still possible and yields a

processed spectrum that can be fitted, but fit quality and,

consequently, accuracy of this approach suffered tremendously.

We ascribed this to the fact that the signal intensity of the

dynamic analytes (substrate and product) is largely irrelevant as

those values are normalized to the isosbestic point and

considered only in relation to one another, but background

signals from most sources are absolute quantities and thus vary

with and are very sensitive to pipetting accuracy. As a rule of

thumb, we recommend our method for cases where back-

ground absorption does not exceed 20% of the relevant signals

(i. e., signal-to-noise ratio should remain >5).

Reactant Instability

A critical factor for any method is stability and detectability of

the analytes. While all nucleosides and nucleobases in our

original report displayed excellent stability towards the quench-

ing and analysis conditions, we noted some issues within the

extended substrate range. Fluorinated purine nucleosides 22

and 23 were found to be quite sensitive to alkaline conditions

as these nucleosides underwent a temperature- and base-

promoted side reaction (Figure S2), presumably by 5’�OH attack

at the purine ring. We were able to bypass this issue by quick

sample processing avoiding any unnecessary storage. At room

Figure 2. Common background signals. A) Examplary UV-active reactants 1 and 3. B) Standard background observed from the absorption of the 96-well plate

filled with water or aqueous NaOH. Signals for 1 and 3 represent typical signal intensities observed for reactions with 2 mM nucleoside substrate and a

dilution factor of 15 during sampling. C) Baseline shift observed in approximately 1–2% of measurements. D) Background observed in reactions with

significant protein content. Purified Escherichia coli thymidine phosphorylase was used to recreate typical protein backgrounds by 15-fold dilution in 100 mM

NaOH. Note that some proteins can cause significantly more or less background. E) Representative background observed with some organic solvents. DMF

was diluted tenfold in 100 mM NaOH to record the background signals.
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temperature and pH 13, compounds 22 and 23 remained stable

enough for analysis for at least 10 min.

Further applications of the method

While the original protocol has proven to be a robust and

versatile method, we have used spectral unmixing-based

reaction monitoring in instances that deviated from the original

conditions. Some applications that necessitated adjusted

sample treatment are worth mentioning.

In our earlier report we have used purified protein in all

reactions.[14] The subsequently published applications also

featured pure protein in all instances.[12] However, the use of

unpurified protein, for example, in the form of crude cell lysate,

is highly desirable for screening of mutants or whole-cell

reactions. We were pleased to find that even crude protein

preparations (as lysed cells or cell-free extract) permitted the

use of spectral unmixing-based reaction monitoring, if appro-

priate background correction is considered and the background

signal remains within a manageable range (see above and the

Supporting Information). In cases where heterogenous reactions

were applied, centrifugation of the quenched alkaline samples

prior to analysis was necessary and successfully reduced back-

ground noise and baseline shifts caused by particles.

Conveniently, spectral shifting of the UV absorption spectra

of the free nucleobases doesn’t always require application of a

strong base. Selected nucleoside-nucleobase pairs feature a

marked spectral shift and stable spectra in a pH region easily

accessible by established buffer systems (e.g., 33–36, Table 1).

This also presents an opportunity to monitor live reactions,

either by applying a continuous assay or discontinuously

monitoring very slow reactions by diluting samples of the

reaction mixture in appropriate buffer (see the Supporting

Information for details).

Some nucleosides precluded application of the original

protocol that involves quenching of reaction samples in

aqueous NaOH. Chlorinated scaffolds 33–36 display remarkably

dynamic UV absorption spectra at pH values above 11 (Fig-

ure S4) and we were unable to obtain reproducible spectral fits

using alkaline quenching. Fortunately, this issue could be

resolved by employing organic solvents like methanol as an

alternative quenching medium and subsequently adjusting the

pH value to 9 for analysis (see the Supporting Information for

details). A similar methodology featuring a different buffer

system succeeded for the trifluorinated pyrimidine 15 (Table 1,

Figure S6).

These examples only present a snapshot of the diverse

applications of spectral unmixing-based reaction monitoring of

transformations between nucleosides and nucleobases that one

may envision. Nonetheless, we are confident that the lessons

learned thus far will translate well to other scenarios, reaction

systems, enzymes and applications where similar issues might

be encountered.

Conclusion

Spectral unmixing presents a powerful tool for the efficient

reaction monitoring of nucleobase cleavage reactions, with

nucleoside phosphorolysis representing a highly relevant exam-

ple. Spectral unmixing of UV absorption spectra conveniently

allows for increased sample throughput compared to other

methods and doesn’t require expensive equipment or reagents.

We have employed this method extensively and demonstrated

its precision, versatility, robustness and ease of handling. This

report extends the range of established substrates and

discusses common problems and notable modifications to the

original protocol. Reference spectra for all substrates and

nucleobases listed in this article[36] as well as our Python code

used for spectral unmixing[37,38] can be obtained from an

external online repository and we are happy to assist with their

use. While specific scenarios may require evaluation and

troubleshooting on a case-to-case basis, the strategies dis-

cussed herein will facilitate the straightforward and versatile

application of this method.

Experimental Section

All chemicals were purchased from Sigma Aldrich, TCI, Carl Roth,

Carbosynth or BioNukleo GmbH at the highest available quality and

used without prior purification. Solutions of all compounds were

prepared in water deionized to 18.2 MW·cm with a Werner water

purification system. NaOH solutions were prepared with deionized

water. Enzymatic reactions were typically prepared from stock

solutions of substrates and buffer and started via the addition of

enzyme. Various NPs were used, including among others Y01, Y02,

N01 and N02 from BioNukleo GmbH, E. coli uridine and thymidine

phosphorylase and purine NP and Bacillus subtilis pyrimidine NP, as

described previously.[12] UV absorption spectra were recorded on a

BioTek PowerWave HT plate reader, using UV/Vis-transparent 96-

well plates (UV-STAR F-Bottom #655801, Greiner Bio-One). Spectral

processing, unmixing and data generation were performed as

described previously[14] with software freely available online.[37,38] All

data presented in this report and the Supporting Information are

freely available from an external online repository.[36]

Reference spectra for pure compounds were prepared from 2 mM

solutions by 10- to 20-fold dilution in aqueous NaOH. Reactions

with purine or pyrimidine nucleosides were typically performed

with either 1 or 2 mM of UV-active compounds. From the 2 mM

reactions, 20 μL (purines) or 30 μL (pyrimidines) were withdrawn

and quenched in NaOH to give a final volume of 500 μL. From the

1 mM reactions, twice as much sample volume was withdrawn and

treated analogously. Note that exact adherence to these volumes is

not necessary, as normalization to the isosbestic point accounts for

differences in signal intensity. For halogenated nucleosides 33–36,

typically, samples of 20 μL were withdrawn and either diluted in

50 mM Tris/NaOH buffer (pH 9) to a volume of 500 μL or quenched

in an equal volume of MeOH or iPrOH before dilution in 50 mM

Tris/NaOH buffer to give a final volume of 500 μL. Similarly, the

fluorinated pyrimidine 15 was sampled by quenching in iPrOH or

MeOH followed by dilution with 100 mM glycine/NaOH buffer

(pH 10) to a final volume of 500 μL. Subsequently, 200 μL of the

diluted alkaline samples were transferred to wells of a UV/Vis-

transparent 96-well plate to record the UV absorption spectra. All

spectra were recorded from 250–350 nm in steps of 1 nm. For exact
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range and iii) our favorite substrate at the time (thymidine) had a significant entropic contribution to 

phosphorolysis, answering that question with a resounding “yes!”. Although the temperature-

dependence of the equilibrium constants of phosphorolysis remains to have practical significance 

beyond a curiosity perspective, the spectrum of equilibrium constants reported in this paper proved a 

highly valuable resource for following projects and guided us in much of our reaction engineering of 

nucleoside transglycosylations (papers V and VI). 





Thermodynamic Reaction Control of Nucleoside Phosphorolysis

Felix Kaspar,+a, b Robert T. Giessmann,+a Peter Neubauer,a Anke Wagner,a, b,* and
Matthias Gimpela

a Bioprocess Engineering, Department of Biotechnology, Technische Universität Berlin, Ackerstraße 76, ACK24, D-13355 Berlin,
Germany
Tel.: +49 30 314 72183
E-mail: anke.wagner@tu-berlin.de

b BioNukleo GmbH, Ackerstraße 76, D-13355 Berlin, Germany

+

The authors contributed equally

Manuscript received: September 24, 2019; Revised manuscript received: November 15, 2019;
Version of record online: January 7, 2020

Supporting information for this article is available on the WWW under https://doi.org/10.1002/adsc.201901230

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Abstract: Nucleoside analogs represent a class of important drugs for cancer and antiviral treatments.
Nucleoside phosphorylases (NPases) catalyze the phosphorolysis of nucleosides and are widely employed for
the synthesis of pentose-1-phosphates and nucleoside analogs, which are difficult to access via conventional
synthetic methods. However, for the vast majority of nucleosides, it has been observed that either no or
incomplete conversion of the starting materials is achieved in NPase-catalyzed reactions. For some substrates,
it has been shown that these reactions are reversible equilibrium reactions that adhere to the law of mass
action. In this contribution, we broadly demonstrate that nucleoside phosphorolysis is a thermodynamically
controlled endothermic reaction that proceeds to a reaction equilibrium dictated by the substrate-specific
equilibrium constant of phosphorolysis, irrespective of the type or amount of NPase used, as shown by several
examples. Furthermore, we explored the temperature-dependency of nucleoside phosphorolysis equilibrium
states and provide the apparent transformed reaction enthalpy and apparent transformed reaction entropy for
24 nucleosides, confirming that these conversions are thermodynamically controlled endothermic reactions.
This data allows calculation of the Gibbs free energy and, consequently, the equilibrium constant of
phosphorolysis at any given reaction temperature. Overall, our investigations revealed that pyrimidine
nucleosides are generally more susceptible to phosphorolysis than purine nucleosides. The data disclosed in
this work allow the accurate prediction of phosphorolysis or transglycosylation yields for a range of pyrimidine
and purine nucleosides and thus serve to empower further research in the field of nucleoside biocatalysis.

Keywords: nucleosides; nucleoside phosphorylase; nucleoside phosphorolysis; equilibrium constant; temperature

Introduction

Nucleosides serve as drugs against a variety of cancers
and viral infections.[1] Thus, their cost- and time-
efficient preparation is of high interest. However, the
synthesis of nucleosides and nucleoside analogs via
conventional synthetic methods comes with several
challenges posed by regio- and stereochemical com-
plexity, functional group sensitivity and, consequently,
heavy reliance on protecting groups.[2] Biocatalytic
methods are a valuable alternative as pyrimidine and

purine nucleosides can be synthesized with high
selectivity in sustainable enzyme-catalyzed
processes.[3] Here, the use of nucleoside phosphory-
lases (NPases) has been firmly established and these
enzymes are widely applied for the synthesis of
nucleosides and their analogues.[3]

NPases catalyze the phosphorolysis of nucleosides
to pentose-1-phosphates, as well as the corresponding
reverse reaction (Scheme 1). They are generally classi-
fied as either pyrimidine nucleoside phosphorylases
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(Py-NPases) or purine nucleoside phosphorylases (Pu-
NPases), depending on their substrate spectra.[4]

The use of NPases as biocatalysts in organic
chemistry offers the advantage of using mild aqueous
reaction conditions, a broad substrate spectrum regard-
ing sugar and base moieties, as well as perfect regio-
and stereoselectivity at the C1’ position. Employing
these enzymes, pentose-1-phosphates can be obtained
as important synthetic intermediates from the acces-
sible pool of nucleosides[5,6] which have been shown to
be highly valuable precursors for the synthesis of base-
and sugar-modified nucleosides.[7–9] Furthermore,
NPases are widely used for the synthesis of nucleoside
analogues in transglycosylation reactions.[10–12]

Current research activities mainly focus on kinetic
aspects of individual NPase-catalyzed reactions.
Hence, kinetic data for a variety of NPases are
available. To increase the final yield of phosphorolysis,
mainly the choice of enzyme,[13,14] enzyme
immobilization[15] or enzyme engineering[16,17] have
been investigated. Nonetheless, NPases generally fail
to facilitate full conversion.[18] A recent report by
Alexeev and coworkers has shed more light on the
cause of this phenomenon and showed that the
thermodynamic properties of the nucleosides involved
in the reaction influence the yields of NPase-catalyzed
reactions.[19]

Since nucleoside phosphorolysis is a reversible
reaction (Scheme 1), there is a point, where the rates of
the forward and the backward reactions are equal and
no apparent change in concentrations is observed. In
this equilibrium state, the reaction quotient defined as
the quotient of the concentrations of the products and
the substrates can be derived from the law of mass
action and is generally referred to as the apparent
equilibrium constant K’.[20] The following expression
results for nucleoside phosphorolysis reactions:

K
0 ¼

B½ � P1P½ �

N½ � P½ �
(1)

where K’ is the apparent equilibrium constant of
phosphorolysis, B½ � is the equilibrium concentration of
the free nucleobase [mM], P1P½ � is the equilibrium
concentration of the pentose-1-phosphate [mM], N½ � is
the equilibrium concentration of the nucleoside [mM]

and P½ � is the equilibrium concentration of inorganic
phosphate [mM].

This equilibrium constant exists irrespective of the
(bio)catalyst used and K’ values for some substrates in
NPase-catalyzed reactions have been reported.[19,21–26]

Thus, according to the law of mass action, only the
reaction conditions influence the final equilibrium
concentrations and not the enzyme used for catalysis.
Alexeev and colleagues[19] recently employed this
dependency in their method for accurate yield predic-
tion of nucleoside transglycosylation reactions based
on the equilibrium constants of the individual reac-
tions. Ultimately, this allows for thermodynamic
reaction control by adjusting the concentrations of the
starting materials to facilitate an optimal yield.

In this work we provide extensive evidence for the
universal interpretation of nucleoside phosphorolysis
reactions as thermodynamically controlled endother-
mic equilibrium reactions that adhere to the law of
mass action. To this end, we performed and monitored
several biocatalytic nucleoside phosphorolysis reac-
tions. We demonstrate that nucleoside phosphorolysis
proceeds to a reaction equilibrium dictated by the
substrate-specific equilibrium constant of phosphorol-
ysis, irrespective of the type or amount of NPase used.
Furthermore, we show that the equilibrium constant is
temperature dependent. Therefore, we determined the
equilibrium constants of phosphorolysis of 24 nucleo-
sides at different temperatures and derived the apparent
transformed enthalpies and entropies. The resulting
data show that pyrimidine nucleosides are generally
more susceptible to phosphorolysis than purine nucleo-
sides. Additionally, our enthalpy and entropy data
allow calculation of equilibrium constants at different
temperatures as well as prediction of phosphorolysis
yields, as demonstrated herein.

Results and Discussion
Maximum Conversions of Nucleosides in Phosphor-
olysis Reactions are Independent of the Applied
Biocatalyst
Previous research activities have focused on the
discovery of new enzymes[13,14] or enzyme immobiliza-
tion strategies[15] to increase the obtained yield for

Scheme 1. Generalized biocatalytic nucleoside phosphorolysis reaction. A nucleoside is subjected to phosphorolytic cleavage of the
nucleobase, yielding a pentose-1-phosphate and a free nucleobase.
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nucleoside phosphorolysis and transglycosylation reac-
tions. Based on the thermodynamic characteristics of
these reactions, however, we anticipated that the
maximum conversion in phosphorolysis reactions
would behave independently of the enzyme used.

To investigate the impact of different NPases on the
equilibrium states of nucleoside phosphorolysis reac-
tions, we initially performed the phosphorolysis of
uridine (1) with Escherichia coli uridine phosphorylase
(E. coli UP), E. coli thymidine phosphorylase (E. coli
TP), Bacillus subtilis Py-NPase (B. subtilis Py-NPase)
and two commercially available thermostable Py-
NPases (Py-NPase Y01 and Py-NPase Y02). All
enzymes readily accepted this substrate and reaction
completion could be observed after 5 to 80 min using
10 μg ·ml�1 of the respective enzymes (Figure 1A).
Using 5 equivalents (eq.) of phosphate with respect to
the nucleoside substrate, a maximum conversion of
55% was achieved regardless of the enzyme used.

To exclude any concentration effects of the enzyme
preparations, we additionally conducted the phosphor-
olysis of 1 with different concentrations of Py-NPase
Y02 (Figure 1B). Higher enzyme concentrations led to
faster reaction completion. However, irrespective of
the amount of the enzyme used, the same equilibrium
as previously observed was reached.

To eliminate the possibility of enzyme inactivation
preventing the completion of the reaction, we per-
formed the phosphorolysis of 1 with Py-NPase Y02
and added additional enzyme after apparent reaction
completion (Figure 1C).

This experiment resulted in no change of reactant
concentrations after addition of more enzyme, confirm-

ing that this reaction was not terminated by means of
inhibition and/or enzyme inactivation.

This evidence confirms that the phosphorolysis of
uridine (1) is a thermodynamically controlled equili-
brium reaction which is consistent with previous
reports.[19,21–24,27] From the data collected, the apparent
equilibrium constant of phosphorolysis K’ under these
conditions was 0.15, as calculated from equation (1).

To broadly confirm the thermodynamic reaction
control of nucleoside phosphorolysis, we investigated
the conversion of other nucleosides by NPases. We
observed a similar behavior for the phosphorolysis of
the pyrimidine nucleosides 2’-deoxyuridine (2), 5-
fluorouridine (3) and 2’-deoxy-5-fluorouridine (4),
employing the same Py-NPases (Figure 2A–2C). As
observed for uridine (1), the choice of enzyme had no
effect on the equilibrium conversions. Pyrimidines 2–4
displayed very similar apparent equilibrium constants
to 1 (0.20 for 2, 0.14 for 3 and 4).

