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Abstract

Modified nucleosides are important drugs used to treat cancer, viral or bacterial infections. They also
serve as precursors for the synthesis of modified oligonucleotides (antisense oligonucleotides (ASOs)
or short interfering RNAs (siRNAs)), a novel and effective class of therapeutics. While the chemical
synthesis of nucleoside analogs is challenging due to multi-step procedures and low selectivity,
enzymatic synthesis offers an environmentally friendly alternative. However, current challenges for
the enzymatic synthesis of nucleoside analogs are the availability of suitable enzymes or the high
costs of enzymes production.

To address these challenges, this work focuses on the application of thermostable purine and
pyrimidine nucleoside phosphorylases for the chemo-enzymatic synthesis of nucleoside analogs.
These enzymes catalyze the reversible phosphorolysis of nucleosides into the corresponding
nucleobase and pentofuranose-1-phosphate and have already been successfully used for the
synthesis of modified nucleosides in small scale. So far, the production of sugar-modified nucleosides
has been a major challenge. In this study, it was shown that the synthesis of arabinose- or
fluoroarabinose-containing nucleoside analogs by glycosylation starting from modified
sugar-1-phosphates is possible with very high yields. This was not possible using transglycosylation
reactions. One very evident example is the synthesis of 5-ethynyl-2’-deoxy-2'-fluorouridine
arabinoside. It was not obtained by transglycosylation with fluoroarabinofuranosyl uracil as sugar
donor whereas almost 50 % of the base was transformed by direct glycosylation with the
corresponding 2-deoxy-2-fluoro-arabinofuransoe-1-phosphate.

Halogenated ribo- and deoxynucleosides were produced at mg scale with a reagent grade purity of
>95 %. The cytotoxic activity in different blood tumor cell lines (HL-60 and CCRF-CEM) was tested for
these nucleoside analogs and it was shown that the enzymatically produced compounds showed
similar 1Csq values as their chemically produced counterparts. Compared to ribonucleosides,
deoxyribonucleosides revealed a reduced non-specific cytotoxicity.

In order to transfer the synthesis of modified nucleosides to a larger scale, the expression of
thermostable nucleoside phosphorylases was first established by high cell density fed-batch
cultivation in a laboratory bioreactor. AlImost three times the volumetric yield of the recombinant
protein PNP 03 was produced in the fed-batch cultivation in comparison to the shake flask cultures.
The biocatalytic process was also optimized; exemplified by the synthesis of halogenated nucleoside
analogs using a continuous enzyme membrane reactor. The results of the substrates conversion for
nucleoside synthesis were very similar for discontinuous and continuous reactions. The enzymes
were stable with natural substrates for several weeks and with modified substrates for up to 7 days.
In addition, heat-treated cell lysate achieved a similar result to purified enzymes.
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Zusammenfassung

Modifizierte Nukleoside sind wichtige Medikamente zur Behandlung von Krebs, viralen oder
bakteriellen Infektionen. Sie dienen auch als Vorldufer fir die Synthese von modifizierten
Oligonukleotiden (Antisense-Oligonukleotide (ASOs) oder short-interfering RNAs (siRNAs)), einer
neuen und sehr effektiven Klasse von Therapeutika. Wahrend die chemische Synthese von
Nukleosidanaloga aufgrund von Mehrschrittverfahren und geringer Selektivitat eine Herausforderung
darstellt, bietet die enzymatische Synthese eine umweltfreundliche Alternative. Aktuelle
Herausforderungen fiir die enzymatische Synthese von Nukleosidanaloga sind die Verfiigbarkeit
geeigneter Enzyme oder hohe Kosten fir die Enzymproduktion.

Um diese Herausforderungen zu bewaltigen, konzentriert sich diese Arbeit auf die Anwendung von
thermostabilen Purin- und Pyrimidinnukleosidphosphorylasen fir die chemo-enzymatische Synthese
von Nukleosidanaloga. Diese Enzyme katalysieren die reversible Phosphorolyse von Nukleosiden in
die entsprechende Nukleobase und Pentofuranose-1-phosphat. Sie wurden bereits erfolgreich fir die
Synthese von modifizierten Nukleosiden im kleinen MaRstab eingesetzt. Bisher war die Herstellung
von zuckermodifizierten Nukleosiden eine grolRe Herausforderung. In dieser Studie wurde gezeigt,
dass die Synthese von Arabinose- oder Fluoroarabinose-haltigen Nukleosidanaloga durch
Glykosylierung ausgehend von modifizierten Zucker-1-Phosphaten mit sehr hohen Ausbeuten
moglich ist. Dies war mit Transglykosylierungsreaktionen nicht moglich. Ein sehr anschauliches
Beispiel ist die enzymatische Synthese von 5-Ethinyl-2’-deoxy-2"-fluorouridin arabinosid. Mittels
Transglykosylierung mit Fluorarabinofuranosyluracil als Substrat war die Synthese nicht moglich.
Hingegen wurden fast 50 % der Base durch direkte Glykosylierung umgesetzt.

Halogenierte Ribo- und Desoxynukleoside wurden im mg-MaRstab mit einer Reinheit von >95 %
hergestellt. Die zytotoxische Aktivitdt dieser Nukleosidanaloga wurde in verschiedenen
Bluttumorzelllinien (HL-60 und CCRF-CEM) getestet und es wurde gezeigt, dass die enzymatisch
hergestellten Verbindungen &ahnliche 1C50-Werte aufwiesen wie ihre chemisch hergestellten
Pendants. Im Vergleich zu Ribonukleosiden zeigten Desoxyribonukleoside eine reduzierte
unspezifische Zytotoxizitat.

Um die Synthese von modifizierten Nukleosiden in einen gréReren MaRstab zu transferieren, wurde
die Expression von thermostabilen Nukleosid-Phosphorylasen zunachst in einen Hochzelldichte-Fed-
Batch-Prozess in einem Laborbioreaktor etabliert. In den Kultivierungen des Fed-Batch-Bioreaktors
wurde im Vergleich zu Kulturen in Schiittelkolben fast die dreifache volumetrische Ausbeute des
rekombinanten Proteins PNP 03 erzeugt. Der biokatalytische Prozess wurde am Beispiel der Synthese
von halogenierten Nukleosidanaloga in einem kontinuierlichen Enzymmembranreaktor optimiert. Die
Umsatzraten waren fiir diskontinuierliche und kontinuierliche Reaktionen sehr dhnlich. Die Enzyme
waren bei natlrlichen Substraten mehrere Wochen und bei modifizierten Substraten bis zu sieben
Tage stabil. Mit Hitze-behandeltem Zelllysat wurden dhnliche Ergebnisse erzielt wie mit gereinigtem
Enzym.

Il Zussamenfassung
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1. Introduction

Nucleoside analogs (NAs) (also called: modified nucleosides, nucleoside mimetics) are glycosylamines
acting as purine or pyrimidine antagonists. They possess a wide range of applications as therapeutic
agents, in diagnostic, food industry or research-relevant fields. Their clinical use started with the
approval of 6-mercaptopurine as anticancer agent in 1953 (Burchenal et al., 1953), which is still on
the world health organization (WHO) list of essential medicines for the treatment of acute lymphatic
leukemia (ALL). Up till now, after more than 60 years of clinical and diagnostic applications, the
ongoing research suggests that this class of compounds is still regarded as an interesting one with
more potential to be explored.

In structure, NAs show modifications compared to the five canonical nucleosides (Fig. 1).
Modifications were introduced to the base or sugar part or to both. Functional group substitutions
including halogenation (e.g., cladribine, idoxuridine, gemcitabine), ring opening (e.g., ribavirin,
acyclovir), ring expansion (e.g., pentostatin, azepinomycin) or dehydroxylation (e.g., carbovir,
abacavir) are examples of the possible variations found in NAs (Fig. 2). As active pharmaceutical
ingredients (APIs), NAs are regarded as prodrugs that need to be activated by phosphorylation inside
the cells to the triphosphate forms.

The standard for NAs synthesis is still chemical methods which are (i) laborious with many steps that
necessitate purification between each step, (ii) environmentally-unfriendly involving many hazardous
solvents and chemicals and (iii) not highly efficient due to the production of many byproducts
because of the poor regio- and stereoselectivity. In contrast, enzymatic or chemo-enzymatic methods
offer a greener, more efficient and selective process. However, a hindrance to a wider application of
enzymatic methods is the high cost load of the enzyme. Furthermore, enzymes cannot be used to
produce NAs with more complicated modifications due to their inherent substrate specificity.

(a) Purine nucleosides (b) Pyrimidine nucleosides

HO

£ H
OH R

A

Adenine: X=NH,, Y=H Cytosine: Z=NH,, M=H
Guanine: X=0, Y=NH, Thymine: Z=0, M=CHjs

Uracil: Z=0, M=H

Riboside: R=0H, Deoxyriboside: R=H
Fig. 1: General structure of nucleosides showing (a) natural purine nucleosides and (b) natural

pyrimidine nucleosides.

Different approaches can be envisioned to reduce the cost of the biocatalysts. This can happen by
addressing either the enzyme production or how it is used for biocatalysis or both. The former can be
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achieved by high cell density cultivations, optimization of the expression vectors and expression
conditions and using partially purified proteins, crude cell extracts or whole cells. The latter mainly
focuses on reusing the enzymes to make the maximal use of their biocatalytic life span. For this
reason, different immobilization techniques were developed as well as devices that permit
continuous enzymatic reactions. Additionally, dedicated studies of mathematical modeling of enzyme
kinetics enable the in silico optimization of the enzymatic reaction conditions.

Recently thermostable enzymes were identified as interesting biocatalysts for the synthesis of NAs.
They bear many advantages when compared to mesophilic ones. These include easier purification of
the proteins through a heat shock step that disposes most of the proteins of the expression host
(typically E. coli), performing the reactions at higher temperatures (>45 °C) allowing the better
solubility of poorly soluble substrates (many nucleobases) and avoiding the contamination by
environmental mesophilic bacteria. Furthermore, there is the possibility of cosolvency with organic
solvents in the case of poorly soluble substrates and higher diffusion coefficients that are usually
correlated to higher reactions yields (Lasa and Berenguer, 1993; Haki and Rakshit, 2003; Sinisterra et
al., 2010).

In the present work, we set up a whole process of producing nucleoside analogs via a
chemo-enzymatic approach starting with cheap and commercially-available precursors. The
production of thermophilic enzymes was up-scaled from shake flask cultivations to benchtop
bioreactor cultivations. The synthesis of halogen-substituted purine NAs using thermophilic NPs was
studied in both small scale batch reactions and in enzyme membrane reactors. NA production yields
were compared using transglycosylation reactions or direct glycosylation approaches. Finally, the
therapeutic potential of halogenated NAs was studied in human leukemia cell lines.

* Amidation 2 * Azotation

+ Esterification 5. Heh:ocycllc * Halogenation / alkyl substitution
* Phosphorylation ase * N-Conjugation

+ Phosphonation modification

* Phosphoamidation

* Anomeric inversion (B /a) or configuration inversion (D/L)
+ Atom substitution (e.g: halogenation)
* Hydroxylation / dehydroxylation
SuQar * Methylation
* Ring modification (opening/ size)
* Saturation

Fig. 2: Possible modifications of nucleosides, adapted from (Wiebe, 2007; Jordheim et al., 2013).
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2. Scientific Background

Antimetabolites are compounds with a similar structure to their physiological counterparts, hence,
they can affect their production, metabolism or usage and interfere with the involved biological
pathways. Therefore, they represent one of the oldest rationally designed therapeutic classes. As
drugs, they mainly affect the S phase of the cell cycle by mimicking the role of natural metabolites
making them quite eligible for use as antiproliferative agents where the rate of cell division is higher
in cancer cells compared to normal cells. This circumstance also ensures that healthy cells are only
minimally affected (Avendafio and Menéndez, 2008; Peters, 2014; Jeswani and Paul, 2017).
Antimetabolite anticancer drugs are either folate antagonists or nucleoside analogs.

It was the unprecedented drug design approach from Gertrude Elion and George Hitchings that
introduced NA into the focus of research. They created antimetabolites that could interfere with
nucleic acids production and growth inside the cells and should, as a result, possess anticancer,
antiprotozoal, antiviral and antibacterial properties (Fig. 2). They were awarded a Nobel Prize in
physiology or medicine in 1988 on account of their achievements in this research area (Elion, 1989).

After more than 60 years of application, ongoing research suggests that the class of NAs is still
regarded as an interesting field with promising prospect. Sofosbuvir is one clear example that
highlights the potential of this group of therapeutics (Fig. 3). This uridine derivative was developed in
2007 in an endeavor to create compounds that target NS5B RNA-dependent RNA polymerase (RdRp)
and was named after its inventor Michael Sofia. In 2013, it was approved by the food and drug
administration (FDA), under the trade name Sovaldi®, and later by the European Medicines Agency
(EMA) for treating chronic HCV, in combination with ribavirin (another NA; guanosine analog). Almost
a year later, another formulation was approved under the name Harvoni® which combines it with
ledipasvir (HCV NS5A inhibitor). This actually positioned Sofosbuvir as the fundamental core of HCV
treatment regimes. The first year recorded sales of Sovaldi of almost USS 11 billion, marking the most
successful launch in the history of pharmaceuticals (Sofia, 2016).

\r

o

0 o]

HU,,,

"II

Sofosbuvir Uridine nucleotide
Fig. 3: Structure of Sofosbuvir in comparison to the canonical uridine monophosphate. Common parts
are depicted in blue.

Beside the well-known therapeutic value of NAs, there are some other applications that also merit
research. The applications are versatile including, but not limited to, universal or inert bases for
sequencing or PCR reactions, probes for nucleic acids labeling, and increased stabilization and base
stacking by non-specific hybridization (Loakes, 2001; Yang et al., 2018). As they mimic the natural
molecules, they help to visualize and study normal cell physiological processes (e.g., proliferation,
defense mechanisms, drug resistance). Additionally NA derivatives have an increasing importance as

Scientific Background 11



Synthesis of nucleoside analogs as potential medicinal agents Heba Y. Mohamed

fluorescent reporters and click chemistry linkers (Loomis and Bell, 1988; Guo et al., 2010; Choi and
Berdis, 2016; Pereira et al., 2017).

2.1. Naturally occurring nucleoside analogs

NAs with different modifications (Fig. 4) have been isolated from several marine and terrestrial
organisms. Over the years, these substantial discoveries have helped to understand the cellular
metabolic pathways on the molecular level and inspired possible modifications for medicinal use.
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3'-0-acetyladenosine (R= Ac)
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(0]
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- Formycin A (R= NH,)
OH Tubercidine (R= H) Farmycin B (R= DH]Z
Aplysidine Toyocamycin (R= CN)
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N
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D\\ N N N
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(o]
0 0] 0]
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OH OH
Nucleocidin Cordycepin HO Oxetanocin

Fig. 4: Examples of naturally occurring non-canonical nucleosides.