To extend this investigation to purine nucleosides,
we performed the phosphorolysis of two natural
(adenosine, 5, and 2’-deoxyadenosine, 6) and two
modified purine nucleosides (2-chloroadenosine, 7,
and 2-chloro-2’-deoxyadenosine, 8) with three different
NPases (thermostable Pu-NPases N01 and N02 and
E. coli Pu-NPase). Similar to the pyrimidine nucleo-
sides mentioned above, the choice of the enzyme had
no effect on the equilibrium concentrations of these
reactions (Figure 2D–2G). Here, the equilibrium con-
versions with 5 eq. of phosphate were significantly
lower, in the range of 20%. Calculation of the apparent
equilibrium constants of phosphorolysis yielded values

Figure 1. Enzymatic phosphorolysis of uridine (1). A Phosphorolysis of 1 with five different Py-NPases. B Phosphorolysis of 1
with Py-NPase Y02 using different enzyme concentrations. C Phosphorolysis of 1 with Py-NPase Y02 employing spiking of
enzyme upon apparent reaction completion. All reactions reach the same equilibrium, regardless of the enzyme or its amount used
for catalysis. Reactions were performed with 2 mM nucleoside substrate and 10 mM K2HPO4 in 50 mM MOPS buffer at pH 7.5 and
37 °C in a total volume of 500 μL. 10 μg ·ml�1 of the respective enzyme were used in A and 10–40 μg ·ml�1 Py-NPase Y02 were
used in B. The reaction in C was started with 40 μg ·ml�1 (20 μg total enzyme) Py-NPase Y02 and 10 μg of the enzyme were added
at 10 min and 15 min each, indicated by the arrows. Reactions in A were performed in duplicate and the standard deviation (SD) is
shown as error bars.
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around 0.01, which is consistent with previous reports
for 5.[19,28]

Interestingly, Py-NPases Y01, Y02 and B. subtilis
Py-NPase performed roughly equally well with uridine
(1) compared to 2’-deoxyuridine (2), whereas our data
nicely reflect the inverse substrate specificity of E. coli
UP and TP, as reported previously.[29,30] E. coli UP
showed excellent activity with uridine (1) but signifi-
cantly diminished activity with the 2’-deoxy analogue
2. E. coli TP, on the other hand, displayed only low

activity with 1 but facilitated remarkably quick
reaction completion with 2 (Figure 1A and 2A).

Notably, although it is commonly believed that Pu-
NPases should be specific to purine nucleosides, they
generally also catalyze the phosphorolysis of pyrimi-
dine nucleosides. Compared to corresponding Py-
NPases they usually exhibit >2,000-fold lower
turnover rates. Nonetheless, given the thermodynamic
reaction control of nucleoside phosphorolysis, Pu-
NPases should still be expected to complete the
phosphorolysis of their unfavored substrates, despite

Figure 2. Enzymatic phosphorolysis of pyrimidine and purine nucleosides. The phosphorolysis of A 2’-deoxyuridine (2), B 5-
fluorouridine (3), C 2’-deoxy-5-fluorouridine (4), D adenosine (5), E 2’-deoxyadenosine (6), F 2-chloroadenosine (7) and G 2-
chloro-2’-deoxyadenosine (8) was performed in duplicate with 2 mM nucleoside substrate, 10 mM K2HPO4 and 10 μg ·ml�1 of the
respective enzyme (except for the phosphorolysis of 3 with Pu-NPase N02, where 600 μg ·ml�1 were used) in 50 mM MOPS buffer
at pH 7.5 and 37 °C in a total volume of 500 μL. Note the different time scales. Error bars show the SD.
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their kinetic handicap. Consequently, for the phosphor-
olysis of the pyrimidine 5-fluorouridine (3), even the
use of the thermostable Pu-NPase N02 proved success-
ful in reaching the thermodynamic equilibrium (Fig-
ure 2B). In this case, a 60-fold higher amount of
enzyme had to be employed and the reaction took
considerably longer than with any of the Py-NPases
under the same reaction conditions. Thus far, to the
best of our knowledge, only the phylogenetically
peculiar Plasmodium falciparum Pu-NPase has been
reported to perform the phosphorolysis of a pyrimidine
nucleoside.[31] Here, we not only show for the first time
that the thermostable Pu-NPase N02 accepts pyrimi-
dine substrates such as 3, but also achieves reaction
completion given sufficient time. This strikingly
emphasizes the non-significance of the enzyme ki-
netics for the ultimate reaction outcome, as it is
possible to drive these phosphorolysis reactions into
their chemical equilibrium even with an extremely
small enzyme activity, in a range commonly consid-
ered negligible.

Thus, all nucleoside phosphorolysis reactions we
investigated behaved according to the law of mass
action and reached maximum product concentrations
after a variable run time. Despite differences in
reaction speed, the maximum conversion yields in the
equilibrium are dictated by a characteristic and
substrate-specific equilibrium constant which was
shown to be independent of the type and amount of
enzyme used. It may be reasonable to assume that this
holds true for all nucleosides that are subjected to
phosphorolysis. Important exceptions from this are
nucleosides that are not converted by NPases because
of issues such as excessive steric demands or severely
unfavored transition states which prevent transforma-
tion.

Higher Reaction Temperature yields Higher Con-
version of Nucleosides by NPases
The absolute values of the equilibrium constants of
phosphorolysis of the nucleosides discussed above
were all found to be well below 1. This means that
they describe endothermic reactions, which are not
favored under standard conditions. Consequently, we
anticipated a temperature-dependence of K0 and set out
to investigate the effect of higher reaction temperatures
on the equilibrium states of nucleoside phosphorolysis.
Profiting from the use of the thermostable NPases Y02
and N02, we were able to perform the phosphorolysis
of 24 nucleosides, including 12 pyrimidine and 12
purine nucleosides, at temperatures of 40 to 70 °C. To
prevent decomposition of the produced pentose-1-
phosphates, which is known to happen rapidly at high
temperatures and neutral pH values,[5] we increased the
reaction pH to 9. Under these conditions, both enzymes
displayed excellent activity with all substrates 1–24

and allowed efficient reaction completion and monitor-
ing. Consistent with our initial assumptions, we
observed a trend towards higher conversions at higher
temperatures. For example, under these conditions the
phosphorolysis of 2’-deoxy-5-fluorouridine (4; Fig-
ure 3A) showed equilibrium conversions in the range
of 51% at 40 °C and values around 55% at 70 °C. A
similar behavior could be observed for all nucleosides
investigated which confirms that the phosphorolysis of
1–24 are thermodynamically controlled endothermic
reactions (Table S1).

The difference between the equilibrium conversions
determined at pH 9 (this section) and the ones
determined at pH 7.5 (see above) were insignificant
(compare Figure 1 and Figure 2 with Table S1).
Although a difference between them might be expected
from the definition of the biochemical equilibrium, it
seems that pH only minorly influences the equilibrium
constant by changing the contribution of charged
species.

Figure 3. Examples of nucleoside phosphorolysis thermody-
namic data processing. A Raw data of the phosphorolysis of 4
at different temperatures. The reactions were performed with
2 mM nucleoside substrate, 10 mM K2HPO4 and 16 μg ·ml�1

Py-NPase Y02 in 50 mM glycine buffer at pH 9 and 40–70 °C
in a total volume of 500 μL. B Transformed and fitted data for
the derivation of ΔRH’* and ΔRS’*. Raw data were processed via
equation (1) and then fitted with equation (2).
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Pyrimidine Nucleosides are Generally more Suscep-
tible to Phosphorolysis than Purine Nucleosides

From the described data, we derived K’ at various
temperatures and determined the transformed apparent
reaction enthalpy ΔRH’* and transformed apparent
reaction entropy ΔRS’* via fitting of the data to:

K
0 ¼ e

�
DRG

0

RT ¼ e
�

DRH
0*�TDRS

0*
RT (2)

where ΔRG’ is the transformed apparent Gibb’s free
energy of phosphorolysis [J ·mol�1], T is the temper-
ature [K], R is the universal gas constant
(8.314 J ·mol�1

·K�1), DRH
0* is the transformed appa-

rent enthalpy of phosphorolysis [J ·mol�1], ΔRS’* is the
transformed apparent entropy of phosphorolysis
[J ·mol�1

·K�1], and the definitions from above.
Here, we carried out direct determinations through

a non-linear fit to prevent error propagation by
linearization (Figure 3A and 3B; see Table S1 for all
derived values for ΔRH’* and ΔRS’*; note that we
communicate transformed thermodynamic values, as
they were measured at constant pH and do not consider
charged species, and explicitly abstain from referring
to our results as “standard” values, but apparent ones,
as they were not measured under standard biochemical
conditions).

The knowledge of ΔRH’* and ΔRS’* then allowed
access to the transformed apparent Gibb’s free energy
ΔRG’ of these phosphorolysis reactions at different
temperatures. The Gibb’s free energy of phosphorol-
ysis ΔRG’ at 40 °C of pyrimidine nucleosides was found
to be in the range of 1.2–5.5 kJ ·mol�1, which is
notably lower than for the investigated purine nucleo-
sides that display values of 5.7–12.6 kJ ·mol�1 (Fig-
ure 4A). These values correspond to apparent equili-
brium constants K’ in the range of 0.12–0.62 for
pyrimidine nucleosides and 0.01–0.11 for purine
nucleosides. Accordingly, noticeably different equili-
brium conversions can be observed across these
nucleosides, with pyrimidines generally featuring high-
er equilibrium conversions than purines, as dictated by
their respective equilibrium constants (Figure 4B).

The practical value of our collection of ΔRH’* and
ΔRS’* data lies within their use for the prediction of the
equilibrium phosphorolysis conversion of the nucleo-
sides investigated here. Using equation (2), the equili-
brium constants of phosphorolysis of any of the
nucleosides investigated here can easily be obtained
for any given temperature. Employing then:

½B� ¼ ½P1P� ¼
K

0ð½N�0 þ ½P�0
2ðK0 � 1Þ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðK0½N�0 þK0½P�0Þ
2 � 4ðK0 � 1ÞK0½N�0½P�0

p

2ðK0 � 1Þ

(3)

where N½ �0 is the initial concentration of the nucleoside
[mM], P½ �0 is the initial concentration of phosphate
[mM] and definitions from above yields the concen-
trations of the free nucleobase and pentose-1-
phosphate with variable initial concentrations of
nucleoside and phosphate. Thus, conversions of these
nucleosides can be predicted. To ease these calcula-
tions, we provided an Excel spreadsheet that is freely
available from the externally hosted online supplemen-
tary material.[32]

To verify the predictions available through equa-
tion (3), we performed the NPase-catalyzed phosphor-
olysis of uridine (1) and adenosine (5) at pH 9 and
40 °C with different concentrations of phosphate (Fig-
ure 5). For example, pyrimidine 1 reached a conversion
of 80% with 20 eq. of phosphate whereas for purine 5
we only observed a conversion of 37% under the same
conditions, which is consistent with the predictions
obtained via our collection of ΔRH’* and ΔRS’* data
(Table S1). This emphasizes the practical value of the
knowledge of the equilibrium constants of phosphor-
olysis of these nucleosides, as they allow for accurate
prediction of phosphorolysis yields to optimize the
reaction conditions.

Conclusion
In the present work, we broadly demonstrated that
nucleoside phosphorolysis catalyzed by NPases is a
thermodynamically controlled endothermic reversible
equilibrium reaction. Therefore, maximum yields for
each substrate are independent of the NPase used, as
demonstrated by several examples, and can be pre-
dicted via the substrate-specific apparent equilibrium
constant K’. We anticipate that this holds true for all
nucleosides that can be subjected to phosphorolysis.
Furthermore, we presented data on the temperature-
dependency of the equilibrium constants of phosphor-
olysis of 24 nucleosides that display characteristic
behavior. The available data allow for the calculation
of K’ at any given temperature and enable accurate
prediction of phosphorolysis or transglycosylation
yields for a range of pyrimidine and purine
nucleosides.[33] Subsequently, the equations described
by Alexeev et al.,[19] the thermodynamic data reported
in this study, as well as the tools provided herein (see
external supplementary material)[32] serve to facilitate
streamlined reaction engineering of NPase-catalyzed
reactions by in silico yield prediction and thermody-
namic reaction control.[33]

Since our findings show that maximum yields in
NPase-catalyzed reactions can be achieved independ-
ently of the enzyme applied, we believe that efforts to
influence the yield of these reactions by varying the
enzyme are unlikely to bear fruit. Instead, extending
the toolbox of available NPases to improve kinetic
parameters to reach reaction equilibrium faster or to
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convert challenging substrates such as arabinosyl
nucleosides, fluorinated glycosides or bulky nucleo-
bases will certainly prove beneficial.

Lastly, the quantification of effects of reaction
conditions such as ionic strength, different salts, pH
and chelating agents on the equilibrium states of
nucleoside phosphorolysis may be explored experi-
mentally by future studies.

Experimental Section
General Remarks
All chemicals were of analytical grade or higher and purchased,
if not stated otherwise, from Sigma Aldrich (Steinheim,
Germany), Carbosynth (Berkshire, UK), Carl Roth (Karlsruhe,
Germany), TCI Deutschland (Eschborn, Germany) or VWR
(Darmstadt, Germany). All nucleosides (Figure S1) and nucleo-
bases were used without prior purification. Water deionized to
18.2 MΩ ·cm with a Werner water purification system was
used. For the preparation of NaOH solutions deionized water
was used.

Figure 4. Gibb’s free energy of phosphorolysis and conversion of nucleosides. A Gibb’s free energy of phosphorolysis determined
via equations (1) and (2) from the equilibrium concentrations of nucleoside phosphorolysis reactions with 2 mM nucleoside
substrate, 10 mM K2HPO4 and 16 μg ·ml�1 Py-NPase Y02 or 66 μg ·ml�1 Pu-NPase N02 in 50 mM glycine buffer at pH 9 in a total
volume of 500 μL performed at 40–70 °C. Error bars quantify the uncertainty of the prediction at 25 °C calculated via equation (4).
B Equilibrium conversion of nucleosides in a phosphorolysis reaction at 40 °C and pH 9 employing 5 eq. of phosphate and
equilibrium constant K

0

(also see Table S1). [a] Rib= ribosyl, dRib=2’-deoxyribosyl, [b] extrapolated from experimental data for
ΔRH’* and ΔRS’*, [c] experimental data (conditions as above), [d] calculated from data for 50–70 °C since data for 40 °C were
excluded from analysis (see Supplementary Material for full dataset).
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Enzymes
Enzymes were either purchased from BioNukleo GmbH (Berlin,
Germany) or Sigma Aldrich (see Table S2). Enzymes provided
by BioNukleo were E-PyNP-0001 (Py-NPase Y01; EC 2.4.2.2),
E-PyNP-0002 (Py-NPase Y02; EC 2.4.2.2), E-PNP-0001 (Pu-
NPase N01; EC 2.4.2.1), E-PNP-0002 (Pu-NPase N02; EC
2.4.2.1), E-UP-0001 (Escherichia coli uridine phosphorylase;
E. coli UP; EC 2.4.2.3), E-TP-0001 (E. coli thymidine phos-
phorylase; E. coli TP; EC 2.4.2.4) and E-PNP-04 (E. coli purine
nucleoside phosphorylase; E. coli Pu-NPase; EC 2.4.2.1).
Enzymes were desalted against 2 mM KH2PO4 (pH 7.0, meas-
ured at 25 °C) buffer and stored at 4 °C at concentrations listed
in Table S2. Bacillus subtilis pyrimidine phosphorylase (B. sub-
btilis Py-NPase; EC 2.4.2.2) was obtained from Sigma Aldrich
and prepared as a 1 mg ·ml�1 solution in 2 mM KH2PO4 buffer
(pH 7.5, measured at 25 °C) prior to use.

The activity of the stock solutions of Py-NPase Y02 and Pu-
NPase N02 was assessed by the UV/Vis spectroscopy-based
method described recently (also see below).[34] Reactions were
performed with 1 mM of nucleoside substrate in 50 mM glycine
buffer and 50 mM K2HPO4 at pH 9 and 40 °C. One unit (U) is
defined as the conversion of 1 μmol of substrate per minute. For
Py-NPase Y02 and Pu-NPase N02 an activity of 40 U ·mg�1

(65 U ·ml�1) and 57 U ·mg�1 (379 U ·ml�1) for their natural
substrates uridine (1) and adenosine (5), respectively, was
determined.

Phosphorolysis of Pyrimidine and Purine Nucleo-
sides
Enzymatic nucleoside phosphorolysis reactions were prepared
from stock solutions of nucleoside, phosphate, buffer and water
in 1.5 mL reaction tubes (Sarstedt, Nümbrecht, Germany) and
started by the addition of the enzyme. Reactions were

performed in duplicate with 2 mM nucleoside and 10 mM
K2HPO4 in 50 mM MOPS buffer (pH 7.5, measured at 30 °C) in
a total volume of 500 μL. Prior to the addition of enzyme
solution, reactions were preheated to 37 °C. Unless stated
otherwise, final enzyme concentrations of 10 μg ·ml�1 were
used for all enzymes and substrates. For the phosphorolysis of
5-fluorouridine (3) with Pu-NPase N02, 600 μg ·ml�1 of enzyme
were employed.

To investigate possible effects of the enzyme concentration,
uridine (1) was subjected to phosphorolysis using 10–
40 μg ·ml�1 of Py-NPase Y02. To exclude possible enzyme
inactivation effects, 1 was also subjected to phosphorolysis with
40 μg ·ml�1 of Py-NPase Y02 (20 μg total enzyme) and 10 μg of
the enzyme were added after apparent reaction completion at
10 min and 15 min each. To validate the predictions of
phosphorolysis conversion with different phosphate concentra-
tions, 2 mM of 1 and 5, respectively, were converted with
40 μg ·ml�1 Py-NPase Y02 or 40 μg ·ml�1 Pu-NPase N02 in
50 mM glycine buffer at pH 9 and 40 °C with 5, 10, 20 or
40 mM (2.5, 5, 10 or 20 eq.) K2HPO4. The reactions were
monitored, and equilibrium samples were taken after 10, 15 and
20 min.

Monitoring of Enzyme Reactions
Sampling, data collection and analysis were carried out as
described previously.[34] Briefly, samples of 30 μL (for pyrimi-
dine nucleosides) or 20 μL (for purine nucleosides) were
withdrawn from the reaction mixture and pipetted into 100 mM
NaOH solution (200 mM NaOH solution for 3, 4 and 13–16) to
give a final volume of 500 μL of diluted alkaline sample. From
this mixture, 200 μL were pipetted into wells of a UV/Vis-
transparent 96-well plate (UV-STAR F-Bottom #655801,
Greiner Bio-One). The UV/Vis absorption spectra of these
alkaline samples were recorded from 250 to 350 nm to
determine the nucleoside/nucleobase ratio via spectra unmixing.
All data presented in this study can be obtained from an
external online repository[32] along with the software for spectral
unmixing and metadata treatment detailed in our previous
work.[34,35]

Temperature Dependence of the Equilibrium Con-
stant
Equilibrium constants for the phosphorolysis of 24 nucleosides
(1–24) were determined at pH 9 and at 40, 50, 60 and 70 °C. All
reactions were performed with 2 mM nucleoside substrate and
10 mM K2HPO4 in 50 mM glycine buffer at pH 9. Unless stated
otherwise, 16 μg ·mL�1 (0.6 U ·mL�1) Py-NPase Y02 (for
pyrimidine nucleosides) or 66 μg ·mL�1 (3.7 U ·mL�1) Pu-NPase
N02 (for purine nucleosides) were applied. For inosine (23) and
2’-deoxyinosine (24) 330 μg ·mL�1 of Pu-NPase N02 were used
and for 5-iodouridine (13) and 2’-deoxy-5-iodouridine (14)
32 μg ·mL�1 of Py-NPase Y02. All reactions were performed in
duplicate at temperatures from 40–70 °C in steps of 10 °C. Three
samples were taken from each reaction once equilibrium was
reached to confirm reaction completion. The time points used
for sampling are given in Table S3. In total, 576 data points
were recorded. Outliers that either displayed an elevated
baseline due to UV absorption of the 96-well plate or differed

Figure 5. Predicted (pred.) and experimental (exp.) phosphor-
olytic conversion of uridine (1) and adenosine (5). Reactions
were performed with 2 mM substrate and 5, 10, 20 or 40 mM
(2.5, 5, 10 or 20 eq.) K2HPO4 and 40 μg ·ml�1 Py-NPase Y02 or
40 μg ·ml�1 Pu-NPase N02 in 50 mM glycine buffer at pH 9 and
40 °C in a total volume of 500 μL. Samples were taken after 10,
15 and 20 min to confirm equilibrium. The datapoints show the
average of the three equilibrium data points. The predictions
were calculated with equation (3) using K’ (T) obtained through
the ΔRH’* and ΔRS’* data for these substrates.
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more than 1.5 percentage points from the other two data points
within a sample set of a given temperature and reaction mixture
were excluded from data interpretation. Consequently, 519 data
points were considered for further evaluation. Data treatment
and fitting was carried out with Origin ProLab 9. All data, as
well as all subsequent calculations can be inspected as freely
available data from an external online repository.[32] For each
data point, K’ was calculated via equation (1) and transformed
apparent reaction enthalpy ΔRH’* [J ·mol�1] and transformed
apparent reaction entropy ΔRS’* [J ·mol�1

·K�1] were fitted
directly to all available datapoints for a substrate with
equation (2). Similarly, ΔRG’ was calculated with equation (2)
assuming that the apparent values ΔRH’* and ΔRS’* are
independent of the reaction temperature in the considered range.
The errors ΔΔRH’* [J ·mol�1], and ΔΔRS’* [J ·mol�1

·K�1] were
derived from the fit and ΔΔRG’ was calculated via Gaussian
error propagation:

DDRG
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DDRH
0*2 þ T2DDRS

0*2

p

(4)

with definitions from above.
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Kinetic Analysis of the Hydrolysis of Pentose-1-phosphates
through Apparent Nucleoside Phosphorolysis Equilibrium
Shifts**

Felix Kaspar,*[a, b] Peter Neubauer,[a] and Anke Kurreck*[a, b]

Herein, we report an addition to the toolbox for the monitoring

and quantification of the hydrolytic decay of pentose-1-

phosphates, which are known to be elusive and difficult to

quantify. This communication describes how apparent equili-

brium shifts of a nucleoside phosphorolysis reaction can be

employed to calculate hydrolytic loss of pentose-1-phosphates

based on the measurement of post-hydrolysis equilibrium

concentrations of a nucleoside and a nucleobase. To demon-

strate this approach, we assessed the stability of the relatively

stable ribose-1-phosphate at 98 °C and found half-lives of 1.8–

11.7 h depending on the medium pH. This approach can be

extended to other sugar phosphates and related reaction

systems to quantify the stability of UV-inactive and hard-to-

detect reaction products and intermediates.

Many biomolecules of the central metabolism are rather elusive,

owed to their nature as highly polar UV-inactive small

molecules.[1–3] Prominent examples include non-aromatic amino

acids (building blocks of proteins), sugar phosphates (inter-

mediates of glycolysis and nucleoside catabolism) and small

carboxylic acids (intermediates of amino acid metabolism and

Krebs cycle). Nonetheless, research of cellular processes as well

as enzymatic reactions, both in vivo and in vitro, requires a

fundamental quantitative understanding of the turnover and

the stability of these molecules. Where common high-through-

put HPLC-based detection of analytes fails, sensitive GC-based

methods, mass spectrometry, derivatization of target molecules

(or a combination of the above) or detection via coupled fluoro-

or chromogenic reactions can serve as alternatives. Detection

and quantification via NMR, TLC, polarimetry, refractometry or

specific enzymatic assays might also be employed, depending

on the target analyte. However, many of these methods

typically suffer from limited throughput and, often, a narrow

working space. Furthermore, detection from complex mixtures,

such as enzymatic reactions or buffered aqueous solutions, can

prove difficult or impossible with some of the above methods.

Herein, we report an addition to the toolbox for the

monitoring and quantification of the hydrolytic decay of

pentose-1-phosphates. These compounds are central to nucleo-

side catabolism, nucleoside/nucleotide salvage pathways as

well as the pentose phosphate pathway.[4] Further, they serve as

synthetic intermediates and sugar donors in nucleoside phos-

phorylase-catalyzed transglycosylations.[5–7] Their synthesis typi-

cally occurs via phosphorolytic cleavage of a nucleoside,

liberating the corresponding nucleobase and pentose-1-

phosphate (Figure 1A). Once generated, pentose-1-phosphates

are valuable intermediates as they allow direct glycosylation of

(nearly) any other nucleobase. Thus, irreversible hydrolysis of

these sugar synthons represents a costly loss – both in vivo and

in synthesis.[8–11] Previous work from Bunton and Humeres[12]

had employed a colorimetric phosphate assay and work from

our lab[13] had used TLC for a preliminary screening of pentose-

1-phosphate stability. Both studies revealed that acidic con-

ditions as well as high temperatures promote hydrolysis.

However, painting of a clearer picture requires more sensitivity

and throughput than TLC or colorimetric phosphate detection

from diluted mixtures offer. Furthermore, direct analysis of pure

pentose-1-phosphates is discouraged by their limited commer-

cial availability and deterring price point (ca. 50 Emg�1 for

ribose- and 2-deoxyribose-1-phosphate as of September 2020).

This report details how apparent equilibrium shifts of

nucleoside phosphorolysis can be used to assess the hydrolysis

of in situ generated pentose-1-phosphates. For this approach

we relied on nucleoside phosphorolysis as a tightly thermody-

namically controlled reaction with equilibrium constants in the

range of 0.01–0.8,[14] which allows one to calculate all reagent

concentrations of an enzymatic reaction in equilibrium solely by

measuring two UV-active components (Figure 1A). We antici-

pated that knowledge of the equilibrium constant of a given

transformation would enable us to quantify loss of one reagent

(pentose-1-phosphate) via the mass balances off all reagents

and a shifted apparent equilibrium position caused by the

reaction system compensating the loss of a product via

additional substrate consumption following Le Chatelier’s

principle. Having previously employed spectral unmixing-based

reaction monitoring to detect slight temperature-dependent

changes in the chemical equilibrium of many nucleoside
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phosphorolysis reactions,[14–16] we again turned to this method

to record small spectral differences to quantify minor equili-

brium shifts. To effect these equilibrium shifts, we let nucleoside

phosphorolysis reactions reach a stable equilibrium, then

subjected these mixtures to hydrolyzing conditions and, upon

addition of fresh enzyme and continuation of phosphorolysis,

allowed the reaction to establish a new equilibrium (Figure 1B).

This incubation time-dependent deviation of the new equili-

brium from the old equilibrium could then be used to calculate

the amount of lost pentose-1-phosphate.

The mathematical basis for this approach is given by the

law of mass action,[17] which describes the concentrations of all

reaction components in a chemical equilibrium. In the case of

nucleoside phosphorolysis, the concentrations of the nucleoside

and nucleobase are easily accessible and the unknown concen-

trations of UV-inactive components (phosphate and the sugar

phosphate) are generally available through the assumption of

stoichiometry and the derived mass balances.[14] The equilibrium

constant K of nucleoside phosphorolysis is defined as

K ¼
P1P½ � B½ �

N½ � P½ � (1)

where P1P½ �, B½ �, N½ � and P½ � are the equilibrium concentrations

of the pentose-1-phosphate, nucleobase, nucleoside and

phosphate, respectively. Before hydrolysis to any significant

degree has taken place, the following mass balances hold true

for this reaction:

P1P½ � ¼ B½ � ¼ P1P½ �1 ¼ B½ �1 (2)

N½ � ¼ N½ �0 � B½ �1 (3)

P½ � ¼ P½ �0 � B½ �1 (4)

where N½ �0 and P½ �0 are the starting (initial) concentrations of

the nucleoside and phosphate and P1P½ �1 and B½ �1 are the

concentrations of the pentose-1-phosphate and the nucleobase

and the first (pre-hydrolysis) equilibrium, respectively (assuming

that the initial concentrations of both products, P1P½ �0 and B½ �0,

are equal to zero). The degree of conversion of the nucleoside

to the nucleobase in this first equilibrium c1 is given as

c1 ¼
B½ �1
N½ �0

(5)

After the establishment of an initial equilibrium, termination

of the enzymatic reaction and subsequent hydrolysis of the

pentose-1-phosphate the mass balances of the nucleoside and

the nucleobase remain identical. However, the hydrolysis of

some fraction of the sugar phosphate results in adjusted mass

balances for this reagent and its hydrolysis product phosphate

(and ribose, which is not part of this equilibrium and will

therefore not be considered herein). At this point, addition of

fresh nucleoside phosphorylase leads to further conversion of

the nucleoside to equalize the loss of pentose-1-phosphate and

reestablish reagent concentrations which fulfill the equilibrium

constraint (1). The degree of conversion in this new equilibrium

then reflects the amount of hydrolyzed pentose-1-phosphate

(see the Supporting Information for more details and deriva-

tions). This results in the adjusted mass balances:

P1P½ � ¼ c2 N½ �0 � P1P½ �h (6)

B½ � ¼ c2 N½ �0 (7)

N½ � ¼ N½ �0 � c2 N½ �0 (8)

P½ � ¼ P½ �0 � c2 N½ �0 þ P1P½ �h (9)

where P1P½ �h is the amount of hydrolyzed pentose-1-phosphate

and c2 is the degree of conversion of the nucleoside to the

nucleobase in the post-hydrolysis equilibrium defined as

Figure 1. Enzymatic reversible phosphorolysis of a nucleoside with subse-

quent irreversible hydrolysis of the product pentose-1-phosphate (A) and

illustrative reaction time course of a discontinuous performance of

phosphorolysis and hydrolysis (B). c1 and c2 are the degrees of conversion

from the nucleoside to the nucleobase in the pre- and post-hydrolysis

equilibria as defined below. Phosphate liberated by hydrolysis of the target

analyte feeds back into the substrate reservoir in situ. Monitoring of the

phosphorolysis reaction can be achieved via the two UV-active components

(nucleoside and nucleobase).[15,16] The graphs shown in B only serve an

illustrative purpose and do not represent real data.
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c2 ¼
B½ �2
N½ �0

(10)

where B½ �2 is the nucleobase concentration in the second (post-

hydrolysis) equilibrium. These mass balances then allow the

calculation of the concentration of hydrolyzed sugar phosphate

upon insertion into the law of mass action (1). Solving of the

resulting expression for P1P½ �h yields an equation which returns

analytical solutions for known values of c2, N½ �0, P½ �0 and K .

P1P½ �h ¼
K P½ �0 � c2 N½ �0 � c2 P½ �0 þ c22 N½ �0
� �

� c22 N½ �0
Kc2 � c2 � K

(11)

The expected maximum degree of conversion in the second

equilibrium c2;max can be obtained through the assumption of

full hydrolysis of the initially generated sugar phosphate

ð P1P½ �h ¼ c1 N½ �0) and is given by the expression:

c2;max ¼
�X

2 N½ �0 1� Kð Þ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ 4 N½ �0 � K N½ �0ð Þ c1 N½ �0K þ K P½ �0ð Þ
p

2 N½ �0 1� Kð Þ

(12)

where

X ¼ c1 N½ �0K � c1 N½ �0 þ N½ �0K þ K P½ �0 (13)

The incubation time-dependent conversion c2 is available

directly through monitoring of the reaction at its second

equilibrium, K can either be determined experimentally or

obtained from the respective literature[14] and the initial

concentrations N½ �0 and P½ �0 are known from the experimental

setup. Thus, equation (11) allows direct quantification of hydro-

lyzed pentose-1-phosphate solely by measuring post-hydrolysis

equilibrium positions of a nucleoside phosphorolysis reaction.

Please note, however, that these equations assume that the

equilibrium constant K can be determined with sufficient

accuracy. Alternatively, replacement of K in (11) with the terms

in equations (1) and (2) allows simultaneous determination of K

and P1P½ �h but demands monitoring of the first equilibrium via

observation of the equilibrium conversion c1 (also see the

equations in[14]). Calculation of

Dcmax ¼ c2;max � c1 (14)

then provides insight into the maximum apparent equilibrium

shift Dcmax as a function of N½ �0, P½ �0 and K .

A theoretical examination of the solutions of this derived

set of equations reveals a relatively broad operational window

for equilibrium constants between 1 and 0.01 (Figure 2A). For

the cheaply available sugar donor uridine (K=0.15 at 37 °C and

pH 7.5),[14] any phosphate to nucleoside ratio of 2.5–10 yields a

potential equilibrium shift Dcmax of >20 percentage points (pp;

from the equilibrium position of no hydrolysis to the new

equilibrium corresponding to full hydrolysis of the generated

pentose-1-phosphate; Figure 2B), with the extreme ends of

nucleoside conversion either generating almost no sugar

phosphate (c1<10%) or offering little space for equilibrium

adjustment (c1>80%).

To demonstrate this method with a practical example, we

assessed the hydrolysis kinetics of the relatively stable ribose-1-

phosphate (Rib1P). While pentose-1-phosphates lacking the 2-

hydroxy group are prone to hydrolysis,[13] ribosyl scaffolds offer

much more stability.[12,13] In fact, even high temperatures are

known to effect only minimal decay of these molecules and

previous work had largely limited their working space to acidic

conditions – presumably to permit operation within a reason-

Figure 2.Working window for hydrolysis-induced equilibrium shifts of nucleoside phosphorolysis. The working window should enable a maximum equilibrium

shift Dcmax as large as possible to permit accurate measurements of the effect. Suitable reaction conditions regarding phosphate excess depend on the

equilibrium constant of the system (A). For uridine (K=0.15) the system is quite robust and offers a Dcmax >20 pp over a broad phosphate excess range with

an optimal zone of 4–6 equivalents (B). c1 was calculated by solving equation (1) for the mass balances (2)–(4), as described previously,[14] and c2;max and Dcmax

were calculated via equations (12) and (14) for different equilibrium constants. Please see the externally hosted Supplementary Information for the

calculations.[18]
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able timeframe. To benchmark the stability of Rib1P at higher

pH values, we generated this compound in situ and subjected it

to pH values from 7–9 at a temperature of 98 °C. The application

of 4 equivalents of phosphate (2 mM uridine, 8 mM phosphate),

yielded a stable equilibrium of 50% conversion to the

corresponding nucleobase uracil and Rib1P (1 mM each at c1
which agrees with previous reports).[14] Rebuffering and incuba-

tion of this mixture at 98 °C for 1.5–5 h effected hydrolysis of

Rib1P and gave new equilibrium positions of 54–69% after

additional pH adjustment and addition of fresh nucleoside

phosphorylase (see Figure 3 for exemplary data for pH 8).

Consistent with the fundamental assumptions and the predic-

tions of equation (12), the new equilibrium position approached

but did not surpass 72% conversion, which would correspond

to full hydrolysis of the initially generated Rib1P. Calculation of

the amount of hydrolyzed Rib1P via equation (11) and fitting of

the time-dependent decrease of remaining Rib1P as a first

order exponential decay yielded half-lives of 1.8–11.7 h under

these conditions (Figures 3, S1 and S2). These results strongly

support the observation that Rib1P is quite tolerant to high

temperatures, with alkaline pH values promoting additional

stability.[12] Considering the significant differences in experimen-

tal conditions, our derived first-order rate constants of hydrol-

ysis are comparable to those reported by Bunton and

Humeres[12] more than 50 years ago (Figure S3) and reveal that

the exponential decrease of the rate constant over pH extends

well into the alkaline region, up to at least pH 9. One may

expect that the half-life of Rib1P under moderate conditions far

exceeds the values we obtained at 98 °C (presumably following

Eyring relationships), suggesting that hydrolysis of this com-

pound is a negligible factor in most scenarios employing

neutral or alkaline pH values and moderate temperatures.

However, in applications where harsher conditions or acidic

media are applied, hydrolysis of Rib1P should certainly be taken

into consideration.

In conclusion, we outlined and demonstrated a tool for the

assessment of the stability of pentose-1-phosphates based on

apparent equilibrium shifts of a nucleoside phosphorolysis

reaction. Our results reveal that spectral unmixing-based

reaction monitoring can be used in conjunction with equili-

brium thermodynamics to uncover the hydrolysis kinetics of

relatively stable sugar phosphates such as ribose-1-phosphate.