Different genera, mainly sponges and actinobacteria, were reported to be the principal producers of
such bioactive NAs. For example, the pyrimidine analogs spongothymidine and spongouridine
(3-B-D-arabinofuranosyl thymine and wuracill and the adenosine analog spongosine
(2-methoxyadenosine) were first obtained from the marine sponge Cryptotethya crypta (Bergmann
and Feeney, 1950; Bergmann and Burke, 1955; Bergmann and Stempien Jr., 1957). Both compounds
were the basis for developing vidarabine and cytarabine which are still in use as antiviral and
cytotoxic agents, respectively (Laport et al., 2009). Vidarabine was later discovered, together with its
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3'-O-acetyl derivative, in the soft coral Eunicella cavolini (yellow gorgonian) some years after it was
already approved for therapeutic use (Cimino et al., 1984).

Aplysidine has a unique structure with glycosidic bond attached to N7 and its nucleobase resembling
theophylline. It was discovered in the marine sponge Aplysina and like theophylline, it can also
antagonize adenosine Al receptors (Kondo et al., 1992; Huang et al., 2014). 7-Deazaadenosine
analogs tubercidin, toyocamycin and sangivamycin were isolated from different Streptomyces sp. and
sponges (Saneyoshi et al., 1965; Uematsu and Suhadolnik, 1970, 1974; Zabriskie and Ireland, 1989).
8-Aza-9-deaza-adenosine and inosine-like formycin A and B were discovered in various Streptomyces
and Nocardia species (Daves and Cheng, 1976) and are still widely utilized as PNP inhibitors. The
unique fluorine-containing nucleocidin was extracted from the soil bacterium Streptomyces calvus
(Thomas et al., 1956; Morton et al., 1969). 3’-Dehydroxyadenosine (cordycepin) was first identified in
the ascomycete fungus Cordyceps militaris (Cunningham et al., 1950), which is an organism used in
the ancient Chinese medicine. A further adenosine analog with an unconventional four-membered
sugar scaffold (oxetanocin) was first recorded from the bacterium Bacillus megaterium (Shimada et
al., 1986). Even a nucleoside antibiotic compound with a more complex structure like tunicamycin
was found in Streptomyces lysosuperificus (Takatsuki et al., 1971; Ito et al., 1980). Pseudouridimycin
is a recently discovered nucleoside analog from actinomycetes extract and has already gained a
remarkable attention as the first nucleoside analog that selectively inhibits bacterial RNA polymerase.
Therefore, it is considered a promising antibacterial drug candidate that is potent against emergent
antibiotic-resisting strains (Chellat and Riedl|, 2017; Maffioli et al., 2017).

2.2. Nucleoside analogs as therapeutics

Whether they made it into clinical trials, got approved for use by patients, or just remained a record
as a research subject, NAs form a very attractive group for therapeutic value exploration. They can be
developed either by a rational design methodology (e.g., immucillins that inhibit the transition state
of parasitic nucleoside hydrolase, fludarabine that has better solubility and adenosine deaminase
resistance than vidarabine, and clofarabine that combines the advantages of cladribine and
fludarabine) or by screening different substitutions. They have been used since the 1960s as the first
line of therapy for various pathological conditions, especially as anticancer and antiviral agents on
account of their antimetabolite properties (Fig. 5).

NA drugs are administered either in their basic form or with an additional chemical group that
enhances their solubility or bioavailability. This should be distinguished from structural changes to
improve their action or protect them from degradation (e.g. halogenation at the C-2 position of
purines to prevent deamination). In all cases, NAs are considered prodrugs whose 5’-phosphorylated
derivatives express the actual antiproliferative activity.

2.3. Uptake and activation of nucleoside drugs in vivo

Cellular uptake of NAs, which are generally hydrophilic, occurs through transporters located in the
plasma membrane. These are divided into several families that differ in topology, mechanism and
substrate specificity:

1) Concentrative Nucleoside Transporter (CNT) has three isoforms and transports zidovudine,
ribavirin or stavudine.
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Fig. 5: Examples of approved nucleoside analogs used as anticancer (A) or antiviral drugs (B). Adapted
from (Galmarini et al., 2002; Rabuffetti, 2017; Seley-Radtke and Yates, 2018).

14

Scientific Background



Heba Y. Mohamed Synthesis of nucleoside analogs as potential medicinal agents

2) Equilibrative Nucleoside Transporter (ENT) consists of four members and is responsible for the
transport of didanosine, ribavirin or zalcitabine.

3) Organic Anion Transporter (OAT) comprises five isoforms and is responsible for the up-take of
ganciclovir, zidovudine, acyclovir, zalcitabine or cidofovir.

4) Organic Cation Transporter (OCT) facilitates the transport of organic cationic substrates, some
non-charged molecules and anions, and also the transport of zidovudine or ganciclovir.

5) Peptide Transporter (PEPT) that involves four H*-dependent transporters that accept anionic,
cationic, zwitterionic peptides or valacyclovir.

6) Multidrug Resistance Protein (MRP) ejects nucleotides in an ATP-dependent mechanism. It differs
from the other types as its substrate-binding site faces the cytosol. It is responsible for the transport
of lamivudine, adefovir or 5-fluorouracil.

Most transporters are not specific to certain NAs. As already indicated, different transporter proteins
show different mechanisms of action that move the molecules across the cell membrane.
Concentration and equilibration transporters are the most involved in natural nucleosides uptake in
cells lacking de novo synthesis mechanisms. Their action depends on a substrate gradient over the
membrane. Other transporters depend on the availability of two substrates on the different sides of
the membrane (e.g. exchange of anions with a-ketoglutarate via OAT) and are denoted as substrate
exchange transporters. Concentrative Na'- or H'-dependent uptake is another uptake coupled to
channels that keep the transmembrane ionic strength. Substrate export by ATP-dependent efflux
pumps is an energy-dependent route to extrude substrate against concentration gradient (Pastor-
Anglada et al., 2005; Koczor, 2012; Jordheim et al., 2013).

Once inside the cells, NAs first get phosphorylated to the 5’-monophophate derivative by nucleoside
kinase (specifically deoxycytidine kinase (dCK), thymidine kinase (TK) and deoxyguanosine kinase
(dGK); depending on the location and substrate). This first phosphorylation reaction is considered the
rate-determining step for the overall process. It is followed by a second phosphorylation by
nucleoside monophosphate kinase and a third one by nucleoside diphosphate kinase. NAs
administered as nucleobases (e.g., 6-mercaptopurine, thioguanine) are phosphorylated via
phosphoribosyl transferases (e.g., hypoxanthine-guanine phosphoribosyl transferase and adenine
phosphoribosyltransferase) (Galmarini et al., 2002; Jordheim et al., 2013).

2.4. Therapeutic applications of nucleoside analogs

NAs with antineoplastic activity result in cell death and/or suppression of cellular propagation and
repair by manifesting one or many of several mechanisms of actions against both dividing and
quiescent cells. In dividing cells, they are used by polymerases and are integrated into the elongating
DNA or RNA strands. The integration causes the (i) termination of the biopolymer growth when the
following nucleoside fails to bind, (ii) wrong proteins after translation leading to apoptosis of the
concerned cells, or (iii) double helix mismatching that lead to DNA breaks and DNA fragments
accumulation as a result of futile mismatch repair cycles. They can also inhibit several
nucleoside-acting enzymes which perturbs the normal physiological processes and leads to
cytotoxicity (Table 1) (Pizzorno et al., 2003; Tsesmetzis et al., 2018). In resting cells, the activity relies
mostly on impairing the repair mechanisms rather than targeting the DNA synthesis machinery.
Cladribine and fludarabine, known to be active against non-dividing cells, directly activate caspase-9
and caspase-3 apoptotic pathways in addition to causing single stranded DNA breaks during double
helix repair which induces the expression of poly(ADP-ribose) polymerase (PARP) for DNA repair.
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PARP production then depletes the energy-providing-molecules NADH and ATP of the involved cells
(Galmarini et al., 2002; Sigal et al., 2010).

As previously stated, NAs as antivirals prevent viral replication by inhibition of the viral enzymes
(mainly viral polymerases, reverse transcriptase and S-adenosylhomocysteine hydrolase). When NAs
act as substrates for polymerases, they integrate into the nascent DNA or RNA and either cause chain
termination, or lead to mutations in the following DNA repair process. This can cause cell death when
several mutations occur that cross the error catastrophe threshold. Presently, 5 out of 9 infectious
human viral diseases are treated with NAs (Campagnola et al., 2015; Savi¢ et al., 2015; Seley-Radtke
and Yates, 2018). The most important antiviral groups are 2’,3’-dideoxynucleoside analogs and
5-substituted 2’-deoxyuridine derivatives.

Table 1: Effect of different nucleoside analogs on inhibiting pivotal enzymes.

NAs examples Affected enzyme Effect
Pentostatin (2’- Adenosine deaminase  accumulation of adenosine and
deoxycoformycin) (Johnston, 2011) deoxyadenosine and imbalance of the

nucleoside pools which has toxic effects

fludarabine, DNA polymerases esp.  retardation or inhibition of DNA synthesis
cytarabine, vidarabine, polymerase a (Kolesar et and accumulation of cells in G;-S phase
nelarabine al., 1996; Robak et al., boundary
2005)

fludarabine, cladribine, Ribonucleotide concentration of deoxynucleotides decreases
clofarabine, reductase (Pankiewicz, in the affected cells which increases the
gemcitabine 2000; Robak et al., 2005) likelihood of incorporation of the NA in DNA
5-fluorouracil, Thymidylate synthase  imbalance of dNTP pools esp. depletion of
floxuridine, (Tsesmetzis et al., 2018) dTMP and accumulation of dUMP that can be
capecitabine misincorporated into DNA together with NA

decitabine, azacitidine, DNA methyltransferases DNMT binds covalently to DNA containing the
zebularine (Ewald et al., 2008) NA resulting in:
- depleting the global enzyme concentrations
and decrease the overall DNA methylation
- steric hindrance for further DNA elongation

forodesine, peldesine, PNP (Bzowska et al., increased levels of dGuo and dGTP disturb
6-mercaptopurine 2000; Balakrishnan et al., the concentration of dNTP pools and
2006) consequently cause cell death

As parasites are often incapable of de novo purine synthesis, inhibiting any of the enzymes of the
salvage pathways (e.g., kinases, PPRT, PNP, MTAP, hydrolases) can kill the respective parasitic cell
(Lawton, 2005; Vodnala et al., 2016). One drawback, however, is the similarity between the pathways
of the host and the eukaryotic parasitic cells which limits the practical use due to high levels of
toxicity. Another antiparasitic-acting approach is using compounds that block pathways which only
exist in the pathogen without affecting the corresponding enzymes of the host. For example, it was
found that PNP from Plasmodium falciparum (PfPNP) is involved in both purine and polyamine
metabolisms and can recognize the substrate 5’-methylthioinosine that does not exist in human
metabolism. Thus, the rationally designed group of immucillins was developed to inhibit the PNPs
leading to purine starvation of the parasite and purine-less death (Shi et al., 2004; Chaudhary et al.,
2006). However, despite the great impact of parasitic diseases on humans and domestic animals, the
present research directed towards antiparasitic drugs discovery and development is not as extensive
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as the one for antineoplastic and antiviral purposes. Currently, most of the NAs studied for parasites
treatment are originally developed and investigated for cancer research. Furthermore, antineoplastic
drugs are being used off-label for veterinary antiparasitic use.

The research on NAs as antibacterial agents has decreased in the past two decades in favor of the
expanding anticancer and antiviral screening. Yet, with the immense development of new resistant
strains, more focus and new strategies have to be directed towards this worldwide threat (e.g.
capuramycin derivatives and pseudouridimycin). In this context, NAs can represent useful
bacteriostatic or bactericidal candidates via several mechanisms; such as (i) inhibition of cell wall
peptidoglycan synthesis, (ii) inhibition of various enzymes that play a role in nucleoside synthesis or
salvage pathways, or (iii) inhibition of enzymes involved in nucleic acid or protein synthesis (Serpi et
al., 2016; Maffioli et al., 2017).

Beside the well described acute and chronic fungal infections, newly emerging resistant strains are
being reported as the cause for high levels of morbidity and mortality due to nosocomial infections in
immunocompromised patients. Consequently, similar to the aforementioned mechanisms for
antibacterial therapy, antimicrobial fungal treatments are sought (Serpi et al., 2016). Interestingly,
the first reported examples of the class of antifungal chitin synthase inhibitors were polyoxins; a
group of pyrimidine analogs (Isono et al., 1965).

Apart from their antimicrobial and cytotoxic activity, some NAs can cross the blood-brain barrier,
which can be used to alleviate neuropathological conditions and modulate neuroinflammation. This
contributes to their therapeutic effect against some viral infections like HBV, HCV and HIV (Gish,
2006; Savi¢ et al., 2015). Furthermore, nucleosides and nucleotides can be used in enteral
immunonutrition to modulate immune system proliferation; promoting the growth of intestinal
microflora and the development of lymphocytes, natural killer cells and macrophages (Hu and Yang,
2014). Dietary nucleotides are absorbed as nucleosides in the small intestine and are specially added
to infant formulae due to the high rate of growth (Yu, 2002). They are also commonly used as flavor
enhancers (Del Arco et al., 2017) yet, they are regarded as the underlying causes for increased uric
acid levels and gout. Some purine NAs express T-cell selective immunosuppressive activity and are
administered for patients with autoimmune disease (e.g., systemic lupus erythematosus, multiple
sclerosis or rheumatoid arthritis) or after organ transplantation (Robak et al., 2006; Jordheim et al.,
2013).

2.5. Chemical synthesis of nucleoside analogs

The chemical synthesis is still the state of the art for NAs production in both laboratory and large
scale. As nucleosides are polyhydroxylated compounds with multiple active positions, the OH groups
have to be first replaced with good leaving (protecting or directing) groups to guarantee the highest
B/a product ratios and that the reactions take place at the correct positions. Later, these substituents
have to be removed in additional purification steps that add to the laboriousness, time consumption,
hazardous solvents and chemical consumption and total cost of the whole production process. Yields
depend on the structure of the heterocyclic base, sugar donor, reaction conditions and catalysts. This
renders an estimation of the reaction efficiency difficult and a subject of case-by-case judgement.
Some harsh reaction conditions are also accountable for the poor yields as either the reactants,
intermediates or products do not tolerate them. The acidic degradation of deoxyriboside purines is
an example.

Chemical synthesis of NAs follows one of two different approaches (Shelton et al., 2016). In the
divergent method, a C-N glycosidic bond already exists and reactions modify a nucleobase or
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N-substituted ribosylamine. Hence, the proper B-anomer acquisition is guaranteed. The second, the
convergent method, depends on protecting a heterocycle and a sugar scaffold, then connecting them
with a glycosidic bond. This is the more commonly employed approach in pyrimidine nucleosides
production as it also permits broader structure diversity. Purine nucleosides, on the other hand, are
more difficultly acquired due to the formation of several byproducts (N3, N7, N9 sugar addition).

2.6. Enzymatic synthesis of nucleoside analogs

Enzymatic reactions proved themselves as a scientifically-attractive field of study and a convenient,
indispensable, efficient and reliable alternative for NAs production over several decades.