We anticipate that this approach can be extended to other

sugar phosphates and related reaction systems where similar

effects can be observed.

Experimental Section

Rib1P was generated in situ via phosphorolysis of 2 mM uridine

with 8 mM potassium phosphate catalyzed by Geobacillus thermo-

glucosidasius pyrimidine nucleoside phosphorylase. Reaction mix-

tures in equilibrium were aliquoted into PCR tubes and diluted with

a buffer mix for pH adjustment. These mixtures were incubated at

98 °C for various times and stored at 4 °C until analysis. To

determine the amount of hydrolyzed Rib1P, further phosphorolysis

of this mixture was initiated by the addition of fresh nucleoside

phosphorylase and buffer. This second phosphorolysis reaction was

run into its equilibrium and samples were withdrawn and quenched

in 100 mM aqueous NaOH. Aliquots of these alkaline samples were

transferred to an UV/Vis-transparent 96-well plate and UV absorp-

tion spectra were recorded from 250 to 350 nm. The respective

degree of conversion of the nucleoside to the nucleobase was then

obtained via deconvolution of the experimental UV absorption

spectra using suitable reference spectra.[15,16] Please see the

Supporting Information for all experimental details. All raw data

presented in this report, along with metadata and calculations are

freely available from an external online repository.[18] Likewise,

reference spectra and software for spectral unmixing are available

from the same repository[19,20] and detailed in previous works.[15,16]

Acknowledgements

The authors are grateful to Robert Giessmann (orcid.org/0000-

0002-0254-1500) for inspiration and initial conceptualization and

thank Kerstin Heinecke (Technische Universität Berlin) for proof-

reading and critical comments. The authors thank the Open

Access Publishing funds of the TU Berlin for the support of this

publication. Open access funding enabled and organized by

Project DEAL. Open access funding enabled and organized by

Projekt DEAL.

Keywords: decay · phosphate · ribose · sugar phosphate · UV

spectroscopy

[1] S. Mikkelsen, D. Eduardo, Bioanalytical Chemistry, John Wiley & Sons,

2004.

[2] H. Scherz, G. Bonn, Analytical Chemistry of Carbohydrates, Wiley-VCH,

2002.

Figure 3. Hydrolysis of Rib1P at pH 8 and 98 °C as quantified by phosphorol-

ysis equilibrium shifts. Rib1P was generated enzymatically in situ through

phosphorolysis of uridine catalyzed by Geobacillus thermoglucosidasius

pyrimidine nucleoside phosphorylase and then subjected to hydrolyzing

conditions. Hydrolyzed Rib1P after various incubation times was calculated

via equations (11) and (S23) from post-hydrolysis equilibrium positions (blue)

and residual Rib1P (red) was fitted was a first-order exponential decay

(equation (S23) in the Supplementary Information). Please see the Support-

ing Information for more experimental details and the externally hosted

Supplementary Information for all raw and calculated data.[18]

ChemPhysChem
Communications

doi.org/10.1002/cphc.202000901

4ChemPhysChem 2020, 21, 1–6 www.chemphyschem.org © 2020 The Authors. ChemPhysChem published by Wiley-VCH GmbH

These are not the final page numbers! ��

https://doi.org/10.1002/cphc.202000901


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[3] M. Alterman, P. Hunziker, Amino Acid Analysis, Springer, 2012.

[4] M. G. Tozzi, M. Camici, L. Mascia, F. Sgarrella, P. L. Ipata, FEBS J. 2006,

273, 1089–1101.

[5] S. Kamel, H. Yehia, P. Neubauer, A. Wagner, Enzym. Chem. Synth. Nucleic

Acid Deriv. (Ed.: F. J.), 2018, 1–28.

[6] F. Kaspar, R. T. Giessmann, K. F. Hellendahl, P. Neubauer, A. Wagner, M.

Gimpel, ChemBioChem 2020, 21, 1428–1432.

[7] F. Kaspar, M. R. L. Stone, P. Neubauer, A. Kurreck, Green Chem. 2017, 19,

18–43.

[8] P. G. Loncke, P. J. Berti, J. Am. Chem. Soc. 2006, 128, 6132–6140.

[9] C. A. Bunton, Acc. Chem. Res. 1970, 3, 257–265.

[10] M. Camici, F. Sgarrella, P. L. Ipata, U. Mura, Arch. Biochem. Biophys. 1980,

205, 191–197.

[11] Y. B. Tewari, D. K. Steckler, R. N. Goldberg, W. L. Gitomer, J. Biol. Chem.

1988, 263, 3670–3675.

[12] C. A. Bunton, E. Humeres, J. Org. Chem. 1969, 34, 572–576.

[13] S. Kamel, M. Weiß, H. F. T. Klare, I. A. Mikhailopulo, P. Neubauer, A.

Wagner, J. Mol. Catal. 2018, 458, 52–59.

[14] F. Kaspar, R. T. Giessmann, P. Neubauer, A. Wagner, M. Gimpel, Adv.

Synth. Catal. 2020, 362, 867–876.

[15] F. Kaspar, R. T. Giessmann, N. Krausch, P. Neubauer, A. Wagner, M.

Gimpel, Methods Protoc. 2019, 2, 60.

[16] F. Kaspar, R. T. Giessmann, S. Westarp, K. F. Hellendahl, N. Krausch, I.

Thiele, M. C. Walczak, P. Neubauer, A. Wagner, ChemBioChem 2020, 21,

2604.

[17] IUPAC, Compendium of Chemical Terminology, Blackwell Scientific

Publications, Oxford, 1997.

[18] F. Kaspar, 2020, DOI 10.5281/zenodo.4274088.

[19] R. T. Giessmann, N. Krausch, 2019, DOI 10.5281/zenodo.3243376.

[20] R. T. Giessmann, F. Kaspar, 2019, DOI 10.5281/zenodo.3333469.

Manuscript received: October 30, 2020

Revised manuscript received: November 17, 2020

Accepted manuscript online: November 20, 2020

Version of record online: ■■■, ■■■■

ChemPhysChem
Communications

doi.org/10.1002/cphc.202000901

5ChemPhysChem 2020, 21, 1–6 www.chemphyschem.org © 2020 The Authors. ChemPhysChem published by Wiley-VCH GmbH

These are not the final page numbers! ��

https://doi.org/10.1111/j.1742-4658.2006.05155.x
https://doi.org/10.1111/j.1742-4658.2006.05155.x
https://doi.org/10.1002/cbic.201900740
https://doi.org/10.1021/ja057435c
https://doi.org/10.1021/ar50032a002
https://doi.org/10.1016/0003-9861(80)90098-3
https://doi.org/10.1016/0003-9861(80)90098-3
https://doi.org/10.1021/jo01255a019
https://doi.org/10.1016/j.mcat.2018.07.028
https://doi.org/10.1002/adsc.201901230
https://doi.org/10.1002/adsc.201901230
https://doi.org/10.3390/mps2030060
https://doi.org/10.1002/cbic.202000204
https://doi.org/10.1002/cbic.202000204
https://doi.org/10.1002/cbic.202000204




Felix Kaspar  Biocatalytic Nucleoside Synthesis 

 

Publications  

Paper V  

Kaspar, F.;# Giessmann, R.T.;# Hellendahl, K.F.; Neubauer, P.; Wagner, A.; Gimpel, M. General 

Principles of Yield Optimization of Nucleoside Phosphorylase-Catalyzed Transglycosylations. 

ChemBioChem 2020, 21, 1428−1432, https://doi.org/10.1002/cbic.201900740. #equal contribution 

This article was published as open access under a CC BY license which permits reproduction of the 

material with proper attribution, such as in this thesis. 

 

Author contributions (with definitions by Brand et al. 1) 

Conceptualization, F.K., R.T.G., P.N., A.W. and M.G.; Data curation, F.K. and R.T.G.; Formal analysis, F.K. 

and R.T.G.; Funding acquisition, R.T.G., P.N. and A.W.; Investigation, F.K. and K.H.; Methodology, F.K. 

and R.T.G.; Project administration, F.K., R.T.G. and A.W.; Resources, R.T.G., K.H., A.W. and P.N.; 

Software, R.T.G. ; Supervision, R.T.G., P.N. A.W. and M.G.; Validation, - ; Visualization, F.K.; Writing—

original draft, F.K. and R.T.G.; Writing—review & editing, F.K., R.T.G., K.H., P.N., A.W. and M.G. 

Specifically, my contribution included co-development of the specific research idea, formulation of the 

simplified equations, design of experiments, execution of experiments, data curation, calculations, as 

well as illustration and lead writing of the publication. 

 

Preamble 

Following the thermodynamic characterization of nucleoside phosphorolysis, transfer of this 

knowledge to nucleoside transglycosylations was the logical next step. At the time, the literature 

already offered a wealth of examples for nucleoside transglycosylations and quite a few examples of 

reaction optimizations which had revealed that lower phosphate and higher sugar donor 

concentrations are beneficial to conversion of the starting nucleobase to a nucleoside of interest. This 

felt intuitive to me, given that a nucleoside transglycosylation is just two coupled phosphorolysis 

reactions – each of which behaves according to its respective equilibrium constant of phosphorolysis. 

On that basis, Robert Giessmann and I realized that we should be able to predict the equilibrium con-

version of a transglycosylation as a function of the initial conditions. Although a simplifying assumption 

(“there is no phosphate”) allowed quite straightforward calculation of the transglycosylation 

conversion yielding very practicable and robust solutions for a range of purine nucleosides, this 

approach did not satisfy our needs for pyrimidines as those systems tend to be more sensitive due to 

their lower net Gibbs energies of phosphorolysis. Although a framework for more precise solutions 

had been reported in 2018 by Alexeev et al., their mathematical basis contained a fundamental 

misassumption causing their equations to fail when equilibrium constants became too high. We 

overcame this hurdle by obtaining numerical solutions for the full set of equilibrium constraints, 

revealing a characteristic behavior of the reaction system depending on the starting nucleoside and 

desired product. Simply put, purines are really easy to make. Pyrimidine products on the other hand 

can be tricky and low-yielding. In principle, yields can be improved by simply adding more sugar donor, 

but this can create quite a few problems with downstream processing, as evident in paper VI. 





General Principles for Yield Optimization of Nucleoside
Phosphorylase-Catalyzed Transglycosylations**

Felix Kaspar+,*[a] Robert T. Giessmann+,[b] Katja F. Hellendahl,[b] Peter Neubauer,[b]

Anke Wagner,*[a, b] and Matthias Gimpel[b]

The biocatalytic synthesis of natural and modified nucleosides

with nucleoside phosphorylases offers the protecting-group-

free direct glycosylation of free nucleobases in transglycosyla-

tion reactions. This contribution presents guiding principles for

nucleoside phosphorylase-mediated transglycosylations along-

side mathematical tools for straightforward yield optimization.

We illustrate how product yields in these reactions can easily

be estimated and optimized using the equilibrium constants of

phosphorolysis of the nucleosides involved. Furthermore, the

varying negative effects of phosphate on transglycosylation

yields are demonstrated theoretically and experimentally with

several examples. Practical considerations for these reactions

from a synthetic perspective are presented, as well as freely

available tools that serve to facilitate a reliable choice of reac-

tion conditions to achieve maximum product yields in nucleo-

side transglycosylation reactions.

Nucleosides are highly functionalized biomolecules essential

for the storage of information as DNA and RNA, cellular energy

transfer and as enzyme cofactors. Modified nucleosides are

widely employed as pharmaceuticals for the treatment of can-

cers and viral infections.[1] Consequently, their synthetic accessi-

bility is crucial. However, the preparation of nucleosides and

nucleoside analogues by conventional synthetic methods

heavily relies on protecting groups and, thus, suffers from poor

atomic efficiency and low yields.[2–5]

Biocatalytic methods offer the efficient and protecting

group-free synthesis of pyrimidine and purine nucleosides. The

use of nucleoside phosphorylases (NPases) for the preparation

of nucleosides and their analogues in transglycosylation reac-

tions is firmly established[6] and numerous examples of enzy-

matic or chemoenzymatic syntheses can be found in the litera-

ture.[7–14] NPases catalyze the reversible phosphorolysis of nu-

cleosides to pentose-1-phosphates (Scheme 1, I). In transglyco-

sylation reactions, a forward and a reverse nucleoside phos-

phorolysis are coupled in situ to glycosylate a free nucleobase

with the pentose-1-phosphate generated by the first reaction

(Scheme 1, I and II). Formally, this equals a direct glycosylation

of the nucleobase to yield a nucleoside of interest. Convenient-

ly, nature has provided an arsenal of robust biocatalysts that

offer a broad substrate spectrum, excellent tolerance to harsh

reaction conditions as well as perfect regio- and diastereo-

selectivity at the C1’ position.[11,12]

Despite their great versatility, enzymatically catalyzed nu-

cleoside transglycosylation reactions have previously suffered

from an unclear interrelation between yields and the employed

enzymes and starting materials. Particularly, the impact of dif-

ferent sugar donors and/or nucleobases as well as varying

phosphate concentrations on the product yield had remained

unclear until recently. The pioneering work of Alexeev et al.[15]

demonstrated that yields of nucleoside transglycosylation reac-

tions involving uridine and adenosine can be accurately pre-

dicted based on the equilibrium constants of phosphorolysis

of the sugar donor and the product nucleoside. They conclud-

ed that the ratio of the equilibrium constants of the sugar

donor and the product nucleoside (K1/K2) determines maxi-

mum product yields and that an excess of sugar donor is fur-

ther beneficial. On the other hand, increasing phosphate con-

centrations were shown to have a negative impact on product
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Scheme 1. Reaction sequence of a nucleoside transglycosylation.
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yields. However, Alexeev and colleagues[15] based their calcula-

tions on the assumption that the concentration of phosphate

is constant and furthermore only investigated one example of

a high-yielding NPase-catalyzed transglycosylation. As a contin-

uation of the considerations of Alexeev et al.[15] we explored

this reaction system from a practical synthetic perspective and

developed a universally applicable equation for yield predic-

tion. We show that the yield-diminishing effect of phosphate

strongly depends on the equilibrium constant of phosphoroly-

sis of the nucleoside of interest (K2). This important feature,

which proved critical in the biocatalytic preparation of pharma-

ceutically relevant pyrimidine nucleosides has thus far not

been described theoretically or experimentally. Alongside our

freely available Python code for precise yield predictions (see

below) we also provide a simplified equation for the estima-

tion of product yield that allows for straightforward analytical

solutions instead of the numerical solutions previously re-

quired.

Nucleoside transglycosylation reactions are generally consid-

ered as formal glycosylations of a nucleobase B2, which yields

the corresponding nucleoside of interest, N2. Here, a starting

nucleoside, N1, is used as a glycosylation agent with the pur-

pose of donating the sugar moiety. In an enzyme cascade, the

sugar donor N1 is subjected to phosphorolysis yielding a pen-

tose-1-phosphate (P1P), which is consumed in the sequential

reaction with nucleobase B2 to produce N2 (Scheme 1). The

yield of this reaction is generally defined as the formation of

N2 in respect to B2, neglecting the other reagents P1P, B1, N1

and phosphate. Indeed, inorganic phosphate only plays a cata-

lytic role as it is used in the first step but liberated again in the

following reaction.

Generally, yields in NPase-catalyzed transglycosylations are

dictated by the equilibrium constraints of the two half reac-

tions I and II [Eqs. (1), (2)]:

K1 ¼
½B1A½P1PA
½N1A½PA ð1Þ

K2 ¼
½B2A½P1PA
½N2A½PA ð2Þ

where K1 and K2 are the apparent equilibrium constants of

phosphorolysis of the sugar donor and product nucleoside, re-

spectively, [P] is the equilibrium concentration of phosphate,

[P1P] is the equilibrium concentration of the pentose-1-phos-

phate and [N1], [N2], [B1] , and [B2] are the equilibrium con-

centrations of the nucleosides and bases. Alexeev et al.[15] pre-

viously solved this system of equations by assuming a constant

concentration of phosphate and numerically solving the result-

ing cubic equation.

When we attempted to apply their equations to the synthe-

sis of the pharmaceutically relevant nucleoside 5-ethynyluri-

dine we were unable to obtain results that were in agreement

with experimental HPLC data, as their formula yielded negative

values for this case (Table S1 in the Supporting Information).

Therefore, we sought to establish a mathematical tool that

allows general applicability and reaction optimization of all nu-

cleoside transglycosylations. Bypassing the simplification made

by Alexeev and co-workers, we implemented the system of

equilibrium constraints (1) and (2) including all reagents as var-

iables in a Python code to obtain more precise predictions

(see externally hosted Python code).[16]

Numerical solutions of this system allowed theoretical ex-

amination of the effect of phosphate and sugar donor excess

on the product yield, considering a reasonable range of equi-

librium constants.[17] Approaching zero phosphate concentra-

tion, the maximum (ideal) product yield can be obtained, but

at higher phosphate concentrations an apparent loss of yield

can be observed due to phosphorolysis (or non-synthesis) of

the product nucleoside (Figure 1). Whereas the K1/K2 ratio

(equal to KN) dictates the maximum yield with minimal phos-

phate, K2 determines the extent of yield loss in the presence of

phosphate. A high KN in the order of 5–15 promises good to

excellent yields (i.e. , >90%) with only moderate excesses (i.e. ,

twofold) of the sugar donor. On the other hand, reactions with

a low KN require a great excess of sugar donor to facilitate

yields upward of 50%. Interestingly, the effect of phosphate

varies between systems with the same KN, which results from

the fact that high K2 values dictate a greater degree of phos-

phorolysis of N2 at non-negligible phosphate concentrations—

even at great excess of the sugar donor N1 (Figure 1). Notably,

whereas potential formation of intermediate pentose-1-phos-

phate needs to be considered for a realistic assessment and

prediction of synthetic yield, we only observed less than four

percentage points of deviation from the ideal yield for any

nucleoside transglycosylation with <0.3 equiv of phosphate in

the reaction conditions we covered with our considerations.[16]

To validate these predictions experimentally and demon-

strate the varying impact of phosphate on the product yield,

we prepared a series of natural and base-modified ribosyl nu-

cleosides from their respective nucleobases, using uridine as a

sugar donor. Fitting of the experimental data to the equilibri-

um constraints[15,16] yielded equilibrium constants K1 and K2

very similar to those reported previously[17] and revealed a

great range of apparent equilibrium constants K2 (0.01 to 0.35

at 60 8C, pH 9) and KN (0.4 to 16.0). In all cases, the experimen-

tal yields determined by HPLC agreed well with the predictions

obtained for different phosphate concentrations (Figure 2). Our

data emphasize that, as illustrated in Figure 1, particularly the

yields of transglycosylation reactions with high K2 values suffer

enormously from phosphate concentrations higher than strictly

necessary. For instance, adenosine formation (K2=0.01) was

impacted only minorly by the addition of 10 equiv of phos-

phate (92% ideal yield vs. 88% experimental yield with

10 equiv of phosphate), but 5-ethynyluridine yield (K2=0.35)

dropped by more than 30 percentage points under the same

conditions (53% ideal yield vs. 22% experimental yield with

10 equiv of phosphate; Figure 2). Thus, steep losses in yield

should be expected for products with a high K value (K2),

whereas the synthesis of nucleosides with low K values toler-

ates significant amounts of phosphate (Figure 2). Consistent

with our predictions, we only observed small deviations from

the maximum yield in the experiments with 0.2 equivalents of

phosphate. Thus, the concentration of phosphate should be
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Figure 1. Impact of different K1 and K2 values on transglycosylation yield and phosphate gap. Realistic K1 and K2 values were assumed based on recently re-

ported equilibrium constants.[17] The graphs for maximum yield (max. ; black), 0.1 equiv (green), 1 equiv (blue) and 10 equiv (red) of phosphate were plotted

using numerical solutions of the system of equilibrium constraints (1) and (2) calculated with the Python code described in the external Supporting Informa-

tion.[16]

Figure 2. Biocatalytic synthesis of nucleosides by transglycosylation. Reactions were performed with 1 mm uridine as sugar donor (K1=0.16), 0.5 mm nucleo-

base, 32 mgmL@1 pyrimidine NPase (2.5 UmL@1) and 66 mgmL@1 purine NPase (5.0 UmL@1) in 50 mm glycine buffer at pH 9 and 60 8C with either 0.1 mm

(0.2 equiv in respect to the starting base), 0.5 mm (1 equiv) or 5 mm (10 equiv) K2HPO4 in a total volume of 1 mL. Experimental yield (^) was determined by

HPLC considering conversion of the free nucleobase to its corresponding ribosyl nucleoside. Predictions (blue, light blue, turquoise and green columns) were

carried out with the Python code described in the external Supporting Information.[16] The values for the maximum yield (max. ; blue) can also be obtained

from Equation (4).
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kept low in synthetic nucleoside transglycosylations to obtain

maximum yield. For these cases, calculation of maximum

(ideal) conversion provides a close approximation of the yield

and allows for the use of a simplified formula.

Considering ideal (intermediate-free) coupling of the two

half reactions, I and II, the terms for phosphate and P1P would

cancel in the mathematical consideration of this system, as the

production of these in one half reaction is compensated by

the consumption in the other. Considering the net reaction,

one may therefore define [Eq. (3)]:

KN ¼ K1

K2

¼ ½N2A½B1A
½N1A½B2A ð3Þ

with definitions from above. Solving this equation for the con-

centration of the product nucleoside, N2, yields only one phys-

ically possible solution that can be used to calculate ideal

(phosphate- and P1P-free) yields of nucleoside transglycosyla-

tions with variable initial concentrations of the sugar donor N1

and the nucleobase B2, [N1]0 and [B2]0, respectively [Eq. (4)]:

½N2A ¼ KNð½N1A0 þ ½B2A0Þ
2 ðKN @ 1Þ

@
p
KNðKN½N1A20@ 2 KN½N1A0½B2A0 þ KN½B2A20 þ 4½N1A0½B2A0Þ

2 ðKN @ 1Þ

ð4Þ

Thus, the maximum yield (at zero phosphate) can be calcu-

lated easily from Equation (4) to reflect a realistic estimate of

the experimental yield if <0.3 equiv of phosphate are used.

Ideal yields for conversions employing a range of pyrimidine

and purine ribosyl and 2’-deoxyribosyl nucleosides[17] with dif-

ferent reaction conditions including sugar donor excess and

temperature, can be calculated with an Excel sheet freely avail-

able from the externally hosted Supporting Information.[18]

These considerations and previous findings[15,16] bear several

practical implications for NPase-catalyzed nucleoside transgly-

cosylations. First, a high K1/K2 ratio (high KN) leads to excellent

yields which can be achieved with moderate excess of the

sugar donor, as mentioned by Alexeev and colleagues,[15] and

estimated easily with Equation (4). Second, pyrimidine nucleo-

sides serve better as sugar donors than purine nucleosides.[17]

From a practical point of view, uridine and thymidine recom-

mend themselves as ribosyl and 2’-deoxyribosyl donor, respec-

tively, due to their simple commercial availability and high K

value. Third, phosphate concentration in the transglycosylation

reaction should generally be kept as low as possible to prevent

loss of product yield. This becomes especially important in the

synthesis of nucleosides with high K values, such as pyrimidine

nucleosides like 5-ethynyluridine. Thus, 0.1–0.3 equivalents of

phosphate in respect to the starting base may present an

appropriate trade-off between reaction speed and maximum

yield. A potential workflow for the fruitful application of the

methodology presented in this work is suggested in the Sup-

porting Information.

Given the easy accessibility of apparent equilibrium con-

stants of phosphorolysis of any nucleoside of interest, the

tools for yield prediction presented in this work aid the

straightforward design and optimization of nucleoside trans-

glycosylations to facilitate high yields in NPase-catalyzed reac-

tions. Exact yield prediction of transglycosylations may be per-

formed with our Phyton code considering phosphate[16] and

practical estimations for ideal yield can easily be obtained from

Equation (4).[18]

Experimental Section

Enzymatic nucleoside transglycosylations were performed with

0.5 mm nucleobase, 1 mm uridine as sugar donor, 32 mgmL@1 pyri-

midine NPase (2.5 UmL@1; E-PyNP-0002, BioNukleo GmbH, Berlin,

Germany) and 66 mgmL@1 purine NPase (5.0 UmL@1; E-PNP-0002, Bi-

oNukleo GmbH) in 50 mm glycine buffer at pH 9 and 60 8C with

either 0.1 mm (0.2 equivalents in respect to the starting base),

0.5 mm (1 equiv) or 5 mm (10 equiv) K2HPO4 in a total volume of

1 mL. Reaction mixtures were prepared from stock solutions and

started by the addition of the enzyme(s). Time to equilibrium was

approximated via UV/Vis spectroscopy.[19] Allowing for additional

time after apparent reaction completion, the reactions were

stopped after 1 h by quenching samples of 100 mL in an equal

volume of MeOH and analyzed by HPLC. All experimental and cal-

culated data are available online.[16, 18]
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Preamble 

With solid analytical tools in hand and a good grip on the thermodynamics of nucleoside 

phosphorolysis and transglycosylation reactions, we anticipated that we would have an easy time 

optimizing the previously low yields of selenium-containing pyrimidine nucleosides in 

transglycosylation reactions. As paper VI reveals, we were wrong. Not only were the starting 

nucleosides notoriously insoluble in water and proved sensitive to oxidation in solution, but their 

equilibrium constants of phosphorolysis were more than an order of magnitude higher than those of 

all other pyrimidine nucleosides, making their synthesis extremely unfavorable from a thermodynamic 

standpoint. Once we had addressed these issues through a pH shift (solubilizing the salt), working in 

nitrogen-sparged solutions and finding a suitable tradeoff for the amount of sugar donor to add, we 

discovered that the target compounds were also quite challenging to purify and our products 

persistently contained unreacted sugar donor. Although a two-step chromatography purification 

finally yielded pure product, the overall efficiency of the process was modest at best. Ultimately, this 

story proves a good example for the value of the fundamental work presented in papers II—V as it was 

quickly evident that we were fighting an uphill battle. We therefore had to find and settle for the best 

solution available, which was a meagre 40% isolated yield under optimized conditions. Clearly, some 

nucleosides require different strategies.   

 

 

 





  1   

 

Biocatalytic synthesis of 2-Seleno pyrimidine nucleosides via 

transglycosylation 
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Selenium-modified nucleosides are powerful tools to study the structure and function of nucleic acids and their protein 

interactions. The wide-spread application of 2-seleno pyrimidine nucleosides is currently limited by low yields in established 

synthetic routes. Here, we describe the optimization of the synthesis of 2-Se-uridine and 2-Se-thymidine derivatives by 

thermostable nucleoside phosphorylases in transglycosylation reactions using natural uridine or thymidine as sugar donors. 

Reactions were performed at 60 or 80 °C and at pH 9 under hypoxic conditions to improve the solubility and stability of the 2-

Se-nucleobases in aqueous media. To optimize the conversion, the reaction equilibria in analytical transglycosylation reactions 

were studied. The equilibrium constants of phosphorolysis of the 2-Se-pyrimidines were between 5 and 10 and thus belong to 

the highest described so far. Thus, a ten-fold excess of sugar donor was needed to achieve 40−48% conversion to the target 

nucleoside. Scale-up of the optimized conditions provided four Se-containing nucleosides in 6–40% isolated yield which 

compares favorably to established chemical routes. 

 

Selenium derivatization is a powerful tool for structure and 

function studies of nucleic acids. The distinct steric and 

electronic properties of selenium have facilitated the X-ray 

structural analysis of DNA and RNA as well as their 

interactions with proteins.[1–3] Notably, this technique has 

been applied for the investigation of ribozymes,[4] 

riboswitches,[5] homo-DNA,[6] and for HIV-1 drug 

discovery.[7] Besides their application in X-ray 

crystallography, selenium-modified nucleic acids are 

potential therapeutics for the treatment of cancer,[8,9] as well 

as viral[10–12] or bacterial infections.[13] In addition, they have 

attracted interest as diagnostic agents.[14] Several types of 

selenium derivatization of nucleic acids have been described 

which include replacement of an oxygen atom by selenium 

either in the nucleobase, the sugar moiety or in the 

phosphate groups of a nucleoside or nucleotide (please see 
[1–3] for reviews). 

Despite their demand in chemical biology, a high-yielding 

and sustainable synthesis of Se-containing nucleosides has 

not yet been described. Previous work has established that 

2-Se pyrimidine nucleosides can be accessed either from 

methylated sulfo-nucleosides or via selenation of 

isocytidine (Scheme 1).[15–21] However, these chemical 

syntheses have several drawbacks, including the need for 

multi-step routes starting from a natural nucleoside, as well 

as an unfavorable atom economy and the extensive use of 

organic solvents. 

In a proof-of-concept study, we recently described a 

protecting group-free biocatalytic route for the synthesis of 

Se-containing pyrimidine nucleosides (Scheme 1).[22] We 

demonstrated on an analytical scale that 2- and 4-Se-

substituted pyrimidine nucleosides can be prepared via 

transglycosylation reactions catalyzed by thermostable 

nucleoside phosphorylases (NPs). 

NPs perform the reversible phosphorolysis of nucleosides 

to pentose-1-phosphates and nucleobases. By coupling the 

enzymatic phosphorolysis of a sugar donor with the 

glycosylation of a free nucleobase in situ, nucleosides can 

formally be synthesized directly from their corresponding 

nucleobases. The application of these enzymes resolves the 

need for protecting groups, laborious preparation as well as 

isolation of sugar synthons,[23] and furthermore greatly 

reduces the use of toxic organic solvents by employing 

aqueous systems[24,25] (for reviews, see [26,27]). 

Nevertheless, several challenges remained to be 

addressed for the biocatalytic synthesis of Se-containing 

nucleosides using NPs. These include the poor solubility of 

the free Se-nucleobases in water, which has so far restricted 

substrate loading to approximately 1 mM. Furthermore, low 

substrate conversion was observed,[22] indicating that the 

reaction equilibria of these reactions might be unfavorable. 

Additionally, prolonged reaction times have been shown to 

cause unwanted side reactions such as oxidation and 

deselenation of the starting material,[22,28–30] resulting in 

heavy losses of the targeted product.  

In this work, we addressed these obstacles by adjusting 

the reaction conditions to accommodate for the solubility 

and stability of Se-nucleobases in the biocatalytic synthesis 

of 2-Se-pyrimidine nucleosides. Working under hypoxic 

conditions prevented deselenation and oxidative loss of 

yield while an increased reaction pH allowed for higher 

substrate loading enabled by deprotonation of the Se-

nucleobases. A thermodynamic characterization of the 

reaction equilibria via analytical transglycosylations 

revealed equilibrium constants well outside the known 

range of similar nucleosides and guided our choice of 

suitable reaction conditions to maximize the product yields. 

This report presents improved yields compared to 

established procedures and describes the first biocatalytic 

synthesis of 2-Se-pyrimidine nucleosides. 

 

Results and Discussion 

Optimization of the reaction conditions to improve 

substrate loading of the 2-Se-bases 

We aimed to access the selenium-modified nucleosides 

1a−2b in a biocatalytic one-pot approach using 

thermostable NPs (Scheme 2). For this study we selected the 

commercially available pyrimidine nucleoside 

phosphorylase PyNP-04[31] due to its thermostability and 

broad substrate spectrum. Analytical-scale experiments in 

our previous report[22] indicated that these compounds can, 

in principle, be synthesized via transglycosylation starting  
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Scheme 1. Approaches to the synthesis of 2-Se pyrimidine nucleosides. Previous work has established introduction of selenium 

via a methylated sulfo-nucleoside or selenation of isocytidine. Our work aims for biocatalytic direct glycosylation of a 

selenium-containing nucleobase. 

 

from the natural nucleosides uridine or thymidine and a 

selenium-containing nucleobase. 

For synthetic applications, a higher substrate loading than 

previously employed (1 mM at pH 7) would be highly 

desirable to reduce solvent use and facilitate purification. 

Based on the pKa of 2-Se-uracil (1) (7.18 at RT)[32] we 

hypothesized that a slightly higher reaction pH would 

facilitate dissolution of 1 and 2-Se-thymine (2) as their 

corresponding anions. Since it was not available from the 

literature, we determined the pKa of 2 through analysis of its 

UV absorption spectra at different pH values and found a 

similar value (7.49 ± 0.01, Figure S1) to that of 1. Hence, 

compared to the natural nucleobases, the Se-containing 

analogues were more acidic.[16,32] Next, we investigated the 

solubility of 1 and 2 at pH values below and above their pKa 

to see if a pH shift would allow higher substrate loading. At 

pH 7, 1 was not soluble at 10 mM, as indicated by the 

presence of precipitate (Figure S2). In contrast, full 

dissolution was observed at pH 9, confirming that a higher 

reaction pH can increase the solubility of the free 

nucleobase through deprotonation and solvation of the 

corresponding salt. Nonetheless, this effect was modest, as 

only 2 was fully soluble at 20 mM at pH 9 and RT. 

A reaction temperature of 80 °C was initially chosen for 

the synthesis of Se-modified nucleosides as higher reaction 

rates are observed with the enzyme and it can be assumed 

that a high reaction temperature would further improve the 

solubility of 1 and 2. Initial studies, however, revealed 

product losses during the synthesis of 2’-deoxyribo-

nucleosides (data not shown) which can be correlated to the 

hydrolysis of the transglycosylation intermediate b’ at 

higher temperatures.[24,33] Hence, reaction temperatures of 

80 °C were applied for the synthesis of ribonucleosides, 

while 60 °C was chosen for reactions involving 2’-

deoxynucleosides.  

As the pH and temperature might influence the activity of 

PyNP-04, we determined specific activities of the enzyme 

at pH 7 or 9. To this end, we performed phosphorolysis 

reactions (Figure S3A) with the sugar donors uridine (a) and 

thymidine (b) in a MOPS (pH 7) or glycine buffer (pH 9). 

PyNP-04 was active under all conditions and, for instance, 

catalyzed the phosphorolysis of a at 80 °C with activities of 

approximately 80 U mg-1 (Figure S3B). We additionally  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Biocatalytic synthesis of 2-Seleno pyrimidine 

nucleosides via transglycosylation reactions using a 

thermostable pyrimidine nucleoside phosphorylase (PyNP) 

as biocatalyst. 
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performed the glycosylation of 2 with the sugar phosphate 

a’ to confirm that the higher reaction pH did not inhibit the 

second reaction step (reverse phosphorolysis). We observed 

no significant difference in glycosylation activity at pH 7 or 

9, indicating that the deprotonated Se-base is well-accepted 

by the enzyme (Figure S4). Taken together, these data show 

that a reaction pH of 9 improves the solubility of 1 and 2 

and thus permits higher substrate loadings, while still 

allowing excellent enzymatic activity, with reaction 

temperatures of 60 °C or 80 °C presumably facilitating 

additional solubility. 

 

Hypoxic conditions for the stability of the 2-Se-bases 

The application of an alkaline reaction environment and 

high temperatures guided us to explore the stability of the 2-

Se-bases under these rather harsh conditions. In early 

experiments we noticed significant oxidation of the starting 

materials 1 and 2 which manifested itself as a loss of 

substrate and product, as observed by HPLC, as well as 

discoloration of the reaction mixtures from colorless to red 

and black (data not shown). To prevent oxidation and 

deselenation, reducing agents,[28–30] such as dithiothreitol 

(DTT) and ascorbic acid, and inert gases[17] like argon and 

nitrogen have previously been applied in chemical syntheses 

and redox studies. This led us to examine whether and for 

how long the stability of the 2-Se-bases can be increased by 

the application of DTT and/or a nitrogen atmosphere, which 

appeared compatible with our reaction system. To this end, 

we incubated 1 and 2 in different buffer systems 

(glycine/NaOH pH 9, with or without DTT and with or 

without a nitrogen atmosphere) at 80 °C and analyzed 

samples at different time points to check for the integrity of 

the starting material. Without any additives, oxidation 

products were already detected after 2 h, with most of the 

Se-base being degraded after 24 h (Figure 1A and S4). The 

addition of DTT had a slightly conserving effect, since no 

oxidation was apparent after 2 h, but significant 

deselenation was apparent after 4 and 24 h (Figure 1B and 

S5). In contrast, saturation of the solution with nitrogen 

almost completely prevented oxidation of 1 and 2, with only 

minimal oxidation product being detectable after 24 h 

(Figure 1C and S5). As expected, combining DTT and 

nitrogen prevented oxidation completely and conserved the 

starting material for 24 h (Figure 1D and S5). 