In contrast to the conventional chemical methods, enzymes offer a more efficient regio-, stereo- and
enantioselective approach. They are a greener and more environmentally-friendly option that avoids
using hazardous solvents and chemicals. They are also less laborious and comprise less procedure by
avoiding the multiple protection-deprotection steps. This reduces the need for product purification
between steps and decreases the number of byproducts. Furthermore, enzymatic reactions often
take place at mild conditions of temperature, pH and pressure, which avoids product degradation or
the formation of racemic mixtures of multiple isomers. On the other hand, employing enzymatic
synthesis has its own drawbacks. The most pronounced of which is the cost load of the enzyme and
the great specificity of the enzyme catalysts, which makes it crucial to have a vast library to facilitate
different alterations.

Since the cost of enzyme production is the strongest limiting factor that prevents large scale
application, economic approaches have been developed to overcome this challenge. They involve
using whole cells, immobilized enzymes or continuous enzyme reactor systems. These approaches
were shown to enable the reuse of the enzymes or to increase the lastingness thereof.

Many enzyme types and classes were investigated concerning their role in (chemo-)enzymatic
nucleoside chemistry. The diverse enzymes with versatile actions allow a broad array of reactions/
modifications to the natural enzymes. In most cases, these reactions were inspired by the
physiological pathways of de novo nucleoside biosynthesis and salvage. Nucleoside modifying
enzymes can be sorted into three categories (Condezo et al., 2006; Li et al., 2010): I. hydrolytic
enzymes, Il. oxygenases, or lll. transferases.

Hydrolytic enzymes can either alter substituents on the heterocyclic base (e.g., adenosine
deaminase) or on the sugar moiety (Table 2). As known for hydrolases, they have a wide range of
activity and substrates. So, they can catalyze the break of several different chemical bonds in the
presence of water and they can also catalyze the reverse chiral stereoselective synthesis. For
example, inosine-uridine nucleoside hydrolase, involved in the purine salvage in parasites, catalyzes
the N-ribohydrolysis of inosine into hypoxanthine and ribose via the formation of a
ribooxocarbenium ion transition state. This founded the basis for the development of some
antiparasitic drugs (e.g., p-aminophenyliminoribitol that inhibits the hydrolase enzyme and the
transition-state inhibitors immucillins) (Mazumder et al., 2002; Lawton, 2005).

Oxygenases oxidize the hydroxyl groups on the sugar moiety into aldehyde and carboxylic groups
(e.g., formation of uridine-5’-aldehyde, a precursor for the antibiotic muramycin that inhibits
bacterial cell wall synthesis) (Scheme 1). The reaction is facilitated by non heme, mononuclear
Fe(ll)/alpha-ketoglutarate dependent oxygenase (Goswami et al., 2017; Huang et al., 2018).

Transferases catalyze the association of a heterobase (sugar acceptor) to the ribosyl moiety liberated
from a sugar donor. Physiologically, they have a fundamental role in nucleoside salvaging which
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makes them essential for organisms that lack de novo synthesis mechanisms. They are divided into
two classes: nucleoside deoxyribosyltransferase and nucleoside phosphorylases. Both enzymes
exhibit a high degree of regio- and stereoselectivity where the B-stereoisomer of N-9 purine and N-1
pyrimidine glycosylation are predominantly, if not absolutely, formed.

Table 2: Different nucleoside modifications catalyzed by hydrolytic enzymes. Reaction schemes were
adapted or from (Li et al., 2010; Lapponi et al., 2016).

Enzyme Reaction
Adenosine
deaminase NH, o
/N NH ) NH
4
I I
N . . N
o adenosine deaminase (ADA) Ho
o] > o
ol ol
OH OH
Vidarabine (Ara-A) 9-B-D-arabinofuranosyl hypoxanthine

Conversion (inactivation) of vidarabine by adenosine deaminase

L|pase Base Base

Lipase from Candida albicans
\/\I'r \I&

OH

Enantioselective acylation/ deacylation of OH groups yielding compounds with
improved absorption

Esterase
fase esterase from pig liver Base gase
" M c“j
Base Base
R,0 esterase from pig liver HO
—’,
{s] (s]
OR, X OH
Enantioselective hydrolysis to clean up racemic mixtures and deblocking acyl
groups
Protease i
N N subtilisin protease from
|)5[ \ . . J\/I,\ Bacillus licheniformis )‘I
ALY e =
Acyclovir L-valine methyl ester Valacyclovir NH,CI
Formation of a-branched amino acid derived prodrugs with better chemical
stability, aqueous solubility and oral bioavailability
B- 5’-0-B-glycosylated prodrugs formation with better solubility and therapeutic

galactosidase efficiency
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Scheme 1: Conversion of uridine monophosphate to uridine-5’-aldehyde catalyzed by oxygenase.
Adapted from (Goswami et al., 2017).

2.6.1. Nucleoside deoxyribosyltransferases (NDT)

Nucleoside deoxyribosyltransferases (NDT, EC 2.4.2.6) are most commonly found in Lactobacilli sp.
with less representation in Lactococci and some parasites. They catalyze the 2-deoxyribose sugar
exchange between two nitrogenous bases (purine/purine, pyrimidine/pyrimidine or
purine/pyrimidine). A purine-specific subclass (PDT) was found to exclusively recognize purine bases.
NDTs are specific for 2’-deoxyribosyl nucleosides displaying a remarkable tolerance to base structure
modifications. However, some studies also showed a catalytic effect on arabinosyl and 2’-
fluororibosyl nucleosides (Fernandez-Lucas et al., 2010; Fernandez-Lucas et al., 2011).

NDTs are homohexamers with one catalytic site per monomer and two subunits constitute a whole
catalytic unit (Armstrong et al., 1996; Anand et al., 2004). It was also found that 3’ and 5’-OH groups
in the substrates are critical for the catalytic activity by binding to the conserved amino acids Glu-98,
Asp-92 and Asn-123 to correctly position the nucleosides within the binding site (Fig. 6) (Kaminski et
al., 2008; Fresco-Taboada et al., 2013). The nucleobase binding site differs between NDTs and PDTs.
In NDTs, the base binding is achieved via the residues GIn-46, Asp-72, and Tyr-157.

The reaction occurs through a ping-pong double placement mechanism with an intermediate
dR-enzyme formation, that later transfers the sugar moiety to the second base. From an industrial
perspective, as this enzyme is capable of performing both the cleavage and binding steps (cf. NPs), it
is a candidate for immobilization, which is an economical requisite for scalability.

2.6.2. Nucleoside phosphorylases (NPs)

Nucleoside phosphorylases (NPs) are ubiquitous, extracellular, polymeric enzymes. They have
become the most studied enzyme class with respect to nucleoside biosynthesis since the first
member was isolated from rat liver (Kalckar, 1945). They facilitate the reversible breakage/formation
of a glycosidic bond between nucleobase and sugar moiety in the presence of inorganic phosphate. In
vivo, the thermodynamic equilibrium directs the reaction towards nucleobase liberation while the
opposite occurs in vitro. They are classified with respect to their catalytic domains and substrate
spectra into two major classes: NP-I that comprises purine nucleoside phosphorylases (PNP, EC
2.4.2.1), 5’-methyl thioadenosine phosphorylase (MTAP, EC 2.4.2.28), uridine phosphorylase (UP, EC
2.4.2.3) and the NP-Il family, whose members are pyrimidine nucleoside phosphorylase (PyNP, EC
2.4.2.2) and thymidine phosphorylase (TP, EC 2.4.2.4). The reactions take place through the
formation of an a-D-pentofuranose-1-phosphate (a-PF-1-P) intermediate.
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Fig. 6: Active site of NDT from Lactobacillus leichmannii with thymidine as substrate. Adapted from
Fresco-Taboada and colleagues (Fresco-Taboada et al., 2013).

2.6.2.1. Catalytic mechanism

The catalytic mechanism is quite conserved among the different subclasses. An Syl1, bi-bi,
substrate-assisted mechanism is universally proposed (Erion et al., 1997). NPs are specific for
B-nucleosides generating a-PF-1-P products. The nucleoside binds in an electron-rich conformation,
which leads to a steric or van der Waals strain. Electrons flow from 0-4 of the sugar to the
nucleobase and a ribooxo-carbenium ion is formed as a transition state that is stabilized by the
second substrate (phosphate anions). Interactions of the active site sustain the electron flow to the
heterocyclic ring ending in glycosidic bond cleavage (Erion et al., 1997; Caradoc-Davies et al., 2004;
Yehia et al., 2017).

2.6.2.2. Active site residues

Detailed information to the structure and active site residues for the different kinds of NPs are
summarized in paper | and paper Il of this thesis. Within the NP classes, the amino acid sequences of
the catalytic domain display conserved residues and a homologous subunit topology in many cases,
despite low homology levels of the overall sequences and quaternary structures. NP-l enzymes exist
in several oligomeric states: dimers in case of eukaryotic UPs, trimers as in mammalian PNPs and
MTAPs, and hexamers (trimers of dimers) in the cases of prokaryotic PNP, MTAP and UP. NP-I|
proteins consist of a/B protein folds with superimposing secondary structures among all types.
Interestingly, UP has higher structural resemblance to PNPs than PyNPs, that also catalyze pyrimidine
nucleoside reactions (Caradoc-Davies et al., 2004). In NP-I members, the phosphate binding site is
found in the N-terminus of a-helix. It is characterized by three arginine residues that act towards
oxygen atoms of the phosphate anion, main-chain nitrogen atoms and a side chain of OH residues
that participate in hydrogen bonds. They have the same pattern of ribose binding to its specific site
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that relies on hydrophobic van der Waals interaction. The unique hydrophobic pocket recognized in
the sugar binding site of human MTAP, comprising the amino acids His-257 and Val-233, is allegedly
responsible for its binding to 5’-deoxy-5’-methylthio group. The nucleobase binding site, however,
shows a distinction that accounts for the specificity of UPs despite the common noncovalent
ni-stacking by the conserved phenyl alanine. The hydrophilic nature of the base pocket forming
hydrogen bonds with the purine is replaced with a hydrophobic one in UPs that also contains extra 23
inserted amino acids in the 163-185 region. Therefore, its smaller volume prevents against binding of
the double ring structure. A similar remark is noted for trimeric and hexameric PNPs, the latter being
more substrate tolerant due to a more open base binding site (Mao et al., 1997; Pugmire and Ealick,
2002; Caradoc-Davies et al., 2004).

NP-1l enzymes are homodimers whose subunits consist of a/B/a folds, not related to the ones in NP-I,
implying an independent evolution. Like the PyNP from E. coli that is known for its narrow substrate
spectrum, TP also has a methionine instead of Lys-108 of other PyNPs. This is probably the reason
behind their specificity towards 2’-deoxyribosides. On the other side, the NP-1I's conserved arginine,
lysine and histidine residues provide electrostatic interactions to stabilize the oxocarbenium
transition state (Pugmire and Ealick, 2002; X F Gao et al., 2006; Yehia et al., 2017).

2.6.2.3. Substrate spectra of NPs

Despite a conserved catalytic mechanism, NPs of different origin show diverse substrate spectra. The
native profile for NP-I enzymes is that mammalian trimeric PNPs are specific for oxo-purine
nucleosides while bacterial hexameric PNPs recognize both oxo- and aminopurine nucleosides. The
other enzymes reflect their names yet, their substrate spectrum can also be variable. Detailed and
comprehensive description can be found in paper | and paper Il. General, interesting remarks are:

» MTAPs can usually accept 6-amino and 6-oxopurines. Many of them can also cleave adenosine,
5’-halogenated sugars and longer S-aliphatic chains. Electron donating and withdrawing groups at
C2 are tolerated by some. A thermophilic kind, AbMTAP, even accepts C2’ modified substrates
(zhou et al., 2013; Yehia et al., 2017).

» PNPs are reported to have a wide substrate spectrum with both base and sugar variations. Yet, the
loss of hydroxyl groups at C2’ and C3’ of the substrates’ sugar decreased their reaction rates, in
comparison to ribosides, due to the decreased electronegativity on C1’. The unusual N3-C1’ and
N7-C1’ nucleosides have records of being cleaved by different PNPs. Open ring nucleosides (e.g.,
ribavirin) are also ribosylated by both bacterial and mammalian PNPs (Yehia et al., 2017; Kamel et
al., 2018).

> Cytidine is not phosphorolyzed by UP or TP. Interestingly, it was cleaved by the thermozyme MTAP
from Aeropyrum pernix (Caradoc-Davies et al., 2004; Zhou et al., 2013).

» UPs are, despite their name, not specific for 2’-hydroxyl nucleosides. Electronegative groups at C5
like fluorine render the corresponding nucleosides better substrates compared to the canonical
ones because the electron withdrawal aids breaking the glycosidic bond and therefore, the
detachment of the base from the enzyme is easier (inductive force). The bigger electronegative
substitution with bromine has two coalescing forces, both functioning in a way that the glycosidic
bond cleaves easier (both the aforementioned inductive force and steric forces with Ile-220 and
Val-221 distorting the riboside binding angle). In case of electron donating groups (e.g. methyl
group), these two forces are opposite to each other due to the increased electron density on the
base (Caradoc-Davies et al., 2004).
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» PyNPs are not as well-studied as PNPs but it is already known that a wide range of C5 and C2’
modifications are recognized by many PyNPs (Yehia et al., 2017).

» TP requires the presence of 3’-OH to form hydrogen bonds with NH-group of Thr-123 whereas
2’-OH blocks His-85 from binding to the carbonyl group on C2. Hence, riboside nucleosides are
considered as inhibitors (Panova et al., 2007).

2.6.2.4. Synthesis of modified nucleosides by nucleoside phosphorylases

PNP-catalyzed reactions favor the nucleoside synthesis direction more than PyNPs (Fresco-Taboada
et al., 2013). This is the basis of transglycosylation reactions where pyrimidine nucleosides act as
sugar donors and purine bases as sugar acceptors (Scheme 2).

b @ </~ 5 *\ .
= RN () w

PyNP/ TP/ UP PNP/ MTAP

a-PF-1P

Scheme 2: Transglycosylation reaction.

This concept involves the combination of sequential two NP-catalyzed reactions in one pot. In a first
step, a pyrimidine nucleoside is cleaved by PyNP in the presence of inorganic phosphate to the free
base and a-PF-1-P. In the second step, PNP binds the purine base to the activated sugar, giving rise to
a purine nucleoside. The phosphate is subsequently liberated again. It is obvious that this could also
be carried out using two pyrimidine or two purine bases depending on the reaction’s dynamic
equilibrium.

Another approach that employs the same reactions is the separation of the two reactions in two pots
with a purification step for the a-PF-1-P in between. This is especially helpful when the sugar donor is
a poor enzyme substrate (high k, low V.,) e.g, 2'-deoxy-2’-fluorouridine or
2’-deoxy-2’-fluoroarabinouridine, which are the precursors for the important class of 2’-fluoropurine
nucleosides. Further information is given in paper Ill.