Having established that DTT and nitrogen aid in 

stabilization of 1 and 2, we questioned if these conditions 

would affect the activity of PyNP-04. Therefore, we 

performed phosphorolysis experiments at 80 °C with either 

a in nitrogen-saturated buffer or the model substrate 5-

iodouridine (c) in buffer with 5 mM DTT, as the latter 

nucleoside allowed us to obtain UV spectra that could be 

deconvoluted despite the heavy background absorption of 

DTT at lower wavelengths (see Figure S3 of ref. [34]). In 

contrast to the comparable activity observed in nitrogen-

saturated buffer, the application of DTT caused a ≈40% 

drop in enzymatic activity with our model substrate c 

(160 U mg-1 to 95 U mg-1; Figure S3B). However, due to the 

prevention of oxidation by DTT, we considered this 

decrease in enzymatic activity tolerable and proceeded with 

these conditions. In summary, the application of hypoxic 

conditions combined with the reducing agent DTT 

improved the stability of 1 and 2 in aqueous solution with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Stability of 5 mM 1 at 80 °C in 50 mM 

glycine/NaOH buffer pH 9 without additives (A), with 

5 mM DTT (B), saturated with nitrogen (C) and the 

combination of 5 mM DTT and nitrogen (D). Samples were 

analyzed at 260 nm (black) and 307 nm (red). The typical 

retention time of 1 is 3.4 min and the degradation products 

appear at 2.4 min and 3 min. Similar results were obtained 

for 2 (Figure S5). Please see the externally hosted 

Supporting Information for raw data.[34] 

 

 

no detectable degradation after 24 h at 80 °C, while only 

slightly affecting the enzymatic activity. 

 

Optimization of the enzymatic synthesis of 2-Se-

pyrimidine nucleosides based on thermodynamic 

calculations 

With hypoxic and alkaline reaction conditions in hand 

which served well to ensure solubility and stability of the 

nucleobases 1 and 2, we turned our attention to the 

improvement of the previously observed low 

conversions.[22] Recent work from our group had 

demonstrated the application of analytical-scale 

experiments and thermodynamic calculations for the yield 

optimization in NP-catalyzed transglycosylations.[36] 

Therefore, we sought to transfer the same principles which 

had succeed for the synthesis of dihalogenated 

nucleosides[36,37] to the preparation of Se-pyrimidines to 

obtain improved yields. Since nucleoside phosphorolysis 

(and consequently also the reverse reaction, glycosylation) 

is a thermodynamically controlled reaction, one may 

calculate the equilibrium state of transglycosylations via the 

corresponding equilibrium constants. Thus, when both 

equilibrium constants in the system are known, conversions 

can be optimized in silico to suggest conditions that enable 

the desired extent of product formation (for further details, 

please see [37]). 

Equilibrium constants for the phosphorolysis of the sugar 

donors have been described recently for a broad temperature 

range,[38] but the corresponding values for 2-Se-nucleosides 

have not been reported yet. Since these constants are  
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Figure 2. Optimization of the enzymatic synthesis of 2b. Transglycosylation reactions were performed in a total volume of 

1 mL using 1 mM (A) or 5 mM (B) 2 and 5 mM DTT in 50 mM glycine/NaOH buffer pH 9 at 60 °C with either 5-fold (A) or 

10-fold (A, B) excess of b compared to the nucleobase 2. Final concentrations of PyNP-04 of 50.4 µg mL-1 (around 4 U, A) 

and 24.6 µg mL-1 (around 2 U, B) were applied. Experimental conversion was determined by HPLC as the conversion of 2 to 

2b. The equilibrium constant of phosphorolysis was calculated based on the experimental data of the 5-fold sugar donor excess 

(A). Predictions of the conversion using different sugar donor to nucleobase ratios were carried out as described previously.[37] 

Similar results were obtained for the other products (Table 1). Please see the externally hosted Supporting Information for raw 

data and calculations.[34] 

 

 

Table 1. Equilibrium state thermodynamic calculations were used to determine appropriate reaction conditions for the 

synthesis of 1a−2b 

Product 

Product formation [%] at 

equilibrium for 5-fold 

sugar donor excess[a] 

Equilibrium 

constant of 

phosphorolysis 

Product formation [%] at equilibrium for 10-fold sugar donor 

excess 

calculated[a] experimental  

(1 mM nucleobase)[b] 

experimental  

(5 mM nucleobase)[c] 

1a 30.5 9.37 39 40 46 (4 h) 

1b 30 6.07 40 40 39 (3 h) 

2a 35 6.75 44 47 48 (4 h) 

2b 33 4.85 44 43 45 (3 h) 

Transglycosylation reactions were performed in a total volume of 1 mL in 50 mM glycine/NaOH buffer pH 9 and 5 mM 

DTT at 60 °C (b) or 80 °C (a). [a] 1 mM 2-Se-nucleobase (1 or 2), 50.4 µg mL-1 (around 4 U) PyNP-04, 5 mM sugar donor 

(a or b). [b] 1 mM 2-Se-nucleobase (1 or 2), 50.4 µg mL-1 (around 4 U) PyNP-04, 10 mM sugar donor (a or b).  [c] 5 mM 

2-Se-nucleobase (1 or 2), 24.6 µg mL-1 (around 2 U) PyNP-04, 50 mM sugar donor (a or b). 

Experimental conversion was determined by HPLC. Equilibrium constants were calculated with the experimental data of the 

5-fold sugar donor excess. Predictions of the conversion using 10-fold sugar donor excess were carried out as described 

previously.[37] Please see the externally hosted Supporting Information for raw data and calculations.[34]  

 

required for yield optimization via equilibrium 

thermodynamics, we performed small-scale 

transglycosylation reactions to determine these indirectly. 

Using a five-fold excess of the sugar donor over the Se-

nucleobase and 0.09 equivalents of phosphate, equilibrium 

conversions between 30 and 35% were observed (Table 1, 

Figure 2A for 2b as a visual example). This yielded 

equilibrium constants of the phosphorolysis of the Se-

nucleosides 1a−2b in the range of 5 to 10 (Table 1). 

Interestingly, these equilibrium constants surpass those of 

other natural and modified pyrimidine nucleosides 

(0.1−0.8)[37–39] by around an order of magnitude. While the 

reason for these high equilibrium constants is unclear to 

date, we hypothesize that the increased electron density near 

the glycosylation site may contribute to a weaker C1’-N1 

bond. 

Next, we used thermodynamic calculations to predict the 

maximum conversions in transglycosylation reactions 

employing different sugar donor excesses (Figure 2A, 

Table 1). These predictions revealed that the high 

equilibrium constants of phosphorolysis of the target 

nucleosides limited the maximum conversion severely. For 

example, to obtain 50% conversion to the Se-nucleoside 1a, 

an approximately 20-fold excess of the sugar donor a would 

be necessary. However, such a high sugar donor excess is 

not suitable for preparative experiments due to high 

substrate costs and waste. In addition, we expected that this 

would also prevent an efficient workup and purification. 

Thus, we applied a sugar donor excess of 10 as a 

compromise to the aforementioned issues and maximum 

conversion. Although other sugar donors such as 5-

ethynyluridine or 7-methylguanosine or direct glycosylation 

approaches with the sugar phosphates a’ or b’ might provide 

higher conversions than the application of natural uridine 

(a) and thymidine (b), these starting materials are 

considerably more expensive and would render this 

synthetic approach unfeasible (Table S1). Therefore, we 

decided to employ cheaply available a and b as sugar 

donors, which conveniently also offer some of the more 

favorable equilibrium constants of phosphorolysis among 

the natural nucleosides.[38] 

Finally, we confirmed our predictions for 10 equivalents 

of a or b and evaluated the reaction times until equilibrium 

in analytical-scale experiments under optimized conditions. 
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The predicted extent of product formation was observed for 

all four 2-Se-nucleosides (Figure 2B, Table 1) with reaction 

completion occurring within 3 to 4 h. Taken together, our 

thermodynamic characterization of the reaction system 

revealed unfavorable equilibrium constants of 

phosphorolysis of all Se-containing target nucleosides, 

severely limiting the maximum conversion achievable in 

transglycosylation reactions. However, a 10-fold excess of 

the sugar donors allowed for 40−48% conversion for all Se-

nucleosides. 

 

Enzymatic synthesis and purification in semi-

preparative scale 

After optimizing the synthesis under hypoxic and alkaline 

reaction conditions in small-scale experiments, we aimed to 

synthesize and purify the four 2-Seleno pyrimidines in semi-

preparative scale. Therefore, the optimized reaction 

conditions were up-scaled to a volume of 50 mL with 5 mM 

2-Se-nucleobase. The observed product formations in the 

larger scale of 41−47% after 3 (2b), 4 (1b) or 5 h (1a, 2a) 

(Table 2) were in good accordance with the small-scale 

experiments. Purification of the target compounds from 

these reaction mixtures, however, proved rather challenging 

due to the presence of large quantities of unreacted sugar 

donor. In fact, our attempts to purify any of the products by 

preparative HPLC were unsuccessful as the obtained 

material persistently contained sugar donor starting 

material. Therefore, we applied an initial silica 

chromatography step on normal phase to remove most of the 

sugar donor, followed by a second purification step via 

preparative HPLC. Using this two-step process, we obtained 

4.9−29.5 mg of the target nucleosides, corresponding to 

isolated yields of 6−40% (Table 2, Figure S6-S9). Despite 

the incomplete conversions and product losses during 

purification, our biocatalytic route compares favorably to its 

chemical counterparts where yields of less than 10% are 

typically achieved.[22] 

 

 

 

Table 2. Yields and purity of 2-Se-pyrimidine 

nucleosides 

Product 

Conversion 

[%]  

(Time [h]) 

Isolated 

yield [mg] 

([%]) 

Purity 

[%][a] 

1a 44 (5) 4.9 (6.3) 98 

1b 41 (4) 29.5 (40.5) 94 

2a 47 (5) 20.8 (25.9) 99 

2b 45 (3) 9.6 (12.5) 99 

The 50 mL reaction mixture consisted of 5 mM 2-Se-base 

(1 or 2), 50 mM sugar donor (a or b), 5 mM DTT and 

24.6 µg mL-1 (around 98 U) PyNP-04 in 50 mM 

glycine/NaOH buffer pH 9 saturated with nitrogen. The 

reaction temperature was 60 °C (1b, 2b) or 80 °C (1a, 

2a). [a] Purity was determined via analytical HPLC. 

Please see the externally hosted Supporting Information 

for raw data. 

 

 

 

 

 

 

Conclusion 

This work presents a biocatalytic synthesis of 2-Se-

pyrimidine nucleosides via transglycosylation from uridine 

or thymidine. Following a thermodynamic characterization 

of the phosphorolysis of the target nucleosides on a small 

scale, four selenium-containing pyrimidine nucleosides 

were obtained in scale-up experiments where alkaline and 

hypoxic conditions, as well as high temperatures, enabled 

sufficient solubility and stability of the starting materials. 

Although the present route delivers improved yields 

compared to previous efforts, product purification currently 

represents a major bottleneck and needs to be addressed in 

future studies. 

 

Experimental Section 

General Information 

All chemicals and solvents were of analytical grade or 

higher and purchased, if not stated otherwise, from Sigma-

Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, 

Germany), TCI Deutschland (Eschborn, Germany), 

Carbosynth (Berkshire, UK) or VWR (Darmstadt, 

Germany). 2-Se-uracil (1) and 2-Se-thymine (2) were 

prepared according to literature procedures.[32] 

The thermostable nucleoside phosphorylase PyNP-04 (E-

PyNP-0004)[31] was obtained from BioNukleo GmbH 

(Berlin, Germany) and used as recommended by the 

manufacturer. PyNP-04 was heterologously expressed in 

Escherichia coli and purified by affinity chromatography. 

The provided stock solution (1.12 mg mL-1) was stored at 

4 °C. The enzyme originates from a thermophilic bacterium 

with an optimum growth temperature of 80 °C. 

All UV/Vis absorption spectra were recorded with a 

BioTek PowerWave HT plate reader using UV/VIS-

transparent 96-well plates (UV-STAR F-Bottom #655801, 

Greiner Bio-One). All raw and calculated data described in 

this article are freely available from an external online 

repository.[34] 

 

Determination of the dissociation constant (pKa) of 2-Se-

modified nucleobases 

The pKa of 1 and 2 was determined by analysis of their 

UV/Vis absorption spectra between pH 4 and pH 10 at RT. 

In a total volume of 10 mL, the nucleobases were dissolved 

to a concentration of 100 µM in 50 mM MOPS buffer 

(initially pH 9). Desired pH values were adjusted with HCl 

and NaOH and samples of 200 µL were transferred to a 

UV/Vis-transparent 96-well plate to record the UV 

absorption spectra in the range of 250 to 350 nm in steps of 

1 nm. The spectra were analyzed via spectral unmixing as 

previously described[35,40] using a fully protonated (pH 4) 

and a fully deprotonated (pH 10) spectrum as substrate and 

product reference for the deprotonation reaction, as spectra 

obtained near these pH values displayed identical shape 

(indicating no further reaction). For the determination of the 

pKa, the experimental data were fitted to equation (1), 

whereby the pH was set as the input variable, α as the 

dependent variable and pKa as the parameter to fit.[41] 

 

 =  


 + 

=  
10

1 + 10
 (1) 
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Solubility of the 2-Se-modified nucleobases 

The solubility of 1 and 2 was tested in 50 mM MOPS/NaOH 

buffer pH 7 and 50 mM glycine/NaOH buffer pH 9 at RT. 

In a total volume of 0.3 to 10 mL, the nucleobases were 

dissolved to concentrations of 1 mM, 5 mM, 10 mM and 

20 mM. The solutions were observed for the occurrence of 

precipitate. 

 

Stability of the 2-Se-modified nucleobases 

The stability of 1 and 2 was analyzed at 80 °C in Pyrex® 

glass tubes with screw caps. Therefore, the nucleobases 

were dissolved to a concentration of 5 mM in the following 

four buffers: (a) 50 mM glycine/NaOH buffer pH 9, (b) 

50 mM glycine/NaOH buffer pH 9 with 5 mM 1,4-

dithioreitol (DTT), (c) 50 mM glycine/NaOH buffer pH 9, 

saturated with nitrogen and (d) 50 mM gylcine/NaOH 

buffer pH 9 with 5 mM DTT, saturated with nitrogen. 

Samples were taken after 0 h, 2 h, 4 h and 24 h, and diluted 

to a final concentration of 1 mM nucleobase with MeOH. 

After centrifugation (4 °C and 21,500 g for 20 min), 

samples were analyzed by analytical HPLC as described 

below. 

 

Enzyme activity assays 

The activity of PyNP-04 was determined by performing 

phosphorolysis reactions with the substrates uridine (a), 

thymidine (b) and the model substrate 5-iodouridine (c). 

Samples were analyzed by the UV/Vis spectroscopy-based 

assay described recently.[35,40] Briefly, a 500 µL reaction 

mixture consisting of 1 mM nucleoside and 50 mM K2HPO4 

in 50 mM buffer (glycine/NaOH pH 9 or MOPS/NaOH 

pH 7) was preheated to the desired temperature (60 °C or 

80 °C). The reaction was started by the addition of the 

enzyme (typically 10 µL of enzyme stock solution 

prediluted in 2 mM potassium phosphate buffer pH 7). Final 

concentrations of PyNP-04 from 150 to 750 ng mL-1 were 

applied. At timely intervals, samples of 60 µL were taken 

and quenched in 450 µL 100 mM NaOH and 200 µL of the 

diluted sample was transferred to a UV/Vis-transparent 96-

well plate to record the UV absorption spectra from 250 to 

350 nm in steps of 1 nm. Spectral analysis was carried out 

as described previously[35,40] with software[42] and reference 

spectra[43] freely available online. 

To assay PyNP-04 for the glycosylation of the Se-

nucleobase 2, reactions consisting of 1 mM 2, 10 mM b’ and 

70 µg mL-1 enzyme in 50 mM glycine/NaOH buffer pH 9 

were monitored. For analysis, samples of 60 µL were 

withdrawn, quenched in an equal volume of MeOH and 

diluted with 400 µL 100 mM glycine/NaOH buffer pH 10. 

The experimental spectra were fitted with corresponding 

reference spectra of 2 and 2b obtained under the same 

conditions. 

One unit (U) of enzyme activity was defined as the 

amount of the enzyme catalyzing the conversion of 1 µmol 

of substrate per minute under the described assay 

conditions. 

 

Optimization of the enzymatic synthesis of 2-Se-

modified nucleosides 

The 2-Se-modified nucleosides 1a−2b were accessed in a 

one-pot transglycosylation reaction using the pyrimidine 

nucleoside phosphorylase PyNP-04 as biocatalyst. The 

thermodynamic characterization was performed as 

described previously.[36,37] Reaction equilibria were 

determined from reactions with 1 mM 2-Se-nucleobase (1 

or 2), 5 mM sugar donor (a or b), 5 mM DTT, 50 mM 

glycine/NaOH buffer pH 9 and 50.4 µg mL-1 (around 4 U) 

PyNP-04 in a total volume of 1 mL. The nitrogen-saturated 

reaction mixtures were incubated at 60 °C for the 

deoxyribosides 1b and 2b and 80 °C for the ribosides 1a and 

2a until reaction completion (indicated by no further 

product formation; within 30 min under these conditions). 

Samples were diluted to 1 mM sugar donor concentration in 

MeOH, centrifuged (4 °C, 21,500 g, 20 min) and analyzed 

by HPLC. 