2.6.2.5. Production of modified nucleosides in larger scales

Almost all enzymatic syntheses routes described so far were performed in microliter scale. Yet, some
few larger scale trials were also documented to produce the antiviral ribavirin. The endogenic
synthesis during the cultivation of guanosine-producing Bacillus sp. is an example. The ribavirin
formamide precursor 1,2,4-triazole-3-carboxamide (TCA) is added during the cultivation where the
overexpressed PNP adds the ribofuranosyl scaffold. The highest yield reached 19.1 g L' ina 7.5 L
bioreactor culture (Chen et al., 2009; Ma et al., 2014). Another pilot-scale synthesis scored 97 % TCA
conversion into ribavirin over 168 h in a 20 L enzymatic reaction (Sakharov et al., 2015). Another
attempt for the synthesis of cytotoxic 2’-deoxyribosides in 40-100 mg scale was done over almost 4
days reaction (Huang et al., 1981, 1983).

The main obstacle against the spreading of alternative large scale synthesis is the cost-effectiveness
(Del Arco and Fernandez-Lucas, 2018). The time required for sufficient production usually exceeds
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the life time of the known enzymes under the given conditions. Pure active enzymes are expensive to
obtain and preparing them for re-use is not an easy process. The poor solubility of many NAs
precursors acts against good volumetric yields. Harsher conditions of temperature, pH or organic
solvents can usually not be applied as the enzymes do not withstand these conditions. Therefore, up-
scaling the enzyme expression or increasing the soluble enzyme volumetric yield of the bacterial
culture are important tools towards gaining a wider acceptance of the large scale enzymatic
synthesis.

2.6.2.6. Application of thermostable enzymes

The increased interest in thermophilic organisms and their inherently stable enzymes that started in
the 1970s has contributed to the advancement and new aspects of nucleosides synthesis research.
Thermostable enzymes possess rigid structures and express their optimal activity at temperatures
around that of their original organisms. However, they retain the same catalytic activity as their
mesophilic counterparts. In addition to thermal stability, they also tolerate a wide pH range and
chemicals (e.g. organic solvents). With respect to purine nucleosides formation, these characteristics
help solving the problem related to nucleobases’ poor solubility by using higher temperatures and
organic solvents like DMSO, DMF and 2-methyl tetrahydrofuran (Bruins et al., 2001; Almendros et al.,
2012). Generally, other advantages involve (i) resisting the contamination by mesophilic enzymes
that might lead to proteolysis, (ii) better mass transfer, (iii) less viscous reaction mixture through the
use of higher temperatures and consequently lower power is needed for mixing, (iv) higher substrate
concentrations and thus higher volumetric yields, and (v) the option to recycle the enzymes due to
their higher stability (Bruins et al., 2001; Haki and Rakshit, 2003). These merits compensate the extra
costs of energy and heating, and make thermozymes good candidates for commercial and industrial
use. As a result, thermophilic enzymes do not require a strictly controlled environment and have a
high robustness for up-scaling.

Establishment of a cost-effective industrial process, especially with the current routine protocols of
recombinant protein expression in mesophilic host organisms is possible while retaining the
properties of the native enzyme (Vieille and Zeikus, 2001). Thereby, they are less expensive to
produce than in the original organism, because the protein purification is as simple as adding an
affinity tag or a heating step that denatures the mesophilic proteins (Bruins et al., 2001).

So far, thermostable enzymes involved in nucleoside synthesis have been isolated from many
bacterial genera and archaea and were successfully immobilized and used in various forms and
setups (Sinisterra et al., 2010; Yehia et al., 2017; Del Arco and Fernandez-Lucas, 2018). These
enzymes belong to different NP classes, however, no thermostable NDTs have been identified so far.

Enzyme recycling is rather significant for rendering the reactions more economical and thus,
encouraging their use. Detailed examples are given in paper | and paper Il. In whole cell catalysis,
both native and recombinant cells are used. The optimal activity is described to be best when the
cells are in the late exponential or the early stationary phase and the nucleoside salvaging is
maximized (J A Trelles et al., 2004; Noébile et al., 2010). Whole cells, per se, can be functionally
regarded as immobilized enzyme systems and the cells are retrieved by centrifugation and
resuspension. The complexity of whole cells, however, hinders their wide spread application as it
increases the chance of byproduct formation. Furthermore, products could be degraded by other
enzymes (e.g. deaminases) (J A Trelles et al., 2004; Li et al., 2010).

The application of crude cell lysate may not be particularly beneficial over pure enzyme in terms of
recycling but it spares the work and cost of enzyme purification. Crude cell lysates have been widely
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used for the synthesis of NAs. It is pronouncedly helpful in case of thermostable enzymes expressed
in mesophilic hosts since a heating step is enough to eliminate most of the host proteins (Bruins et
al., 2001; Almendros et al., 2012).

Immobilized pure enzymes are in principle the best technique for enzyme recycling. The choice of a
proper support material is critical in the beginning but the method affords the advantages of
reusability and easier product purification. Good examples were given by different research groups
who used magnetically active supports that could be easily removed from the medium (Fernandez-
Lucas et al., 2013; Zhou et al., 2015). Drawbacks, however, are the decreased volumetric activity due
to masking of the active sites, low loading capacity especially if two enzymes are co-immobilized,
troublesome multimeric enzyme stability or enzyme leaking over several runs. These reasons
necessitate the assessment of the cost-effectiveness by comparing the product amounts vs. the
preparation costs.

Enzyme reactors allow the maximum use of the enzyme especially when operated in fed-batch or
continuous mode. Unlike the batch reaction method, where the catalytic activity is terminated with
the end of the reaction time, the reaction continues as long as the enzyme is still active allowing for
making the most of the enzyme’s potential. The enzyme is usually attached to an inert support or
enclosed in a membrane with a molecular weight cut-off (MWCO) smaller than the enzyme’s, which
also allows its subsequent retrieval.
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3. Aim of the Project

Due to a widespread application of nucleoside analogs in various fields and the still available
drawbacks of the chemical synthesis processes, there is a need to optimize available methods for the
enzymatic synthesis of NAs. The actual study focuses on the enzymatic synthesis of NAs with
thermostable nucleoside phosphorylases. The following research questions were addressed:

1. Does the two-pot sequential glycosylation reaction afford better final product yields than the
one-pot cascade transglycosylation reaction?

To produce sugar-modified NAs, two approaches were compared: transglycosylation reactions and
direct glycosylation reactions. As an example 5-ethynyluracil (EUra) was used as sugar-acceptor, since
EUra-containing NAs are of high interest in the field of diagnostics.

2. Can thermostable nucleoside phosphorylases be efficiently produced in benchtop bioreactors?

To increase the active protein yield, a suitable fed-batch cultivation method was developed by
adjusting critical parameters like glucose feed, concentration of the inducing agent or time of
induction. Correspondingly, glucose concentration, culture optical density, dissolved oxygen tension
were closely monitored during the cultivation.

3. Can halogenated NAs be produced in 100 mg scale with high purity?

Protocols were developed to produce and purify halogenated NAs in batch reactions with high yield
and purity. NAs were purified by preparative HPLC and structures were confirmed by NMR.

4. Can NAs be produced in continuous enzymatic membrane reactors?

To reduce the enzyme cost, continuous methods to produce NAs were evaluated. A continuous
enzyme reactor controlled by a mini computer was established and used for the synthesis of
2’-deoxyadenosine and two NAs. Purified enzymes and heat-treated extracts were applied and
compared for their efficiency.

5. Do NAs produced in an enzymatic process show the same biological activity as NAs produced by
a chemical method?

The purified halogenated NAs were tested for their cytotoxic activity against different human
leukemic cell lines using standard assays. 1Csq values were determined.
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4. Materials & Methods

4.1. Bacterial strain

Protein expressions were done using E. coli BL21-Gold strain bearing a modified pCTUT7 expression
vector (Zhou et al., 2013) carrying NP genes. The cell bank was stored at -80 °C in LB medium
containing 25 % glycerol.

Three strains producing three different PyNPs (PyNP 01, 02, 04), two strains producing two PNPs
(PNP 01, 02) and one MTAP-producing strain (PNP 03) were used throughout the course of this work.
The clones were kindly provided by BioNukleo GmbH.

4.2. Media

Lysogeny broth (LB) and terrific broth (TB) media were prepared according to (Sambrook and Russell,
2001). Bioreactor cultivations were done in mineral salt medium (MSM) (Holme et al., 1970) (g L™):
14.6 K;HPO,, 3.6 NaH,P0,.2 H,0, 2.0 Na,S0,, 2.47 (NH4),S0,, 0.5 NH,CIl, 1.0 (NH,),-H-citrate, 0.1
thiamine hydrochloride, 2 mM MgSQO,, 0.1 mL antifoam PPG2000 and 2 mL trace elements solution.
Trace elements solution was composed of (g L'™Y): 0.5 CaCl.2H,0, 0.18 ZnSO,-7H,0, 0.10 MnSO,-H20,
20.1 Na,-EDTA, 16.7 FeCl;-6H,0, 0.16 CuSO,45H,0, 0.18 CoCl,-6H,0, 0.085 Na,Se0;-5H,0, 0.14
Na,Mo00,-2H,0, and 0.725 Ni(NOs),-6H,0. For the batch phase 5 g L™ glucose was added while the
feeding solution contained 500 or 850 g L™ glucose.

HEK293 cells were cultured in low glucose Dulbecco's modified Eagle's medium (Biowest) containing
10 % fetal bovine serum, 2 mM glutamine, non-essential amino acids, 4.5 mg mL™* glucose and the
antibiotics penicillin and streptomycin. HL-60 and CCRF-CEM were cultured in RPMI 1640 w/o
L-glutamine supplemented with 10 % fetal bovine serum, 2 mM glutamine and the antibiotics
penicillin and streptomycin.

4.3. Protein expression and purification

4.3.1. Cultivation in shake flasks

PyNP 01, 04 and PNP 01, 03 were produced in EnPresso® B medium (Enpresso GmbH, Berlin,
Germany) at 30 °C, while PyNP 02 and PNP 02 were produced in TB medium at 37 °C. In both cases,
precultures were prepared from glycerol stocks in LB at 37 °C. Antibiotics were added based on the
resistance genes. All the cultures were prepared in Ultra Yield™ flasks, covered with AirOtop™
Enhanced seals (Thomson Instrument Company, California, USA) and incubated in incubation shaker
(Infors HT, Switzerland) at 200 rpm. The culture volume was 20 % of the flask total filling volume. The
IPTG concentration for induction depended on the produced protein (Table 3).

4.3.2. Cultivation in bioreactors

Fed-batch cultures were carried out in a 3.7 L benchtop bioreactor (KLF2000, Bioengineering,
Switzerland). On-line monitoring involved measuring pH, temperature, dissolved oxygen tension
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(DOT), and O, and CO, in the exhaust gas using the BluelnOnes., sensor (BlueSens, Baesweiler,
Germany).

A series of cultivations were run for some NPs and the parameters were adjusted in each consequent
cultivation to improve the running process in terms of time and volumetric and biomass yield of
soluble protein. A general scheme is described here while the variations are illustrated in the results
section (Table 3).

Two consecutive precultures were used for every bioreactor cultivation. Preculture 1 was prepared
by inoculating 10 mL LB with 1 mL glycerol stock and incubating at 37 °C, 200 rpm for 6 h. Second
preculture was prepared in Ultra Yield flask containing 50 mL EnPresso B (A) or 5 % glucose in MSM
(B) inoculated with preculture 1 and covered with AirOtop seals. The second preculture was
incubated at 30 °C, 200 rpm for 18 h.

The bioreactor cultivations were carried out at 30 °C and comprised three phases: (1) initial batch
cultivation in 2 L MSM medium containing 5 g L™ glucose as a sole carbon source, (2) fed-batch phase
with exponentially increasing glucose feeding, and (3) protein production phase after induction with
IPTG. The pH was tightly controlled at 7.0 + 0.05 using 25 % (v/v) NH,OH. The DOT was regulated
through the adjustment of stirring rate and air flow rate. Foaming was controlled by adding antifoam
(PPG2000) manually in 0.1 mL steps, whenever foam appeared.

After glucose consumption in the batch phase, indicated by zero residual glucose and increased DOT,
glucose feeding was started at a rate calculated according to the following equation:

Folgl' = HorKoVo Equation 1.
Cfo/s
X, - cell dry weight (gL™) at the end of the batch phase (calculated from a correlation between

previous ODgy and DCW measured values)

V, - culture volume (L) at the time of feeding start

Umax - SPecific growth rate calculated during batch phase (h™)
Uset = 75 % OF Umax

C; - glucose concentration in the feeding solution (g L

Yy/s - yield coefficient (g g”'; biomass produced per glucose), calculated from the batch phase

While normally L. is used in the calculation of the initial feed rate to achieve the targeted specific
growth rate within a short time, Y.« Wwas used in the bioreactor cultivations (I-1ll), to have a slower
decrease of the specific growth rate, which may better adapt the cells to the induction. In cultivations
IV and V, peer= 75 % Umax Was used due to the incidents of glucose accumulation.

The exponential feeding was continued until late growth stage then filter-sterilized IPTG was added in
the same concentration as in the shake flask. Only in the case of fed-batch cultivation V (PNP 03),
IPTG was added by comparing the ODgq in the bioreactor to that in the shake flask at the time of
induction. The feeding was then switched to a constant mode with a flow rate = % the last flow rate
and continued until ODggy No less than 100 or until the excessive foaming was no longer suppressed
by PPG2000. Only in the fed-batch cultivation IV, the feeding after induction was switched to a linear
one with feeding = 0.5 x F; in an attempt to gain more biomass and hence, more protein while
avoiding glucose accumulation.

Extra 2 mM Mg** (from 1 M stock solution of MgS0,) were added by bolus feed in the fed-batch
cultivations IV and V for every increase of ODgy= 20.

Samples were taken hourly from the bioreactor for ODgy measurement, dry cell weight
determination and residual glucose. In fed-batch cultivation V (PNP 03 production), extra samples for
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Mg®*, acetate, pyruvate concentrations were analyzed. Samples for protein analysis were collected
after induction and stored at -20 °C until analysis (Section 4.3.5).

4.3.3. Determination of cell growth

Cell growth in shake flasks and bioreactors was monitored by measuring the absorbance at 600 nm
(ODgqo) With a UV/Vis spectrophotometer (Ultrospec 3300, Amersham Biosciences, Germany).

The specific growth rate (u) was calculated during the batch phase between two consecutive
ODgpo measurements.

In bioreactor cultivations, cell growth was also analyzed by determining the dry cell weight (DCW).
Therefore, 2 mL were centrifuged at 16,000 g for 5 min at 4 °C (CT 15R€, VWR, Japan). The
supernatant was later used for the analysis of extracellular medium components (Section 4.6.2 and
4.6.3) and the cell pellet was washed with 0.9% NaCl,; (w/v) and dried at 75 °C for 24 h.
Measurements were done in duplicate.

Table 3: Overview of thermostable NPs overexpression in fed-batch bioreactor cultivations and shake
flasks.

KLF bioreactor Shake flask

Symbol Protein Glucose feed Preculture” IPTG Medium IPTG (uM)
(gL (M)

| PyNPO4~ 500 A 500 EnPressoB 500
Il PyNPO02 500 A 100 B 100
Il PNPO2 500 A 100 B 100
IV PNPO02 500 B 100 B 100
Vv PNP 03 850 B 100 EnPresso B 20

"A: second preculture was carried out in EnPresso® B, B: second preculture is in 5 % glucose in MSM.
” PyNP 04 has chloramphenicol resistance cassette instead of ampicillin.