The equilibrium constants of phosphorolysis of the 2-Se-

pyrimidine nucleosides were calculated via equilibrium 

state thermodynamics and numerical solutions. Nucleoside 

phosphorolysis is a tightly thermodynamically controlled 

reaction and transglycosylations behave as coupled 

equilibrium reactions as they comprise a forward and a 

reverse phosphorolysis. Thus, knowledge of the equilibrium 

constant of the sugar donor, the concentrations of the 

starting materials as well as the degree of conversion to the 

product nucleoside allows calculation of the equilibrium 

constants of phosphorolysis of the product nucleoside via 

numerical solutions of the system of coupled equilibrium 

constraints (see [36,37]). These numerical solutions can either 

be obtained via the Python code described in our previous 

work[44] or, more conveniently, the Excel sheet presented in 

the externally hosted Supplementary Information of this 

publication. Herein, we used the previously published 

equilibrium constants of phosphorolysis of the sugar donors 

a and b for calculation.[38,45] Based on the obtained 

equilibrium constants, expected conversions for the 2-Se-

nucleosides using a 10-fold sugar donor excess were 

calculated (please see the externally hosted Supplementary 

Information for details).[34,44] To verify the theoretical 

calculations and to monitor the reaction progression, 

reactions with 5 mM 2-Se-base, 50 mM sugar donor, 5 mM 

DTT in 50 mM glycine/NaOH buffer pH 9 saturated with 

nitrogen and 24.64 µg mL-1 (around 2 U) PyNP-04 in a total 

volume of 1 mL were performed at 60 °C for the 

deoxyribosides and 80 °C for the ribosides. Samples were 

diluted 50-fold in MeOH, centrifuged (4 °C, 21,500 g, 

20 min) and analyzed by HPLC. 

 

Analytical High-performance liquid chromatography 

(HPLC) 

Analytical HPLC analyses were carried out with an Agilent 

1200 series system equipped with an Agilent DAD detector 

using a Phenomenex (Aschaffenburg, Germany) reversed 

phase Kinetex EVO C18 column (250 × 4.6 mm). Samples 

were analyzed at two wavelengths (λ = 260 nm, 307 nm) at 

25 °C and a flow rate of 1 mL min-1. Isocratic elution was 

performed using 97% 20 mM ammonium acetate buffer and 

3% acetonitrile for 7 min followed by a linear gradient to 

60% 20 mM ammonium acetate buffer and 40% acetonitrile 

over 8 min. Afterwards, the initial conditions were restored 

and maintained for 4 min. 

Conversions were determined by quantifying the 2-Se-

nucleosides 1a−2b and 2-Se-nucleobases 1 and 2 at 307 nm 

using equation (2), whereby  is the peak area of 

compound X and   is the sum of all peak areas at 

307 nm. Substrates and products were identified based on 

their retention time and UV absorption spectra by 
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comparison to authentic standards. Typical retention times 

under these conditions were as follows: 1: 3.4 min, 2: 6 min, 

a: 3.6 min, b: 8.6 min, a’’: 3 min, b’’: 4.5 min, 1a: 7 min, 

1b: 12 min, 2a: 12 min and 2b: 13 min. a’ and b’ are not 

UV-active and cannot be detected with a DAD system. 

 

  % = 100 ×
 

  
 (2) 

 

Synthesis of 2-Se pyrimidine nucleosides in semi-

preparative scale 

2-Se nucleosides were synthesized in a reaction volume of 

50 mL consisting of 5 mM 2-Se base (1 or 2), 50 mM sugar 

donor (a or b), 5 mM DTT, 50 mM glycine/NaOH buffer 

pH 9 and 24.6 µg mL-1 (a: 98.5 U, b: 97.4 U) PyNP-04. The 

reaction mixture was saturated with nitrogen. Deoxyribosyl 

derivatives were prepared at 60 °C and ribosyl derivatives 

at 80 °C. The reactions were stopped after 3 to 5 h by a pH 

shift to 13 through addition of 10 M NaOH (monitored with 

a pH-electrode). The pH was shifted back to 9 using 25% 

HCl and proteins were removed by filtration at room 

temperature using a vacuum pump and 0.45 µm cellulose 

nitrate filters (Sartorius, Goettingen, Germany). The filtrate 

was saturated with nitrogen and stored at 4 °C until 

purification. 

 

Purification of 2-Se pyrimidine nucleosides by Silica 

column chromatography 

The first purification step was performed at room 

temperature via column chromatography (10% MeOH in 

DCM) using a Sigma-Aldrich silica gel (pore size 60; mesh 

particle size 220-440; particle size 35-75 µm). The reaction 

mixture was adsorbed onto silica gel by addition of 1.8 g of 

silica to the aqueous reaction mixture and evaporation of the 

solution in vacuo. The resulting powder was stored at -20 °C 

until loading on a silica column for purification. Collected 

fractions were analyzed by TLC (10% MeOH in DCM) 

using UV detection. Fractions containing the 2-Se-

nucleoside were combined and dried under reduced pressure 

and stored at -20 °C until further purification by semi-

preparative HPLC. 

 

Purification of 2-Se pyrimidine nucleosides by semi-

preparative HPLC 

2-Se-nucleosides were further purified at room temperature 

using a Knauer HPLC system equipped with a Smartline 

Detector 2600 and an Azura P2.1 L pump. A reversed phase 

Kinetex® 5 µm Evo C18 column (250 x 21.2 mm) and a 

flow rate of 21.24 mL min-1 were used. Samples were 

analyzed at 210 nm. Deionized water and acetonitrile were 

applied as eluents, while the gradient was modified from the 

analytical method as summarized in Table S2. The product 

purified by silica chromatography was dissolved in 

deionized water (Table S2) and filtered either with a 

0.45 µm PES syringe filter or with a 0.45 µm cellulose 

nitrate filter using a vacuum pump. The collected product 

fractions were kept on ice to prevent product degradation 

during the purification process. Collected 2-Se-nucleoside 

fractions were dried using a Christ Gamma 1-20 freeze-

dryer (Osterode am Harz, Germany). 

 

 

 

LC-MS analysis 

For LC-MS analysis, 0.1 mg sample was dissolved in 1 mL 

water in a HPLC vial. Samples were analyzed using a HPLC 

Agilent 1200 series system coupled to an ESI-Orbitrap-MS 

(Thermofisher LTQ Orbitrap XL). The LC analyses were 

carried out using a Grace reversed phase GROM-Sil-ODS-

4-HE column (50 x 2 mm, 3 µm). Samples were analyzed at 

20 °C and at three wavelengths (λ = 215 nm, 280 nm, 

350 nm). A flow rate of 0.3 mL min-1 was applied. The 

gradient was linearly increased from 80% 0.1% HCOOH in 

water and 20% 0.1% HCOOH in ACN to 100% 0.1% 

HCOOH in ACN in 10 min. The mobile phase composition 

was held for 3 min at 100% 0.1% HCOOH in ACN. Finally, 

the initial conditions were restored and maintained for 

5 min. The raw data was analyzed using FreeStyle (Thermo 

Scientific). 

 

Compound characterization (also see Figures S6-S9) 

2-Selenouridine (1a): off-white powder, Rf = 0.29 

(DCM/MeOH 9:1); UV/Vis (4.5% ACN in 20 mM NH4Ac 

pH 6.8): λmax =307 nm; HRMS (ESI): m/z calcd for 

C9H12N2O5Se+H+: 308.9984 [M+H]+; found: 308.9986 
 

2’-Deoxy-2-Selenouridine (1b): yellow powder, Rf = 0.39 

(DCM/MeOH 9:1); UV/Vis (26% ACN in 20 mM NH4Ac 

pH 6.8): λmax =307 nm; HRMS (ESI): m/z calcd for 

C9H12N2O4Se+H+: 293.0035 [M+H]+; found: 293.0036 
 

5-Methyl-2-selenouridine (2a): slightly cream-colored 

powder, Rf = 0.38 (DCM/MeOH 9:1); UV/Vis (26% ACN 

in 20 mM NH4Ac pH 6.8): λmax =307 nm; HRMS (ESI): m/z 

calcd for C10H14N2O5Se+H+: 323.0141 [M+H]+; found: 

323.0144 
 

2-Selenothymidine (2b): off-white powder, Rf = 0.43 

(DCM/MeOH 9:1); UV/Vis (30% ACN in 20 mM NH4Ac 

pH 6.8): λmax =307 nm; HRMS (ESI): m/z calcd for 

C10H14N2O4Se+H+: 307.0192 [M+H]+; found: 307.0194 
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Abstract: The poor solubility of many nucleosides and nucleobases 

in aqueous solution demands harsh reaction conditions (base, heat, 

cosolvent) in nucleoside phosphorylase-catalyzed processes to 

facilitate substrate loading beyond the low millimolar range. This, in 

turn, requires enzymes which withstand these conditions. Herein we 

report that the pyrimidine nucleoside phosphorylase from Thermus 

thermophilus is active over an exceptionally broad pH (4−10), 

temperature (up to 100 °C) and cosolvent space (up to 80% (v/v) non-

aqueous medium) and displays tremendous stability under harsh 

reaction conditions with predicted total turnover numbers of more than 

106 for various pyrimidine nucleosides. However, its use as a 

biocatalyst for preparative applications is critically limited due to its 

inhibition by nucleobases at low concentrations, which is 

unprecedented among non-specific pyrimidine nucleoside 

phosphorylases. 

Nucleoside phosphorylases are useful biocatalysts for the 

synthesis of pentose-1-phosphates and nucleoside analogs.[1–11] 

These enzymes catalyze the reversible phosphorolysis of 

nucleosides to the corresponding pentose-1-phosphates and 

nucleobases (Scheme 1) and can be employed in the reverse 

reaction for glycosylation and transglycosylation reactions to 

furnish nucleosides of interest directly from free nucleobases. The 

current primary bottleneck for the efficient application of these 

enzymes for synthetic purposes is the low water-solubility of many 

nucleosides and nucleobases, restricting the substrate loading to 

the low millimolar range.[12] Increased substrate solubility can be 

achieved through the use of harsh reaction conditions (base, heat, 

cosolvent) and, consequently, thermostable nucleoside 

phosphorylases have attracted particular interest due to their 

stability and activity under these conditions.[1,2,4] Recent work from 

our group has demonstrated that some of these enzymes can be 

employed reliably at temperatures of up to 70 °C and over a broad 

pH range up to at least pH 9, which creates an exceptionally large 

working space and allows adjustments of the reaction conditions 

to suit the substrate(s).[7,13,14] Further benefits of these 

thermostable enzymes, including their long shelf life and easy 

purification via heat treatment of crude extracts, make these 

catalysts attractive for various applications. 

The pyrimidine nucleoside phosphorylase from Thermus 

thermophilus (TtPyNP, Scheme 1) has been reported to be active 

at up to 100 °C in aqueous media and to display some activity in 

reaction mixtures containing high concentrations of organic 

solvents like DMSO and DMF.[15] Therefore, we hypothesized that 

such a hyperthermostable enzyme would withstand harsh 

conditions such as near-boiling cosolvent-heavy media and 

enable greatly increased substrate loading compared to 

commonly performed nucleoside transglycosylations.[8,9,16] This 

prompted us to investigate TtPyNP in more detail for applications 

in nucleoside synthesis and probe the limits of its tolerance to 

harsh conditions. In this communication, we report that TtPyNP is 

active and stable over a vast working space regarding 

temperature, pH and cosolvents and accepts a range of 

substituted pyrimidine nucleosides. In the course of our work we 

were surprised to discover that TtPyNP is inhibited by 

nucleobases even at low concentrations, which is atypical for 

pyrimidine nucleoside phosphorylases. Hence, TtPyNP is a 

suboptimal candidate for industrial applications where high 

substrate loading is a prerequisite. 

 

 

 

 

Scheme 1. Phosphorolysis of pyrimidine nucleosides catalyzed e.g. by 

Thermus thermophilus pyrimidine nucleoside phosphorylase (TtPyNP, PDB 

2dsj). 

Following heterologous expression of the enzyme in Escherichia 

coli and purification via heat treatment and affinity 

chromatography, we explored the working space of TtPyNP using 

the phosphorolysis of uridine (1a) as a model reaction (Figure 1A). 

Since this reaction is under tight thermodynamic control (K = 0.2 

at 60 °C and pH 9),[7] we applied an excess of phosphate in these 

experiments to drive the reaction in the phosphorolysis direction. 

TtPyNP displayed phosphorolytic activity from pH 4 to 10 (Figure 

1B), with a clear preference for acidic conditions as the observed 

rate constants kobs differed by more than a factor of five between 

pH 4 and 10. This observation is somewhat counterintuitive since 

i) pentose-1-phosphates are prone to hydrolysis under acidic con- 



COMMUNICATION          

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Working space of TtPyNP. The phosphorolysis of uridine (1a, A) was 

employed to investigate the pH-dependence (B) and the temperature-

dependence (C) of the phosphorolytic activity as quantified by the observed rate 

constant kobs. To assay across the pH space, reactions were performed with 

1 mM 1a, 50 mM potassium phosphate, 2 or 8 µg mL-1 TtPyNP at 60 °C in a 

buffer mix consisting of 5 mM citrate, 10 mM MOPS and 20 mM glycine (all final 

concentration; adjusted to the respective pH value at 25 °C, not equated for 

ionic strength) in a final volume of 500 µL. To assay across the temperature 

space, reactions were carried out with 1 mM 1a, 50 mM potassium phosphate 

and 0.06−20 µg mL-1 TtPyNP in 50 mM glycine/NaOH buffer at pH 9 and the 

indicated temperature. Data shown represent the average of two experiments. 

Error bars are too small to see and were omitted for clarity. Fit results for C are 

available from the Supporting Information. Please see the Supporting 

Information for more experimental details and the externally hosted Supporting 

Information for raw data and calculations.[20] 

ditions,[2,17] ii) an intracellular pH in the range of 7 would suggest 

a preference for neutral conditions and iii) other pyrimidine 

nucleoside phosphorylases are inactive at pH values below 6.[18] 

In accordance with previous reports,[13,15] TtPyNP was active at 

temperatures of up to 100 °C (Figure 1C), with the temperature-

dependence of kobs (in contrast to previous reports)[15] following 

the trends predicted by conventional transition state theory as 

described by the Eyring equation.[19] These results indicated that 

the working space of TtPyNP covers most of the pH and 

temperature range accessible in water and, given the activity of 

the enzyme, we anticipated that its overall performance would 

only be limited by its stability under the applied reaction conditions. 

Next, we turned our attention to the activity of TtPyNP in the 

presence of organic cosolvents. Previous work with this enzyme 

indicated that some activity is retained in mixtures containing 50% 

(v/v) DMSO or DMF.[15] These two solvents fall into the short list 

of common organic solvents that meet the prerequisites to be 

considered as cosolvents for high-temperature biocatalytic 

reactions involving nucleosides: i) a boiling point > 100 °C, ii) 

water-miscibility[21] and iii) resistance to hydrolysis. These 

prerequisites readily disqualify commonly used alcohols such as 

methanol, ethanol or isopropanol,[22] as well as aromatics, ethers, 

hydrocarbons and esters. Considering that DMF is toxic, highly 

harmful to the environment[23] and rather detrimental to the activity 

of TtPyNP (Figure S1), we selected DMSO and ethylene glycol as 

promising cosolvents and interrogated TtPyNP’s activity at 

different concentrations of these solvents, again employing the 

phosphorolysis of 1a as a model reaction. TtPyNP displayed 

activity at up to 60% (v/v) DMSO and 80% (v/v) ethylene glycol, 

with more cosolvent being tolerated at 80 °C than at 90 °C (Figure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Phosphorolytic activity of TtPyNP in the presence of the organic 

cosolvents dimethyl sulfoxide (DMSO, A) and ethylene glycol (B). Reactions 

were run with 1 mM 1a, 20 mM potassium phosphate and 0.12 or 0.40 µg mL-1 

TtPyNP in 20 mM glycine/NaOH buffer pH 9 containing the indicated amount of 

cosolvent at the indicated temperature. Data shown represent the average of 

two experiments. Error bars are too small to see and were omitted for clarity. 

Please see the Supporting Information for more experimental details and the 

externally hosted Supporting Information for raw data and calculations.[20] 
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2A and B). Interestingly, moderate amounts of either cosolvent 

(i.e. 20−40% (v/v)) promoted higher activities than observed in 

purely aqueous solution, presumably due to decreased enzymatic 

flexibility and a higher affinity for both substrates in a slightly less 

polar environment.[24,25] 

Having established the activity of TtPyNP at high 

temperatures and with considerable amounts of cosolvent, we 

were interested in the half-life and total turnovers of the enzyme 

to evaluate if these harsh conditions were feasible for any 

reactions that exceeded the short reaction times of activity assays. 

To determine the half-life t1/2 and predicted total turnover number 

(pTTN) of TtPyNP, we incubated the enzyme in buffered solution 

with phosphate, determined its residual activity after various 

incubation times and approximated the incubation time-

dependent decrease in activity as a first-order exponential decay. 

Despite its remarkable activity at 100 °C and pH 9 in purely 

aqueous solution (Figure 1B), the half-life of TtPyNP under these 

conditions was only 2.2 min, corresponding to a pTTN of only 

around 28,000 (Table 1, entry 1). At 90 °C and 80 °C, we found 

half-lives of 100 min and more than 19 h, respectively, with the 

pTTNs increasing accordingly to well above 106, despite the lower 

turnover rates at these temperatures (Table 1, entries 2 and 3). 

These experiments demonstrated that denaturation-driven loss of 

activity proceeds rapidly near the boiling point of water. However, 

slightly lower temperatures facilitated increased stability and 

enzymatic activity, as reflected by the predicted total turnovers. 

As transformations at 80−90 °C appeared feasible from a stability 

standpoint, we then assessed the stability of TtPyNP in the 

presence of DMSO and ethylene glycol, using the same 

experimental set-up. Although both solvents permitted excellent 

activity of TtPyNP at 90 °C, the half-life of the enzyme did not 

surpass 30 min at 40% (v/v) of either solvent at this temperature, 

reflected by pTTNs below 200,000 (Figure 3A and B). 