4.3.4. Exhaust gas analysis

A mass balance of the gas phase is postulated around the reactor for the calculations according to
the following equations:

44
VFXVM

o {04
1-Yo,-Ycoz

(O] (O]
1-Y5,-Y¢o2

Oxygen uptake rate Qq, [molo, (L )] = X |Y5, — X Y35, Equation 2.

Carbon dioxide production rate Qcg, [molco; (L h)!] = VFZOG:/M X [Yé¢bz X % — Y8021
Equation 3.
Respiration coefficient RQ [-] = %C—OOZZ Equation 4.
Specific oxygen uptake rate go, [molo, (g h)™'] = % Equation 5.
Specific carbon dioxide production rate qco, [Mmolco, (g h)"] = % Equation 6.

V& - gas flow at the inlet (Lh™)
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Y$2, Yoz - oxygen and the carbon dioxide mole fraction in the inlet gas
YS, , Yéb2 - oxygen and carbon dioxide mole fraction in the exhaust gas
Vg - liquid volume (L)

Vy - molar gas volume of 22.4 L mol™
4.3.5. Protein analysis and quantification

ODgoo= 5 cell samples were collected during protein expression. Cells were resuspended and
disrupted using lysis buffer with the composition: 50 mM NaH,PO,, 300 mM NaCl, 1 mM MgCl,,
1 mg L™ lysozyme (Fluka™), 25 U mL™ benzonase® (Novagen®), 0.1 mM phenylmethylsulfonyl fluoride
(PMSF; Roth, Germany).

Protein samples were analyzed on SDS-PAGE as per standard method (Sambrook and Russell, 2001).
Protein concentration was measured using a NanoDropl1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, ME, USA).

The unit of PyNP activity expresses the amount that catalyzes the phosphorolysis of 1 umol uridine
per min and for PNP, it is the amount that phosphorolyses 1 umol adenosine or guanosine per min
and the reaction temperature depends on the optimal one for the specific enzyme (Section 4.3.7).

4.3.6. Protein purification

The cell pellet was lysed in 50 mM sodium phosphate buffer, pH 8.0, supplemented with 300 mM
NaCl, 1 mM MgCl,, 10 mM imidazole, 1 mg Lt lysozyme, 25 U mL?* benzonase® and 0.1 mM PMSF.
Lysis buffer was added at 3 mL g™ of the wet cell weight. Cells were resuspended and left to stand at
room temperature for 30 min. Lysed cells were sonicated on ice for 5 min with 30 % power input and
with 30 s on/off intervals using an ultrasonicator (UP200S, Hielscher Ultrasonics, Teltow, Germany).
Following sonication, the lysate was heated in a water bath at 60 °C (in case of PNP 01, 02 and
PyNP 01, 02) or 80 °C (in case of PNP 03 and PyNP 04) for 30 min. Afterwards the solution was
centrifuged at 10,000 g, 4 °C (Centrifuge 5810R, Eppendorf, Hamburg, Germany) for 20 min and the
supernatant was filtrated through 0.45 um CME filter (Rotilabo®, Carl Roth, Karlsruhe, Germany).

The clear lysate was purified by Ni-NTA chromatography using gravity column in the case of shake
flask protein expressions and Akta FPLC system (GE Healthcare, Munich, Germany) for fed-batch
bioreactor cultivations. Eluate was finally dialyzed overnight against 2 mM phosphate buffer and
analyzed by SDS PAGE.

4.3.7. Enzyme activity determination

The activity assay was carried out in 50 mM potassium phosphate (KP) buffer, pH=7 using 1 mM
adenosine or guanosine (in the cases of PNP and MTAP) or uridine (in the case of PyNP). To a
substrate solution, heated to the enzyme’s optimal temperature, enzyme solution was added to the
concentration of 0.3 pg mL™ and samples were taken regularly for 30 min. Samples were immediately
treated with methanol, centrifuged at 21,500 g for 20 min at 4 °C (CT 15R€E, VWR, Japan) and
analyzed by HPLC (Agilent 1200 series system). The substrate conversion was calculated as:

[Liberated base]
[Liberated base+remaining nucleoside]

Conversion percentage= X 100 Equation 7.
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Only the conversion percentages that showed linear increase of the base release were used for
further calculations. 1 U of NP is the amount that phosphorolyzes 1 umol nucleoside per minute.

4.4. Production of nucleoside analogs

4.4.1. Small scale synthesis of modified nucleosides
4.4.1.1. Transglycosylation reaction

To evaluate and optimize transglycosylation reactions, they were carried out in a volume of 2 mL,
with 1 to 5 U of PNP and PyNP. The tested sugar donor nucleosides were uridine (Urd), thymidine
(Thd), 1-B-D-arabinofuranosyl uracil (AraU), 1-(2'-deoxy-2'-fluoro-B-D-ribofuranosyl) uracil (FU),
1-(2'-deoxy-2'-fluoro-B-D-arabinofuranosyl)  uracil (Fanal) and the nucleobases were
6-chloro-2-fluoropurine (CFP), 2,6-dichloropurine (DCP), 2-aminoadenine (DAP), 2-fluoroadenine
(2FA), 2-chloroadenine (2CA) and everything was dissolved in 2 mM KP. Due to their poor solubility,
2FA and 2CA were dissolved in 20 % DMSO in 2 mM KP. A ratio of 10 mM nucleoside to 1 mM base
was applied. The reaction temperature depended on the optimal temperature of the biocatalysts
used or the thermolability of the substrates, intermediate or products (Table 4). The assignment of
enzymes and nucleosides is extrapolated from the results of the optimum enzymes used to obtain
the corresponding sugar-1-phosphate (Kamel et al., 2018).

Table 4: Reaction conditions used for transglycosylation and direct glycosylation experiments.

Sugar donor Temperature (°C) Enzymes
(Nucleoside/a-PF-1-P)

Urd/ R-1-P 60 PNP 02-PyNP 02
Thd/ dR-1-P 40 PNP 01-PyNP 01
AraU,FanaU/ 80 PNP 03-PyNP 04

Ara-1-P, FAra-1-P

To prepare mg amounts of nucleosides, transglycosylation reactions were carried out in 50 mL final
volume in 2 mM KP, pH=7. Enzyme amounts of 0.01 mg PyNP mL* and 0.05 mg PNP mL™ were used.
A nucleoside to nucleobase ratio of 2:1 was applied. Due to solubility limitations of 2FA and 2CA,
10% and 20 % of DMSO, respectively, were added. Uridine was used as a reactant to produce
riboside nucleosides and thymidine for deoxyribosides. 25 mM was the concentration of nucleobases
CFP and DCP, while the less soluble DAP, 2FA and 2CA were used in 15 mM concentration.

Reactions were analyzed by HPLC and conversion percentage was calculated based on equation 7.

Purification of NAs was done at room temperature by preparative KNAUER HPLC system equipped
with a Smartline Detector 2600 and using AZURA P 2.1L pumps with a flow of 21 mL min™ through a
Kinetex® 5 um EVO C18 250 x 21.2 mm RP column.
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4.4.1.2. Direct reaction

The reactions were carried out in different ratios of sugar-1-phosphates (in the form of barium salts)
and CFP (1:1, 1:2, 1:4, 1:0.1). The ratio of 1:4 was afterwards applied for DCP, DAP, 2FA in 20 mM
Tris-HCI; pH 7.4. Biocatalysts combinations and reaction temperatures are set according to table 4.
Reactions planned to produce ribosides and deoxyribosides were carried out using 1 U PNP while for
modified sugar nucleosides, 5 U of enzyme were used.

4.4.1.3. Synthesis of 5-ethynyluracil (EUrA) nucleoside analogs

Thd, FU and FanaU were used as sugar donors in transglycosylation reactions in 2 mM KP in a final
volume of 2 mL. A sugar donor to EUra ratio of 10:1 was applied. PyNP 04 was added in an amount of
0.25mg mL™.

Ba salts of dR-1-P, FR-1-P and FAra-1-P were used in a final volume of 2 mL to directly react with EUra
in the ratios of 2:1. PyNP 04 was added in the amount of 0.5 mg mL™.

4.4.2. Production of nucleoside analogs in an enzyme membrane reactor (EMR)

The details of the reactor’s design were previously described in (Sitanggang et al., 2014) (Fig. 7). It
consists of two pressurized substrate reservoirs and two parallel pressure-withstanding glass reaction
containers, containing pH and temperature probes and having a working volume of 90 mL each. The
containers’ bottom allows the placement of flat ultra-filtration membranes with an active surface
area of 12.38 x 10" m’. A proportional-integral-derivative (PID) controller was incorporated to
control the flux and thus the hydraulic residence time (HRT). Flux is feed-back regulated in the
continuous process by a precision balance. Parameters setting and data storage were managed in the
first experiments by the software Laboratory Virtual Instrument Engineering Workbench (LabVIEW)
Professional, version 2012. In later experiments, the PID controller regulation was done by a program
written in Python through a Raspberry Pi computer.

Different membrane materials (MWCO = 10 kDa) were tested for their ability to influence system
pressure or the reaction itself, namely polyethersulfone (PES), permanently hydrophilic polysulphone
(UFX-10pHt), regenerated cellulose (RC 70 PP) or composite fluoropolymer membranes (ETNA 10PP).

At 40 °C, 10 mM base (adenine (Ade), CFP or DCP) and 25 mM Thd were dissolved in 2 mM KP buffer
(pH=7). PNP 02 and PyNP 02 were added in the ratio of 7:1 with total amounts of 1050 and 150 U,
respectively. Stirring speed was set to 250 rpm.

The enzymatic reactions were compared in batch reaction setup and continuous reaction under the
same conditions. The reaction was carried out using both pure and cell lysate form of NPs using the
natural substrates Thd and Ade. The effect of different residence times (2 to 8 h) was investigated.

To overcome the tubing connections popping out, which secured the system under the LABVIEW
script, the maximum pressure allowed was set to 4 bar in the python program. Using the new
controlling system, the experiments were established using the natural nucleobase. Afterwards,
more experiments were run for modified nucleosides production using either DCP or CFP as
nucleobases and Thd as sugar donor in the transglycosylation reaction. Both pure enzymes and cell
lysates were tested (PNP 02 and PyNP 02).

Samples were withdrawn via the sampling port where the enzyme is retained behind the membrane
(Fig. 7). The samples were analyzed by HPLC (Agilent 1200 series system).
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Fig. 7: Enzyme membrane reactor. (A) schematic diagram, adapted from (Sitanggang et al., 2014), (B)
picture while operation showing (controller, substrate tanks, reactor vessels inside water baths,
product containers placed over balances).

4.5. Cytotoxicity assay

Cytotoxicity was measured by the XTT colorimetric assay. The measurement took place according to
the protocol of the Cell Proliferation Kit Il (Roche Diagnostics GmbH). The reagent mixture was
prepared by mixing 1 mL of 1 mg L™ of XTT sodium salt (PanReac AppliChem) with 2 pL 12.5 mM of
PMS. 50 pL of the reagent solution was added to 100 L of test samples, incubated at the cell culture
CO, incubator at 37 °C and the absorbance was measured 4 h later at 450 nm. Cladribine
(Carbosynth) was used as a positive control and the sample solvent (phosphate buffered saline PBS)
served as the negative control. All experiments were conducted in three independent experiments, in
triplicates.

HL-60 was diluted to 1.2 x 10° cells in growth medium and placed in a 96-well flat-bottom plate.
Solutions with different concentrations of nucleoside analogs were added and the plate was
incubated for 24 h. In total, 1.2 x 10° cells of CCRF-CEM in growth media were placed in a 96-well
flat-bottom plate. After the addition of the test NAs, the plate was incubated for 48 h. A total of
1.2 x 10° cells of HEK293 in growth media were placed in a 96-well flat-bottom plate. Test samples
were added after 24 h incubation and the plate was further incubated for another 24 h.

4.6. Analytics

4.6.1. High performance liquid chromatography (HPLC) analysis

Enzymatic reactions were followed with an HPLC Agilent 1200 series system equipped with an Agilent
DAD detector. The reaction yields were determined by following the nucleobases and nucleosides
absorption at 260 nm using a reversed phase C18 column (Kinetex® 5 um, Evo C18, 100 A LC column
150 x 4.6 mm, Phenomenex, CA, USA) with the following gradient: from 97 % 20 mM ammonium
acetate and 3 % acetonitrile to 60 % 20 MM ammonium acetate and 40 % acetonitrile in 10 min.
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4.6.2. Determination of residual glucose concentrations

Residual glucose was measured in cell-free samples, using the supernatant of the samples described
in section 4.3.3. Glucose hexokinase FS reagent (DiaSys Diagnostic Systems GmbH, Holzheim,
Germany) or enzymatic hexokinase photometric assay using Cedex Bio HT Analyzer as described by
the manufacturer were used.

4.6.3. Determination of magnesium, acetate and pyruvate concentrations (performed
in Cedex Bio HT Analyzer, Mannheim, Germany).

The measurement of magnesium was performed with Magnesium Bio HT kit (Roche Diagnostics,
Germany). It is based on the colorimetric detection with chlorophosphonazo lll.

Acetate is detected with an enzymatic photometric assay using Acetate V2 Bio HT (Roche Diagnostics,
Germany). The formation of NADH during the enzymatic reaction is measured by an increased
absorbance at 340 nm correlating with the concentration of acetate in the sample.

Pyruvate concentration was determined using the Pyruvate Bio HT (Roche Diagnostics, Germany).
The photometric assay is based on the lactate dehydrogenase reaction.

The kits were used according to the manufacturer’s recommendations.
4.6.4. Validation of nucleoside structure by nuclear magnetic resonance (NMR)

H, 3¢, *°F, and *'P NMR spectra were recorded in DMSO-d; or D,0 on a Bruker Avence Ill 700 MHz or
Bruker Avence IlIl 500 MHz instrument. Chemical shifts are reported in parts per million (ppm) and
are referenced to the residual solvent resonance as the internal standard (*H NMR: & = 2.50 ppm for
DMSO-ds and & = 4.79 ppm for HDO; *C NMR: & = 39.52 ppm for DMSO-dg) (Sinisterra et al., 2010).
“F and *'P NMR spectra are referenced in compliance with the unified scale for NMR chemical shifts
as recommended by the IUPAC stating the chemical shift relative to CClsF and H3;PO, (Harris et al.,
2001) Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet, m. = centrosymmetric multiplet, br = broad signal), coupling constants
(Hz) and integration.
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5. Results

5.1. Expression of thermostable PyNP, PNP and MTAP in benchtop
bioreactors

Available nucleoside phosphorylases were successfully expressed in shake flasks. To increase the
productivity, the aim was to establish a suitable method to express the enzymes in benchtop
bioreactors. Four NPs (2 PyNP, 1 PNPs, 1 MTAP) were overexpressed in E. coli BL21-Gold in 3.7 L KLF
benchtop scale bioreactor. Despite the same expression vector and hosts used, Wy, varied from 0.17
t0 0.41 h™. Lower Wymn.x were recorded for PyNP expressing strains.

In preparatory cultivations, a glucose concentration of 15 g L™ was used in the batch phase. As a
consequence, maximum stirring and aeration capacity were reached almost by the end of the batch
phase. For the remaining cultivation time, culture had to be discarded or pure oxygen was mixed with
air. In cultivations performed at 30 °C, compared to 37 °C, the proportion of soluble protein was
higher.

Two different pre-culture schemes were applied. Two consecutive precultures were used. While
preculture 1 was prepared in LB, the second preculture was prepared in either EnPresso B (A) or 5 %
glucose in MSM (B). No, or at least shorter, lag phases were observed when precultures were
prepared in MSM.

Calculation errors in fed-batch cultivations | and Il led to a lower ODgy and biomass for expression of
PyNP 04 and 02 (Table 5). The other measurements, however, were similar to other cultivations.

Among all cultivations, leaky expression of NPs was observed.

The first PNP 02 expression was marked by weak bands on the analysis gel, also depicted in the
samples from the flask cultivation. Therefore, the second experiment was carried out with fresh
transformants (Apendix I).

Results for the expression of the thermostable PNP 03 (fed-batch cultivation V) are described in more
details as they comprise more explicit data from the extracellular analytes (Table 5, Fig. 8).

To minimize the volume changes during feeding and trying to increase the efficiency of the
bioreactor, a concentrated glucose feeding solution was attempted in fed-batch cultivation V but
850 g L™ glucose concentration eventually crystallized in the connecting tubes and ended in irregular
pumping pattern, independent from the calculations and settings, in contrast to the regular pumping
from 500 g L™ glucose feeding solution.

ODggo and DCW parameters are both used to evaluate biomass. In general, there was a good linear
correlation between the values of ODgyn and DCW with a high regression fit and the biomass
increased in a similar behavior as the ODgq (Fig. 8B).

The respiratory quotient (RQ) was approximately 1 over the course of the fed-batch cultivations, i.e.
nearly all the oxygen was transformed into carbon dioxide during respiration. The nearly optimal
respiration would normally be interrupted at the points were the culture conditions were changed
(feed start, induction, changing stirrer speed and air flow) because at these points, the off-gas
measurement was unbalanced during abrupt changed gas values. The values for the specific
respiratory rates correlated well with the analysis of the unspecific rates. During most of the course
of cultivation, the gco, was nearly equal to the qo,.

Results 35



Synthesis of nucleoside analogs as potential medicinal agents Heba Y. Mohamed

Table 5: Overview of different parameters of the bioreactor processes.

Symbol Protein Mmax (™) Final ODge DCW (g L) Batch phaser/S(gg'l)

| PyNP 04 0.161 50 18.5 0.66
Il PyNP 02 0.167 85 40 0.39
11 PNP 02 0.432 45 21 0.57
\Y) PNP 02 0.415 170 58 0.56
\ PNP 03 0.401 90 425 0.38
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Fig. 8: Expression of PNP 03 in a KLF bioreactor. (A) Growth of E. coli BL21-Gold expressing PNP 03
was followed by measuring ODgyo and DCW. (B) A high correlation between optical density (OD) and
dry cell weight (DCW) was observed. (C) Acetate concentration relative to residual glucose during the
expression of PNP 03 as determined by Cedex BioHT analyzer. (D,E) SDS-PAGE analysis of
recombinant expression of PNP 03 in E. coli BL21-Gold either observed in the soluble protein (D) or
the insoluble fraction (E). M: marker, F: expression in shake flask, lanes labeling denote time (h).

The Cedex Bio HT Analyzer was used during the expression of PNP 03 (fed-batch cultivation V), which
afforded the extra measurements for Mg>*, acetate and pyruvate. Regular extra magnesium boli were
added to compensate for the increase of biomass. The highest value of ca. 10.25 mM was obtained at
the end of the fed-batch cultivation V. Pyruvate concentrations were also measured, but the
determined values were below the detection limit of 8.706 mg L" over the whole period of
cultivation. Acetate concentration increase correlated with glucose overfeeding starting 15 h after
inoculation. Afterwards, it declined with substrate limitation during constant feeding. Acetate
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concentration increased again around 22 h reflecting that the stationary growth phase was reached
(Fig. 8C).

Glucose accumulation in fed-batch cultivation V was a result of the high glucose concentration that
crystalized and clogged the tubes therefore, pumping did not proceed according to the settings. The
aim of high glucose concentration in the feeding solution was initially to minimize the volume
change. However, with this setup, lower concentration and/or continuous heating of the feed
reservoir and tubings are prerequisites.

PNP 03 yield obtained in the benchtop bioreactor cultivation was compared to that from shake flask
experiments. In shake flask scale, the measured ODgq, at the time of induction was 7.71 + 0.44, while
before harvesting it was 19.75 + 3.7. The harvested cells weighed 1.5 + 0.17 g, from which
7.05 £ 0.2 mg PNP 03 were purified. The activity of the purified protein was determined, according to
the enzyme’s ability to phosphorolyze adenosine, to be 10.56 U mg™. The wet cell weight from the
bioreactor was 365 g, from which 685 mg PNP 03 were purified. The activity of the purified protein
was 8.57 U mg‘l.

In addition to the spectrophotometric analysis, the SDS-PAGE gels confirmed the better NPs yield in
the shake flask (Fig. 8D and Appendix 1) which is compensated in large scale by the better volumetric
yield. In both shake flasks and bioreactors, a significant portion of the produced protein is present in
the insoluble pellet which is comparable in both scales.

5.2. Chemo-enzymatic  synthesis of nucleosides: comparison of
transglycosylation and direct glycosylation reactions

To produce modified purine nucleosides, transglycosylation reactions were applied. Different sugar
donors and CFP were applied to optimize the reaction conditions. Both steps (sugar donor cleavage
and second nucleobase glycosylation) were assessed to evaluate the process. Using enzyme
concentrations of 1 U PNP and PyNP, the natural nucleosides (Urd, Thd) showed higher percentages
of cleavage in comparison to the modified ones (AralU, FanaU) (< 10 %). CFP riboside and
deoxyriboside were formed in a percentage of ca. 90 % (Fig. 9). Increasing the enzyme concentrations
(5 U PNP and PyNP) for the modified nucleosides (AraU and FanaU) resulted in a corresponding
increase in the percentage of nucleoside (sugar donor) cleavage together with a remarkable decline
in the corresponding nucleobase concentration. Cleavage of AraU increased from 5 to 17 % while
that for FanaU was from ~1 % to 3.5 % (more than 3 folds).

To establish direct glycosylation reactions, different ratios of a-PF-1-P to base were tested. Direct
glycosylation gave similar results to the transglycosylation in the cases of riboside and deoxyriboside
nucleosides if the molar concentration of a-PF-1-P to base was double or higher (Fig. 10).

The synthesis of sugar-modified CFP-containing NAs was tested in both transglycosylation and
glycosylation reactions. In both transglycosylation and glycosylation reactions, no products of interest
were observed. The HPLC analysis of reactions involving AraU, FanaU and modified sugars (Ara-1-P
and FAra-1-P), showed peaks that do not share spectroscopic features with the aromatic groups
detected for the substrates (Fig. 11). This is in contrast to the similar spectroscopic profiles observed
for riboside and deoxyriboside nucleosides. Therefore, the newly formed peaks are regarded as
products for an unspecific reaction, other than that catalyzed by NPs, since the negative control
(substrates without enzyme addition) remained unchanged over 30 h incubation under the same
conditions as the reaction.
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Fig. 9: Transglycosylation reaction to synthesize several purine nucleoside analogs using low
concentrations of PNP and PyNP. Sugar donor cleavage (A) and the formation of CFP-R and CFP-dR
(B) were studied. Optimized reaction conditions were applied for the synthesis of DAP, DCP and 2FA
containing ribosides and deoxyribosides (C), (n=2).

(A) (B)

100

100
i = 11 < 11
- 1:2 -= 1:2
80 - 14 80 - - 14
% — 1:0.1 S - 1:0.1
S =
1]
£ 60 £ 60
£ £
@ £
& a0 d 40
=] w
R =
20 20 1
0 T T T T v 0
0 5 10 15 20 25 0 5 10 15 20 25
Duration (h) Duration (h)

Fig. 10: Direct glycosylation of CFP and (A) a-D-ribose-1-phosphate  and
(B) a-D-deoxyribose-1-phosphate in different ratios of base to a-PF-1-P, (n=2).

FU, as a sugar donor reactant, was also investigated and a number of by-products were observed.
This has been previously described for FU under high temperature conditions. It was explained by the
depletion of a HF molecule and the formation of 0,2’- anhydro-1-(B-D-arabinofuranosyl)uracil which
is later hydrolyzed to AraU (Szeker et al., 2012).

Additionally, the synthesis of EUra-containing nucleosides was studied. EAU production yields in the
first three hours did not change whether direct glycosylation or transglycosylation were used (60 %
and 55 %, respectively). The difference was quite clear in the cases of the synthesis of fluororiboside
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(EUra-FR) and fluoroarabinoside (EUra-FAra) nucleosides. Product yields increased from 18 % and
0 %, respectively, to almost 50 %. It is also noted that the direct reaction with dR-1-P reached the
equilibrium state during the first hour, therefore, sampling was stopped after 4 h while in the cases
of FR-1-P and FAra-1-P, product formation kept increasing linearly until the last sampling point (24 h)
(Fig. 12).
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Fig. 11: Chromatograms of (A) CFP + R-1-P vs. (B) CFP + Ara-1-P reactions illustrating the spectra of
the different peaks.
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Fig. 12: Synthesis of different EUra nucleosides by (A) transglycosylation with Thd, FU and FanaU
(n=2) and (B) direct glycosylation with dR-1-P, FR-1-P and FAra-1-P.

5.3. Production of natural and modified nucleosides in an enzymatic
membrane reactor

In transglycosylation reactions in the EMR, a ratio of sugar donor to nucleobase of 2.5 to 1 was used.
As in the small scale experiments, there was an excess of the PNP over PyNP with the ratio of 7:1.

To establish EMRs, the choice of the cut-off membrane might be critical. Hence, different membranes
were tested. The tested membrane types were screened for their properties. PES is generally inert
and tolerant to a wide pH range and flux rate. Regenerated cellulose can endure different solvents
and does not retain proteins. Hydrophilic polysulphone can operate at high temperatures and at a
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wide pH range. Fluoropolymer membranes have superior fouling-resistant properties and are easily
cleaned for reuse without the need for specific detergents. The different tested membranes had no
influence on the enzyme activity or the pressure inside the reactor compartment (Fig. 13).
Polyethersulfone (PES) ultrafiltration membrane was selected for further experiments on account of
its good enzyme rejection and retaining properties, in addition to its high operational time span and
stability (Sitanggang et al., 2014).
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Fig. 13: Effect of different membranes on the enzyme-catalyzed conversion of Ade to dAdo (A) and
the measured pressure for each (HRT=7 h) (B).

The formation of dAdo in a transglycosylation reaction was used to establish the EMR. In the first trial
experiment, dAdo production was comparable in both batch and continuous mode (ca. 80 % using
pure enzymes and ca. 75 % with cell lysate). The time needed to reach the same level increased from
5 h (batch reaction) to 8 h (continuous substrate feeding) with pure enzymes while the cell lysate
biocatalysis produced the maximum level at the same duration of both batch and continuous
reactions (11 h) (Fig. 14A,B). Thymidine cleavage was the same (ca. 40 %) using pure enzyme or
heat-treated E. coli lysate. Yet, in batch reaction, the cleavage using pure enzymes kept increasing
over the time course which was not observed again in any later experiment.

As the objective of using the continuous production system is to obtain the highest substrate
conversion in the shortest possible time, combining batch reaction with continuous substrate feeding
was employed. A higher flux/shorter residence time (HRT) than in the starting experiments was used
since the reaction equilibrium was already reached. After starting the reactions, they were incubated
in batch mode for 6 h to reach dAdo formation of 75 %. Afterwards, substrate feeding was started
with a HRT= 4 h. Formation of dAdo was 80 %. Pure enzyme and cell lysate gave almost identical
results (Fig. 14C). The same experiment with a higher constant flux (HRT= 2 h) resulted in the reactor
instability due to high pressure. The tube junctions burst out leading to the fast depletion of the
substrate tanks under the constant flux and the balance back regulation. That is why no HRT below
4 h was used for further experiments.

For the first experiments, the EMRs were controlled by a LabVIEW program and data collection was
supported by several National Instruments modules. The LabVIEW program offers a wide range of
applications, which however were not needed for the synthesis of NAs in a transglycosylation
reaction. Therefore, a cheap and easy-to-handle system was established. Using a
python-programmed software, dAdo production was tested. The batch phase was 1-2 h before
starting the substrate feeding. Comparing pure enzyme and cell lysate, dAdo formation was 90 % for
purified enzyme and only 75 % for the heat-treated E. coli extract. In the case of E. coli cell lysate,
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much reduced activity for both enzymes was noticed on the second day which was overcome by
changing the membrane 25 h after starting the reaction. A membrane change was necessary as the
membrane was clogged due to the precipitated E. coli enzymes from the extract (Fig. 14D). It

correlated with strong increase of pressure in the system.
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Fig. 14: Production of dAdo from Ade and Thd in EMR at different conditions. Pure PNP 02 and
PyNP 02 enzymes (A) and heat-treated E. coli cell lysates with overexpressed PNP 02 and PyNP 02 (B)
were used in batch experiment (B) and continuous substrate feeding (C) (HRT= 8 h). (C) Continuous
substrate feed started after a batch phase of 6 h (HRT= 4 h) for both purified enzymes (P) and cell
lysates (L). (D) Continuous mode of the EMR was started after 1h (HRT= 4 h). Purified enzymes (P)
and cell lysates (L) were applied. The PES membrane was changed for the lysate containing reactor
after 25 h (marked by a vertical line).

The synthesis of modified nucleosides (DCP-dR and CFP-dR) was studied using the EMR. In both cases,
the maximum conversion was observed after 1 h in the batch phase. Afterwards, substrate feeding
started with a HRT of 4 h. DCP-dR formation maintained the maximum level until around 60 h. It was
noticed that PyNP 02 activity declined few hours later than PNP 02 activity. CFP-dR formation
decreased after almost 20 h while Thd cleavage was steady until 30 h. As the decrease of activity was
coupled with turbidity in the reactor vessel, the content was centrifuged and the membrane was
changed which resulted in temporary increase in activity around 44 h followed by further decline
(Fig. 15).

The final experiment was carried out to evaluate the span of the pure enzymes and the recombinant
E. coli cell lysate activity against natural substrates (Ade and Thd). The cell lysate was active for up to
4 weeks (~ 40 % Thd cleavage, ~ 85 % dAdo formation) while the pure enzymes exceeded 8 weeks of
unaltered activity (40 % Thd cleavage, 92 % dAdo formation).
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Fig. 15: Synthesis of CFP-dR (A) and DCP-dR (B) in an EMR using purified PNP 02 and PyNP 02.
Substrate feed started after a batch phase of 1 h with HRT of 4 h. Membrane change during CFP-dR
synthesis (A) occurred at 44 h, marked by a vertical line.