Nonetheless, a modest decrease in temperature to 80 °C resulted 

in much higher half-lives and pTTNs. For example, TtPyNP had a 

half-life of 4.4 h at 80 °C and 60% (v/v) ethylene glycol, 

corresponding to around 1,500,000 predicted total turnovers 

(Figure 3B). Even DMSO was tolerated reasonably well, with 

TtPyNP achieving a pTTN of 3,100,000 at 80 °C and 30% (v/v) 

DMSO (Figure 3A). Taken together, these data demonstrate that 

TtPyNP performs favorably at up to 80 °C in media with up to 

around 50% (v/v) of DMSO or ethylene glycol. 

 

Table 1. Activity and stability of TtPyNP in aqueous solution. 

Temperature 

[°C] 

 

[s-1][a] 
/

[b] pTTN [106][c] 

100 215.6 2.2 min 0.028 

90 117.1 100.2 min 1.296 

80 45.7 19.5 h 15.139 

[a] Determined as initial rate with 1a at pH 9 and the respective temperature as 

shown in Figure 1C. [b] Determined from incubation experiments from the 

incubation time-dependent decay of enzymatic activity (initial rate) at pH 9 and 

the respective temperature (please see the externally hosted Supporting 

Information for all raw and calculated data).[20] The activity assay was performed 

at 60 °C to ensure enzyme stability during the assay. [c] Determined via 

multiplication of   and the mean catalyst lifetime   as detailed in the 

Supporting Information. 

Next, we probed the substrate scope of this enzyme by 

subjecting a series of substituted pyrimidine nucleosides to 

phosphorolysis. Previous work had demonstrated that 1a, its 2’-

deoxy analogue 1b and thymidine (1d) are converted by TtPyNP 

to obtain the corresponding sugar phosphate and 

nucleobase.[13,15] Our results corroborate and extend these 

reports by showing that substitutions in the 5-position at the 

nucleobase, such as aliphatic residues or halogens, are generally 

well tolerated without any loss of activity compared to the native 

substrates 1a and 1d (Scheme 2). Comparable or slightly higher 

levels of activity were obtained with 2’-deoxy nucleosides, which 

agrees well with the broad substrate spectrum typically observed 

for non-specific pyrimidine nucleoside phosphorylases.[7–9] Given 

all the above results, TtPyNP indeed seemed useful as a catalyst  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Performance of TtPyNP assessed by the predicted total turnover 

number (pTTN) of the substrate 1a in hot cosolvent-heavy reaction mixtures. 

The half-life of TtPyNP was determined by incubating the enzyme at 

concentrations of 8.4−12.5 µg mL-1 in 20 mM potassium phosphate and 20 mM 

glycine/NaOH buffer pH 9 and the indicated concentrations of DMSO (A) or 

ethylene glycol (B) at the indicated temperatures in a total volume of 220 µL in 

a PCR tube and measuring the residual activity through phosphorolysis of the 

model substrate 1a at timely intervals (assay conditions of 1 mM 1a, 20 mM 

potassium phosphate and 2.5−3.75 µg mL-1 TtPyNP in 20 mM glycine buffer pH 

9 at 60 °C). Fitting of the incubation time-dependent decrease in activity as a 

first-order exponential decay yielded the half-life under the respective conditions, 

which was used to calculate pTTN via the initial rate constant under these 

conditions (Figure 2A and B). Please see the externally hosted Supporting 

Information for all raw and calculated data as well as tabulated half-lives and 

predicted total turnover numbers.[20] 



COMMUNICATION          

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Phosphorolysis of 5-substituted pyrimidine nucleosides by TtPyNP. 

Reactions were performed with 1 mM nucleoside (1a−1i), 50 mM potassium 

phosphate and 0.25 µg mL-1 TtPyNP in 50 mM glycine/NaOH buffer at pH 9 and 

80 °C. Data shown represent the average of two experiments. Standard 

deviations were all 5% or below and were omitted for clarity. Please see the 

Supporting Information for more experimental details and the externally hosted 

Supporting Information for raw data and calculations.[20] 

for the (reversible) phosphorolysis of various pyrimidine 

nucleosides as it displays a reasonably broad substrate scope 

and remarkable stability under harsh conditions including high 

temperature and cosolvent content. 

However, despite TtPyNP’s excellent activity and stability, 

its use as a biocatalyst in synthetic applications is limited due to 

an apparent inhibition by nucleobases. We discovered this 

phenomenon when we attempted to determine the Michaelis-

Menten constant KM for the substrate 1a using concentrations of 

up to 50 mM (Figure S2). Previous work had reported KM values 

in the range of 0.2−1.0 mM at 80 °C and pH 7 (for 1a and 1d in 

phosphate buffer)[13,15] which compares well with other pyrimidine 

nucleoside phosphorylases.[26–28] However, our data at 40 °C and 

pH 9 suggested a strong inhibition behavior which did not appear 

to resemble any Michaelis-Menten-type kinetics (Figure S2). 

Follow-up experiments with 1a at 80 °C and pH 7 revealed that, 

indeed, TtPyNP appeared to follow Michaelis-Menten-like kinetics 

for nucleoside concentrations up to 1−2 mM (under saturating 

phosphate concentrations for which typical Michaelis-Menten 

behavior was observed; Figure S4). In contrast, the observed rate 

constants of phosphorolysis at higher nucleoside concentrations 

suggested a possible substrate inhibition by nucleosides with an 

apparent inhibitory constant Ki within the same order of magnitude 

as KM. However, the non-linearity of the conversion over time at 

higher substrate concentrations under quasi-steady state 

conditions (Figure S5) provided some evidence that TtPyNP 

might instead be inhibited by one of the products. Indeed, non-

zero initial concentrations of the nucleobase 2a caused a drastic 

decrease of the kobs of phosphorolysis, while the sugar phosphate 

3 had no effect (Figure 4A). Due to this strong inhibition of TtPyNP 

by 2a, we were unable to determine the Ki from Michaelis-Menten 

plots of the phosphorolysis reaction. Therefore, we attempted to 

approximate the Ki by measuring the KM for 2a in the reverse 

reaction (glycosylation with 3). However, instead of saturation- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Inhibition of TtPyNP by substrates and products. TtPyNP is inhibited 

in the phosphorolysis direction by increasing concentrations of the nucleobase 

2a, but not by the sugar phosphate 3 (A). The reverse reaction is also inhibited 

by increasing concentrations of 2a (B). Reactions in A were carried out with 

1 mM 1a, 50 mM potassium phosphate and 0.33 mL-1 TtPyNP in 50 mM 

MOPS/NaOH buffer pH 7 at 80 °C with the indicated concentration of either 

product (2a or 3) in a total volume of 200 µL. Reactions in B were performed 

with 2 mM 3 and 0.17 µg mL-1 TtPyNP in 50 mM MOPS/NaOH buffer pH 7 at 

80 °C with the indicated concentration of 2a in a total volume of 200 µL. For 

each condition, reactions were carried out in duplicates and all data points are 

shown. Raw data and calculations are freely available from an external online 

repository.[20] 

type kinetics we only observed a significant decrease of the kobs 

of glycosylation with increasing concentrations of 2a, indicating 

that this nucleobase also inhibits its own glycosylation (Figure 4B). 
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To exclude any of our assay conditions causing these effects, we 

determined the KM for 1a of the corresponding enzyme from 

Geobacillus thermoglucosidasius (GtPyNP) and observed classic 

Michaelis-Menten behavior with no evidence of inhibition up to 

50 mM 1a in agreement with the available literature (Figure 

S3).[13] Interestingly, similar inhibition effects of TtPyNP were also 

observed, to varying degrees, with the nucleosides 1d and 1f 

(Figure S6), revealing that inhibition of this enzyme by 

nucleobases is not limited to 2a. Together, these results present 

evidence that TtPyNP is inhibited by nucleobases through a yet 

unknown mechanism. The reason(s) for this apparent product 

inhibition (or substrate inhibition, depending on the direction) are 

unclear to date as TtPyNP shares high structural[29] and sequence 

identity (see Figure 1 in [13]) to other thymidine and pyrimidine 

nucleoside phosphorylases concerning the active site residues 

and overall protein structure. Although substrate inhibition is 

known for uridine phosphorylases,[28,30] this is, to the best of our 

knowledge, the first reported example of a pyrimidine nucleoside 

phosphorylase being competitively substrate/product-inhibited. 

However, we doubt that this inhibition of TtPyNP holds any 

physiological significance, as the intracellular concentrations of 

nucleosides and their bases are typically in the low micromolar 

range, which is more than two orders of magnitude lower than the 

concentrations necessary to effect significant inhibition of TtPyNP. 

In any case, this clearly makes TtPyNP a rather suboptimal 

candidate for preparative purposes. In order to achieve 

satisfactory product titers, substrate concentrations of at least 

100 mM typically need to be applied.[12,31,32] Our characterization 

revealed that TtPyNP is severely inhibited by nucleobases at 

concentrations upwards of 0.5 mM, which limits its reactivity both 

in the phosphorolysis and glycosylation direction and renders its 

performance in potential industrial applications subpar. 

In conclusion, we characterized the hyperthermostable 

pyrimidine nucleoside phosphorylase from Thermus thermophilus 

and revealed its exceptional working space, broad substrate 

scope as well as excellent stability and tolerance to organic 

cosolvents. However, its inhibition by nucleobases even at low 

concentrations discourages its use in synthetic applications. 

These observations make TtPyNP an outlier among pyrimidine 

nucleoside phosphorylases, displaying unmatched stability and a 

rare example of substrate/product inhibition. 

Experimental Section 
 

Enzymatic reactions were prepared from stock solutions of 

nucleoside, potassium phosphate and buffer and started via the 

addition of enzyme. Reaction conditions were applied as stated in 

the figure captions and the Supporting Information. Reaction 

monitoring was performed as described previously.[7,33,34] 

Typically, samples of 50 µL were withdrawn from reaction 

mixtures containing 1 mM UV-active compounds and pipetted into 

450 µL 100 mM aqueous NaOH to stop the reaction. To record 

the UV spectra of these alkaline samples, 200 µL of the quenched 

samples were transferred to a UV/Vis-transparent 96-well plate 

(UV star, GreinerBioOne, Kremsmünster, Austria) and UV 

absorption spectra were recorded from 250 to 350 nm in steps of 

1 nm with a high-throughput plate reader (BioTek Instruments, 

Winooski, USA). The obtained experimental UV spectra were 

then deconvoluted via spectral unmixing using suitable reference 

spectra of the nucleoside and nucleobase to derive the respective 

degree of conversion. All raw data presented in this report, along 

with metadata and calculations are freely available from an 

external online repository.[20] Likewise, reference spectra and 

software for spectral unmixing are available from the same 

repository[35,36] and described in previous works.[33,34] 

Acknowledgements 

The authors thank Kerstin Heinecke (TU Berlin) for proofreading 

and critical comments. 

Keywords: nucleoside • nucleoside phosphorylase • 

thermostable • cosolvent • enzyme 

[1]  H. Yehia, S. Kamel, K. Paulick, A. Wagner, P. Neubauer, Curr. Pharm. 

Des. 2017, 23, 6913–6935. 

[2] S. Kamel, M. Weiß, H. F. T. Klare, I. A. Mikhailopulo, P. Neubauer, A. 

Wagner, Mol. Catal. 2018, 458, 52–59. 

[3] M. Rabuffetti, T. Bavaro, R. Semproli, G. Cattaneo, M. Massone, F. C. 

Morelli, G. Speranza, D. Ubiali, Catalysts 2019, 9, 355. 

[4] S. Kamel, H. Yehia, P. Neubauer, A. Wagner, in Enzym. Chem. Synth. 

Nucleic Acid Deriv., 2019, 1–28. 

[5] R. T. Giessmann, N. Krausch, F. Kaspar, N. M. Cruz Bournazou, A. 

Wagner, P. Neubauer, M. Gimpel, Processes 2019, 7, 380. 

[6] F. Kaspar, R. T. Giessmann, K. F. Hellendahl, P. Neubauer, A. Wagner, 

M. Gimpel, ChemBioChem 2020, 21, 1428–1432. 

[7] F. Kaspar, R. T. Giessmann, P. Neubauer, A. Wagner, M. Gimpel, Adv. 

Synth. Catal. 2020, 362, 867–876. 

[8] M. S. Drenichev, C. S. Alexeev, N. N. Kurochkin, S. N. Mikhailov, Adv. 

Synth. Catal. 2018, 360, 305–312. 

[9] C. S. Alexeev, M. S. Drenichev, E. O. Dorinova, R. S. Esipov, I. V 

Kulikova, S. N. Mikhailov, Biochim. Biophys. Acta - Proteins Proteomics 

2020, 1868, 140292. 

[10] X. Zhou, K. Szeker, B. Janocha, T. Böhme, D. Albrecht, I. A. Mikhailopulo, 

P. Neubauer, FEBS J. 2013, 280, 1475–1490. 

[11]  I. Serra, T. Bavaro, D. A. Cecchini, S. Daly, A. M. Albertini, M. Terreni, D. 

Ubiali, J. Mol. Catal. B Enzym. 2013, 95, 16–22. 

[12]  F. Kaspar, M. R. L. Stone, P. Neubauer, A. Kurreck, ChemRxiv 2020, 

DOI 10.26434/chemrxiv.12753413.v1 

[13]  K. Szeker, X. Zhou, T. Schwab, A. Casanueva, D. Cowan, I. A. 

Mikhailopulo, P. Neubauer, J. Mol. Catal. B Enzym. 2012, 84, 27–34. 

[14]  K. F. Hellendahl, F. Kaspar, X. Zhou, Z. Huang, P. Neubauer, A. Wagner, 

2020, in preparation. 

[15]  M. Almendros, J. Berenguer, J.-V. Sinisterra, Appl. Environ. Microbiol. 

2012, 78, 3128–3135. 

[16]  H. Yehia, S. Westarp, V. Röhrs, F. Kaspar, T. R. Giessmann, F. T. H. 

Klare, K. Paulick, P. Neubauer, J. Kurreck, A. Wagner, Molecules 2020, 

25, 934. 

[17]  R. T. Giessmann, F. Kaspar, P. Neubauer, A. Kurreck, M. Gimpel in 

preparation, preliminary dataset available at DOI 

10.5281/zenodo.3572070. 

[18]  N. Hori, M. Watanabe, Y. Yamazaki, Y. Mikami, Agric. Biol. Chem. 1990, 

54, 763–768. 

[19]  H. Eyring, J. Chem. Phys. 1935, 3, 107–115. 

[20] F. Kaspar, 2020, DOI 10.5281/zenodo.4284188. 

[21]  Biphasic systems involving hydrophobic solvents are not an option as 

nucleosides are virtually insoluble in all apolar solvents. 

[22]  Even at lower temperatures, small alcohols are unfavorable cosolvents 

as they work excellently as quenching agents for nucleoside 

phosphorylases. 

[23]  C. M. Alder, J. D. Hayler, R. K. Henderson, A. M. Redman, L. Shukla, L. 

E. Shuster, H. F. Sneddon, Green Chem. 2016, 18, 3879–3890. 

[24]  H. J. Wiggers, J. Cheleski, A. Zottis, G. Oliva, A. D. Andricopulo, C. A. 

Montanari, Anal. Biochem. 2007, 370, 107–114. 

[25]  S. Roy, B. Jana, B. Bagchi, J. Chem. Phys. 2012, 136, 115103. 



COMMUNICATION          

6 

 

[26]  D. F. Visser, F. Hennessy, J. Rashamuse, B. Pletschke, D. Brady, J. Mol. 

Catal. B Enzym. 2011, 68, 279–285. 

[27]  P. P. Saunders, B. A. Wilson, G. F. Saunders, J. Biol. Chem.  1969, 244, 

3691–3697. 

[28]  T. A. Krenitsky, Biochim. Biophys. Acta - Enzymol. 1976, 429, 352–358. 

[29]  K. Shimizu, N. Kunishima, 2006, DOI 10.2210/pdb2DSJ/pdb. 

[30]  R. G. Silva, V. L. Schramm, Biochemistry 2011, 50, 9158–9166. 

[31]  Y. Ni, D. Holtmann, F. Hollmann, ChemCatChem 2014, 6, 930–943. 

[32]  R. A. Sheldon, D. Brady, ChemSusChem 2019, 12, 2859–2881. 

[33] F. Kaspar, R. T. Giessmann, N. Krausch, P. Neubauer, A. Wagner, M. 

Gimpel, Methods Protoc. 2019, 2, 60. 

[34]  F. Kaspar, R. T. Giessmann, S. Westarp, K. F. Hellendahl, N. Krausch, 

I. Thiele, M. C. Walczak, P. Neubauer, A. Wagner, ChemBioChem 2020, 

21, 2604. 

[35] R. T. Giessmann, N. Krausch, 2019, DOI 10.5281/zenodo.3243376. 

[36] R. T. Giessmann, F. Kaspar, 2019, DOI 10.5281/zenodo.3333469. 

 

 


	Title page
	Abstract
	Zusammenfassung
	Acknowledgements
	Table of Contents
	List of Publications
	1. Introduction
	2. Scientific Background
	2.1 Nucleosides and Nucleoside Analogs
	2.2 Synthesis of Nucleosides
	2.3 Environmental Concerns in Nucleoside Synthesis
	2.4 Nucleoside Phosphorylases
	2.5 Biocatalytic Nucleoside Synthesis Via Nucleoside Phosphorylases

	3. Research Hypotheses
	4. Results and Discussion
	4.1 Efficiency Assessment of Nucleoside Synthesis Approaches
	4.2 A Spectral Unmixing-Based Method for Reaction Monitoring
	4.3 Equilibrium Thermodynamics of Nucleoside Phosphorolysis
	4.4 Equilibrium Shifts for the Kinetic Analysis of Sugar Phosphate Hydrolysis
	4.5 Yield Optimization of Nucleoside Transglycosylations
	4.6 Synthesis of Selenium-Modified Pyrimidine Nucleosides
	4.7 A Hyperthermostable Enzyme for Reactions Under Harsh Conditions

	5. Conclusion and Outlook
	6. References
	7. Ten Theses
	8. Publications
	Paper 1
	Paper 2
	Paper 3
	Paper 4
	Paper 5
	Paper 6
	Paper 7