5.4. Production of modified nucleosides in mg scale

Modified nucleosides were produced in batch reactions using the transglycosylation approach.
Reactions with thymidine serving as a sugar donor were performed at 40 °C to protect the
thermolabile dR-1-P against hydrolysis (Drenichev et al., 2018). High conversion percentages were
obtained for all the reactions (~ 60 % or higher) since one of the involved reactants (Urd or Thd) is a
natural substrate for NPs (Fig. 16).
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Fig 16: Yields of transglycosylation reactions for different purine bases and Urd or Thd as sugar
donors.

The yields and recovery percentages of the produced NAs were calculated relative to the depletion of
the purine bases (Table 6). To reach a purity >95 %, the purifications by HPLC for DAP containing
nucleosides was repeated twice resulting in the highest loss of product. NMR analysis confirmed the
structures for all produced NAs (Appendix Il).
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Table 6: Production parameters for transglycosylation reactions to synthesize purine analogs.

Product yield

Compound Conversion (%) Purity (%) Recovery (%)
mg mmol
2CA-R 80 129 0.43 99.7 57
2CA-dR 60 91 0.32 99.7 43
2FA-R 90 154 0.54 99.5 72
2FA-dR 85 121 0.45 97 60
CFP-R 70 213 0.7 99 56
CFP-dR 80 248 0.86 99.3 69
DCP-R 60 180 0.56 98.4 45
DCP-dR 75 189 0.62 99.6 50
DAP-R 75 98 0.35 99.3 47
DAP-dR 85 114 0.43 96.1 57

5.5. Cytotoxicity assays

Driven by the well-established therapeutic properties of purine analogs as anticancer drugs, the
cytotoxicity of the purified NAs against several hematologic leukemia cell lines was investigated. The
acute myeloid leukemia cells line HL-60 was utilized as the initial test cell lines. Human embryonic
kidney cells (HEK293) were used as a non-malignant control. Chemically-produced cladribine
(purchased from Carbosynth) was used as a positive control. Although cladribine has been
extensively studied before, it was included in these tests to check whether the enzymatic synthesis
method affected the compounds’ activity.

Initial screening experiments were carried out for 10 enzymatically-synthesized NAs against HL-60
and HEK293 cells. Three concentrations were applied to the tested wells (100 uM, 1 uM and 100 nM).
The results showed that except for 2-aminoadenine nucleosides, all the higher concentrations of the
tested NAs have cytotoxic activity against the leukemia cells under investigation (Fig. 17).

2FA-R, 2FA-dR and 2CA-dR were chosen for further studies. The ICs, for these compounds were
determined against different hematologic cell lines (HL-60 and CCRF-CEM) with chemically-produced
2CA-dR as a positive control (Table 7). The chemically and enzymatically synthesized 2CA-dR gave
comparable results. 2CA-dR and 2FA-dR showed comparable results. While 2CA-dR had a lower ICsq
values, 2FA-dR showed a higher percentage of killed cells.
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Fig. 17: Cell viability assay (XTT assay) of enzymatically-produced NAs against (A) acute myeloid
leukemia (HL-60) cells and (B) normal human embryonic kidney cells (HEK293). The positive control
was cladribine produced in a chemical process (2CA-dR2). The results represent the mean = SD of
three independent experiments.

Table 7: Determined ICso (UM) for 2CA-dR, 2FA-R and 2FA-dR. 1Cs, values reflect the concentration
that inhibits 50 % of cell growth compared to the negative control (PBS). The ICs, values were
calculated from viability curves. The results are presented as arithmetic means + standard error of
the mean (S.E.).

Compound Cell line

HL-60 CCRF-CEM
2CA-dR 0.092 +0.0382 6.13E-01 £ 0.257
(enzymatically produced)
2FA-R 1.26E+00+0.118 1.61E+00+0.415
2FA-dR 0.36634 +0.116 7.36E+00 + 0.693
2CA-dR (chemically- 0.18202 + 0.061 3.88E-01 £ 0.315

produced: +ve control)
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6. Discussion

Since, to this day, NPs are still an important subject of research, this study was directed towards the
optimization of the enzymatic reaction in small scale and the scale up of the whole process. It was
successfully shown that “the golden standard” transglycosylation reaction show high product yields
with ribosides or deoxyribosides as sugar donors. With sugar-modified substrates, however, final
product yields were low or even no product was detected. Direct glycosylation reactions starting
from pentofuranose-1-phosphate were superior in this case and strongly increased product yields
were observed in comparison to transglycosylation reactions.

To transfer enzymatic reactions catalyzed by nucleoside phosphorylases into industrial application,
both the expression of the biocatalysts and the enzymatic reactions were up-scaled in this study. The
up-scaling from 50 mL shake flask cultivations to 3.7 L benchtop bioreactors was shown. Although the
protein yields were slightly lower in bioreactor cultivations, better volumetric yields were obtained.
Thermostable PyNP, PNP and MTAP were successfully expressed in bioreactor cultivations.

To up-scale the enzymatic production of NAs, both a batch and a continuous approach were
evaluated. Both methods led to comparable product yields, however, due to the longevity of the
thermostable biocatalysts the productivity was drastically increased in the continuous system.
Purified enzymes were stable for more than 2 month producing dAdo in a transglycosylation reaction.
Using the batch method, 9 derivatives of cladribine were successfully produced and purified using
semi-preparative HPLC. The compounds were validated for their biological activity in different
hematologic leukemia cell lines. In general, a higher non-specific toxicity was observed with ribosides
in comparison to deoxyribosides.

6.1. Advantages of glycosylation vs. transglycosylation for producing
modified nucleosides

To produce NAs using NP biocatalysts, two different routes were investigated in this study: the
one-pot, two-steps transglycosylation reaction and the direct glycosylation starting from a-PF-1-P.

The synthesis of different 5-ethynyl uracil (EUra) nucleosides (Paper Ill) was studied in detail. These
compounds, mainly deoxyriboside and fluoroarabinoside nucleosides, were already described as
sensitive and quick tools for DNA labeling (Salic and Mitchison, 2008; Neef and Luedtke, 2011). The
transglycosylation of EUra using Thd afforded 55 % of EdU formation compared to 60 % conversion
observed in the direct glycosylation with dR-1-P. Comparable results were observed in
transglycosylation reactions with pyrimidines substituted at the 5-position with electronegative
groups (e.g. halides) (Serra et al., 2013). The yields for EU-FR and EU-FAra production increased from
less than 5 % upon using the respective sugar-modified nucleoside as a sugar donor to almost 50 %
when direct glycosylation was adapted. The results for the synthesis of EU-FAra are promising due to
its advantageous sensitivity-toxicity balance during the labeling of nucleic acids, especially in the
cases of longer analysis times (Neef and Luedtke, 2011; Ligasov and Koberna, 2018).

The products yields normally depend on the substrates, phosphate concentration in the reaction or
the nature and affinity of the enzyme (Tono and Cohen, 1962; Utagawa et al., 1985; Taverna-Porro et
al., 2008; Fateev et al., 2015). However, yields obtained in this study come in accordance with
previous results described for reactions that involve sugar modified scaffolds (Table 8). For example,
thermophilic UP showed no activity against 2’-deoxy-2’-fluorouracil and thermophilic PNP had 10
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times lower catalytic activity towards AraA in comparison to dAdo and DAP-dR (Sinisterra et al.,
2010). Long reaction times, up to 2 months, were needed for 2’-deoxy-2’-fluoronucleosides synthesis
by transglycosylation (Tuttle et al., 1993). Conversely, the direct reaction of Ara-1-P or FAra-1-P with
different purine bases resulted in product formation of 20 to 70 % (Konstantinova et al., 2011; Fateev
et al., 2014). The direct glycosylation can be used for the synthesis of nucleosides with various
glycone and aglycone scaffolds (Utagawa, 1999; Fateev et al., 2014) yet, it is regarded especially
useful for the synthesis of NAs class harboring a fluorine atom in the 2’-position like clofarabine or
gemcitabine (Bonate et al., 2006; Kirk, 2006; Liu et al., 2008).

The results clearly show that the transglycosylation reactions are efficient for the synthesis of
riboside and deoxyriboside NAs without the need for the extra steps of a-PF-1-Ps synthesis and
purification, while direct glycosylation is advantageous for producing sugar-modified nucleosides.
This also suggests that NPs are more tolerant to nucleobase modifications than to sugars’ (I A
Mikhailopulo and Miroshnikov, 2013).

In both, transglycosylation and nucleoside cleavage reactions, the cleavage of pyrimidine nucleosides
(exploited as sugar donors) was in the same order of magnitude as observed in previous studies
(Szeker et al., 2012; Kamel et al., 2018). It decreased for nucleosides with C2’-fluorine substitution,
which can be explained by the strong electronegativity of the fluorine substituent (in comparison to
the native oxygen) resulting in a shorter and hence, stronger glycosidic bond. Additionally, steric
properties that include C2’ are critical to guarantee the correct conformation of the sugar moiety and
hence, the Walden inversion at the tetrahedral chiral C1’ atom that mediates the NP-catalyzed SN2
reaction (Stoeckler et al., 1980; | A Mikhailopulo and Miroshnikov, 2011). That is why the direct
glycosylation is more convenient for producing sugar-modified nucleosides as it does not have to
consider the propriety of all the conditions at once ie: the two steps can be optimized separately.

6.2. Expression of NPs in benchtop bioreactors

Thermostable NPs were expressed in recombinant E. coli in high cell density cultivations in benchtop
bioreactors. Glucose was used as a sole carbon source and active forms of the proteins were
obtained. The cultivations consisted of two steps; pre-induction growth step that include the batch
and exponential fed-batch cultivation and post-induction production step.

It is generally postulated that the lag phase can be divided into lagl and lag2. Lagl is the
acclimatization of cells to the new medium via the formation of efficient tools for carbon utilization.
Lag2 starts afterwards when the expression of the genes necessary for amino acids synthesis and
ribosomes start and growth in cell size occurs yet, without division. The longer lag phase after
EnPresso B starter culture, in comparison to the no/or short lag phase after MSM-glucose preculture,
probably reflects the adaptation to the transition from the richer cultivation medium (EnPresso B)
that comprises yeast and peptone. Thus, the lack of preformed amino acids in the MSM-glucose
medium cause the prolongation of lagl phase where the cells’ machinery focuses on producing the
necessary transporters and enzymes for maximal biomass production during the exponential growth
phase (Madar et al., 2013; Schultz and Kishony, 2013).

The protein yields obtained in this study were low in comparison to other protein yields reported in
literature and even other NPs produced in E. coli high cell density cultivations (Choi et al., 2006; Ren
et al., 2013) (Table 9). An average of 10 folds higher production levels are noted for several proteins
including NPs (mesophilic UP and PNP from E. coli) (Zuffi et al., 2004).
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Table 8: Some examples of NAs produced in pure form by NPs through either transglycosylation or direct glycosylation with a-PF-1-P.

Duration Reaction ter-  Yield" P . Recovery’
NA product Reactants Catalyst (h) mination (%) Purification method Purity (%) (%) Reference
GA-E. coli o Silica gel chro- I
2CA-dR 2CA+dGuo  BMT-1D/1A 21 Boiling then o matography, 90 54 (Mikhailopulo
centrifugation .. etal., 1993)
cells crystallization
>'-Deoxy-6- s?n_: 306)(-\'/(?1?: nuoa_- i 15
thioguanosine “thiog adenosine
nine deaminase+ 190
6-Thiopurine-5’-  5'-dAdo + 6- PNP 5 135
deoxyriboside thiopurine 3 N.D Silica gel reverse Phase '

: - Boiling chromatography via pre- N.D (Chae etal.,
6-Thiopurine- 6- parative HPLC : 1998)
2'5'-dideoxy thiopurine +2',5'- TP+ PNP 12 12

riboside dideoxythymidine
et 6-thioguanine +
2 ,E? -D|deoxy-6- 2' 5"-dideoxy- TP + PNP 24 18
thioguanosine -
thymidine
GA-E. coli Silica gel chro-
2CA-dR 2 CA + dGuo BMT-4D/1A 7 95 matography, 99.6 81
cells Centrifugation crystallization (Barai et al.,
GA-E. coli lon-exchange chroma- 2002)
Ribavirin TCA + Guo BMT-4D/1A 30 90-92 & .. 99.46 67-70
tography, crystallization
cells
Ribavirin TCA+Guo  'Mmobilized . lon-exchange chroma- o 68
PNP Decantation tography, crystallization
| bilized (repeated (Konstantinova
6-Azauridine  6-Azauracil + Ado | OPMZE 4.8 ‘i 19.3 Silica gel chro- 99 45 et al., 2004)
PNP + UP reactions) matography,
Vidarabine AraU + Ade 24 45.7 crystallization 98 47

“Calculated depending on the nucleobase, N.D: not described



Table 8: Some examples of NAs produced in pure form by NPs through either transglycosylation or direct glycosylation with a-PF-1-P (Continued).

Duration Reaction ter-  Yield’ e Purity Recovery’
NA product Reactants Catalyst (h) mination (%) Purification method (%) (%) Reference
DAP-Ara AraU + DAP E. aero- 48  Centrifugation 90 Crystallization at 4 °C N.D N.D (Wei et al.,
genes cells 2008)
5- 92 Hot filtration, cold (Gordon et al.
+Th PNP + UP 2 H ° ' 4 '
Methyluridine Guo y v 6 eatto 30 °C (Guo) filtration, crystallization 90 8 2011)
Fludarabine 2FA + a/p Ara-1-P 3 Store a2t41: C for 95 Product filtration 98 77
2-amino-6-meth-
Nelarabine oxypurine + a/B 36 N.D 40
Ara-1-P .
£ coli PNP (Konstantinova
9-B-D-Arabi- . Evaporation till . etal., 2011)
Hypoxanthine + N.D  silica gel chromatography
nohypoxan- dryness 98 81
. o/B Ara-1-P
thine N.D
Arabinothy- Thymine + a/p
midine Ara-1-P 994 61
Clofarabine 2CA + o/ FAra-1-P 168 99.4 42
5-Aza-7-
5-Aza-7- . . (Fateevetal.,
i E. coli PNP . . N.D  silica gel chromatography
dea'zaguanme deazaguanine + 384 Filtration 99.3 81 2014)
2= fluoro- e Fara-1-p
arabinoside
PNP +PyNP Mechanical silica gel column chroma- (Zhou et al
CFP-R Urd + CFP (on mag- 20 removal by 75 g tograph 98 60 2015) v
netic beads) magnet grapny

“Calculated depending on the nucleobase
N.D: not described
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The lower protein production can be attributed to the leaky expression that may destabilize the
plasmids and increase the cellular metabolic strain. Another possibility is the weak termination
sequence downstream of the stop codons which may not be enough to stabilize the mRNA transcript.
This is responsible for an increased energy consumption and metabolic burden (Joseph et al., 2015).
The considerable inclusion body (IB) formation is another aspect that results from an unbalanced
equilibrium between protein aggregation and solubility and is considered a big problem while
producing high levels of recombinant heterologous proteins during bioreactor cultivation processes.
The underlying reason is the difference between the microenvironment of E. coli and that of the
native organism like pH, cofactors, redox potential or folding mechanisms. The protein misfolding
increases protein aggregation into inclusion bodies (Rosano and Ceccarelli, 2014). The aggregation is
favored at higher temperatures due to the strong temperature dependence of hydrophobic
interactions that constitute the aggregation (Sorensen and Mortensen, 2005).

In this study, the expression strategy was optimized to increase protein yields for thermophilic NPs.
Critical factors are feeding, formation of acetate or IPTG concentration. In all bioreactor cultures, the
feeding was decreased after induction as it was shown before that a lower feeding rate leads to
higher protein production, despite lower biomass (Norsyahida et al., 2009). This is explained relevant
to the metabolic load conferred on the cells after induction, change of host cell physiology, the
toxicity of by-products and the general decrease of specific growth rate (Norsyahida et al., 2009;
Leone et al., 2015). Furthermore, bioreactor cultivations were carried out at 30 °C to achieve a lower
ratio of inclusion bodies formation in comparison to the ones at 37 °C. Finally, the amount of
insoluble protein from the bioreactor was quite comparable to shake flask protein production
performed in parallel. It was also in good accordance with shake flask cultivations performed
previously with thermostable enzymes (Zhou et al., 2013).

Acetate accumulation is known to negatively influence E. coli growth and protein production in
addition to being considered a carbon sink. In this study, acetate accumulation was only measured
during PNP 03 production and it was observed that protein production was still increasing when the
cells were harvested, yet the process was stopped due to high accumulation of acetate. Increasing
acetate concentrations are explained by an overflow metabolism in the presence of high glucose
concentrations. It is also known as the bacterial Crabtree effect (Eiteman and Altman, 2006; Leone et
al., 2015). The formation of acetate can be limited using a system that allows for higher k,a values or
applying co-aeration with pure oxygen. In the context of acetate formation, BL21 is the host of choice
for recombinant protein expression among the different E. coli production strains due to a higher
level of acetate metabolism and glyoxylate shunt that promotes its use in the TCA cycle. It also lacks
two proteases (lon, ompT) leading to higher protein yields (Marisch et al., 2013). However, glucose
limitation is still a must throughout the cultivation as it preserves the growth rate below the
maximum specific growth rate. The relevance of glucose limitation was observed for cultivation Il
(PyNP 02) and Il (PNP 02), where lower protein production was detected after glucose accumulation.

In the first experiments, IPTG was added at the same volumetric concentration as in the shake flask.
For PNP 03 expression, the IPTG concentration was dependent on the biomass reached before
induction. The difference is reflected in the NPs yields (0.311 and 0.15 g L™ for PNP 03 and 02,
respectively). IPTG concentration is a critical factor as both too low and too high concentrations are
associated with reduced protein production. The latter is due to the toxicity effects resulting from
driving metabolic resources to protein production rather than cell maintenance (Yazdani et al., 2004).
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Table 9: Examples of some recombinant proteins produced in high cell density E. coli.

Expression vector . Production yields
. . . Culture conditions and carbon
Protein Host (promoter/ inducing Protein Reference
source Cells
agent) (gL
PvRIl (malaria E. coli pET28a(+) (T7 / batch, fed-batch (exponential 85 & L DCW 08 (Yazdani et al.,
vaccine) BLR(DE3)pLysS IPTG) then linear feed)/ glucose g ) 2004)
EcPNP - 4 171+8.2 2.310.24
£ coli DHS0l pU.C18 (Iéc / no .batch, fed bajcch (constant feed g (Zuffi et al,, 2004)
EcUP induction) increased on intervals)/ glycerol & 167+10.5 4.8+0.33
o
El-B-gal batch, fed-batch (linear feed)/ & 151 0.234 (Fong and Wood,
— ™ ET (T7/IPT o
Elop?  Rosetta™ (DE3)  PET(T7/IPTG) glucose o™ 129 0.236 2010)
. . fed-batch with exponential
: + +
Tyrosinase E. coli]M109  pMFvpt (T5/ IPTG) feeding/ glycerol ODggo: 10242 2.89+0.48 (Renetal., 2013)
. . E. coliBL21- pCTUT7 derivative batch, fed-batch (exponential .
Val Dggo: 12 .002 L l., 201
alinomycin— - 4 derivative (lac / IPTG) then constant feed)/ glucose ODsoo: 120 0.00 (Lietal,2015)
L—l
rMBP-NAP? E. coli TB1 pNEB (lac / IPTG) batch/ glucose Iji?)riass 1.738 (Lu et al., 2015)
antithrom- i ivati batch, fed-batch (constant
bosis insulin E. coli PET-3a derivative ’ ODgo: 66  IBlevel=29%  (Jing et al., 2018)
. BL21(DE3)pLysS  (lacUV5 / IPTG) feed)/ glycerol
variant
PNP 03 E. coliBL21-  pCTUT7 derivative  batch, fed-batch (exponential ODeoo: 105 0.311 .
Gold (lac / IPTG) then constant feed)/ glucose This study
PNP 02 g ODggo: 170 0.15

'Elastin-like polypeptide-intein-tagged B-galactosidase
’Elastin-like polypeptide-intein-tagged mutant parathion hydrolase
*rMBP-NAP: maltose binding protein fused to Helicobacter pylori neutrophil activating protein
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Because of the denser biomass cultures in the bioreactor, IPTG concentration for induction should be
either empirically increased (in comparison to shake flask) or calculated relevant to the biomass as
done in fed-batch cultivation V (PNP 03). Alternative approach to increase protein production could
be the addition of a second IPTG dose during the production phase or the addition of IPTG to the
feeding glucose solution to prevent dilution of the inducing agent in the culture (Norsyahida et al.,
2009; Restaino et al., 2013).

The biomass yields in shake flasks and the bioreactor cannot be compared without acknowledging
the difference in hydromechanical stress. It is quantified using the parameter local energy dissipation
rate (€.ay). This is usually one order of magnitude higher in stirred tank reactor than in shake flasks.
Whereas bacterial cells are generally regarded as robust in comparison to animal cells or fungi, the
cell damage and reduced cell growth due to stress is not a completely negligible factor (Kléckner and
Blichs, 2012; Lattermann and Biichs, 2016). This is one of the reasons for the higher protein per
biomass yield in shake flasks.

In PNP 02 and 03 overexpression, magnesium, that is detrimental for many enzymes’ activities and
biosynthetic pathways, was replenished regularly to avoid starvation. Mg®* limitation leads to the
impairment of cell membrane integrity, debilitated transport of nitrogen, sulfur and iron, faster rate
of 70S ribosome unfolding and degradation, decrease of the cellular protein content and consequent
growth cessation (Nierhaus, 2014; Caglar et al., 2017). Its lack was also connected to a decline in
carbon source dedication to biomass and an alternative fermentation pathway and acetate build up
occurrence (Christensen et al., 2017).

6.3. Producing NAs in continuous enzyme membrane reactor

Biocatalysts are cost driving factors in the enzymatic synthesis routes. To decrease the operational
cost, NPs have been subjected to extended or repeated use by whole cell catalysis, immobilization on
an inert support or coupling immobilization to a continuous reactor mode. The small lab scale EMR,
initially developed for the continuous bioconversion of lactose and fructose using B-galactosidase
(Sitanggang et al., 2014), was used for the synthesis of natural and modified nucleosides in this study.
Advantages of EMRs are the prolonged use of the enzyme, applying the enzyme in a free unaltered
state, avoiding active sites masking compared to immobilization methods and the selective mass
transfer across the membrane in case of substrates and products with variable particle sizes (Rios et
al., 2004).

Both purified protein and cell lysate supported product formation for extended times (up to 4 weeks)
without any additional enzyme addition. This strongly confirms that the NPs enzyme class is a good
candidate for larger scale industrial application. The faster decline in activity against CFP in
comparison to the natural Ade or DCP nucleobase may conjecture that nucleobases have the same
enzyme inhibition-halogen size relationship as the one observed against cultured cell lines; the larger
the halogen substitution at C2 of the nucleobase the less the toxicity (Bennett et al., 1966).

There is not much data about using NPs in continuous mode and as mentioned previously, most NPs
applications in continuous reactions were carried out using the immobilized form of the enzyme.
B. stearothermophilus cell lysate immobilized by anion exchange resin was used as a source for both
PNP and PyNP to produce 5-methyl uridine (5-MU), the precursor for stavudine and zidovudine
antivirals, from thymine and inosine. The reaction ran stable for 17 days without activity decrease or
contamination (Hori et al, 1991). Another continuous synthesis trial proceeded by loading the
mesophilic PNP from Aeromonas hydrophila onto a prepacked silica column and combining that with
an analytical or semi-preparative HPLC system via a switching valve allowing a high reaction surface
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area, easier handling and automatic fast monitoring. Using this system for one pot-one enzyme
transglycosylation reactions, inosine was used to donate ribose moiety to other purine nucleobases.
Conversions up to almost 90 % were achieved and plateaued in 10 to 30 min depending on the
nucleobase. This agrees to a good extent with the second group of experiments reported in section
5.3. The system showed good storage and longevity capacity as more than 50 reactions could be
performed over 10 months (Calleri et al., 2015). The same system was extended furthermore to
integrate an additional column possessing mesophilic UP which is connected prior to the PNP. This
setup allowed the production of natural nucleosides (Ado and dAdo) in yields of ca. 90 % after 1 h
and 20 % of AraA was recorded after 5 h (Cattaneo et al., 2017).

Another NP reactor application, unrelated to NAs production, was developed to establish an easily
reusable system for food quality control. More concisely, the freshness of fish was assessed to
determine its suitability for consumption (Carsol and Mascini, 1998; Okuma and Watanabe, 2002).
Therefore, inosine monophosphate, inosine and hypoxanthine concentrations in fish samples after
ATP degradation were monitored. In one study, alkaline phosphatase, NP and xanthine oxidase were
immobilized separately on glass beads and packed in columns in series. In another, the enzymes were
co-immobilized on chitosan and packed into two columns. In both cases, the systems were fast,
reliable and reproducible. 700 samples could be analyzed over a period of 2 months in the first and
1 month in the latter.

6.4. Cytotoxicity of the enzymatically-produced NAs

The activity of the enzymatically-produced NAs against several hematologic leukemia cell lines was
tested. The acute myeloid leukemia cells (HL-60) were chosen as the primary test system due to its
extensive use in studying myeloid cells differentiation and proliferation (Birnie, 1988; Majda et al.,
2011; Shigemi et al., 2013; Saleh et al., 2014; Golshan et al., 2016). Human embryonic kidney cells
(HEK293) were used as a non-malignant control for the potential non-specific cytotoxicity (Saleh et
al., 2014; Wang et al., 2015; Golshan et al., 2016).

The tested NAs, except for 2-aminoadenine nucleosides, were active against the leukemia cells under
investigation at the higher concentration (100 uM). This is in good accordance with the previous
postulation that halogenation is an important means to boost anticancer properties (Faderl et al.,
2005; Liu et al., 2005; Rivero, Britos, et al., 2012) since the lack thereof will make the compound
susceptible to deamination by adenosine deaminase (ADA) (Pui et al., 2005; Ma et al., 2011).
However, the high dose required for the activity of 6-chloro-2-fluoropurine and 2,6-dichloropurine
derivatives and 2-chloroadenosine (cf. 2’-deoxy-2-chloroadenosine; cladribine) is an important
hindrance for their qualification as potential clinical agents due to the expected toxicity.

A non-selective toxicity was observed for 2-fluoroadenosine and 2-chloroadenosine in this study. As
per previous reports, 2-fluoroadenosine and its products from PNP activity (2-fluoroadenine) and
kinase activity (2-fluoroadenosine triphosphate) exhibit non-selective toxicity (Skipper et al., 1959;
Bennett et al., 1966; Avramis and Plunkett, 1983; Bonate et al., 2006; de Giuseppe et al., 2012) and
have been partially accounted responsible for fludarabine (9-B-D-arabinofuranosyl-2-fluoroadenine
monophosphate) nephrotoxicity (Avramis and Plunkett, 1983).

The less non-selective toxicity of 2-chloroadenosine complies with an old hypothesis that the toxicity
decreases with larger halogen substitution at the C2-position of the purine ring (Bennett et al., 1966).
The deoxyriboside counterparts of 2-fluoroadenosine and 2-chloroadenosine showed a strongly
decreased non-specific toxicity. Percentage of killed HEK293 cells was 11.4 % for both 2CA-dR and
2FA-dR at 100 puM in comparison to 22.5 and 82 % for 2CA-R and 2FA-R, respectively, at the same
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concentration. The higher toxicity of ribosides can be connected to one of the following reasons: (i)
local dNTPs and NTP pools show differences in concentrations inside cells. NTPs accumulate to higher
concentrations at any given time (Potenski and Klein, 2014; Kong et al., 2018) so, they are more
available for activity, (i) RNA polymerase is more prone to proofreading errors (10 error per base
replicated) in comparison to DNA polymerase (10° to 10™°) (Garwal, 1996; Sydow and Cramer, 2009).

Of the main issues of cell toxicity studies was to prove that impurities from the enzymatic process do
not interfere with biological activity. Therefore, commercially available cladribine produced in a
chemical process was compared to cladribine produced by NPs in this study. Comparable ICs, values
of 0.18202 + 0.061 and 0.092 + 0.0382 uM, respectively, were calculated against HL-60. This is in
good accordance with formerly published data described for the same cell lines (Table 10).

Table 10: Different recorded ICsy values (uM) for cladribine (2CA-dR) against the cell lines, also used

in this study.
HL-60 CCRF-CEM
0.092 + 0.0382 (this study) 6.13E-01 + 0.257 (this study)
>0.05 (Stachnik et al., 2005) 0.09 + 0.05 (Lotfi et al., 2001)
0.0041 (Shigemi et al., 2013) 0.015 (Huang et al., 1981)
0.041 (Mansson et al., 1999) 0.003 (Carson et al., 1980; Montgomery et al., 1992)

0.0700 * 0.0060 (Nishi et al., 2013)
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7. Conclusions and Outlook

7.1. Conclusions

In the presented study, a production chain for NAs was successfully established. The expression of
NPs was up-scaled from shake flask scale to benchtop bioreactor. The synthesis of halogenated NAs
was up-scaled in batch and continuous reactions. In continuous reactions, the applied amount of
enzyme was drastically reduced. Furthermore, the activity of NAs produced in an enzymatic process
was successfully shown.

Four different NPs were produced in benchtop bioreactors using mineral salt medium with glucose as
a single carbon source. The soluble protein amounts were comparable to those from the shake flasks
with the advantage of a reduced ecological footprint. AlImost three times the protein volumetric yield
of the PNP 03 was obtained in the bioreactor (140 mg L™ in shake flask vs. 311 mg L™ in KLF) over
approximately the same period of time (ca. 30 h cultivation). 685 mg his-tagged NO3 was obtained
recording a biomass productivity of 6.78 mg gocw ™

Whereas the transglycosylation method was efficient for producing riboside and deoxyriboside
nucleosides (>60 % vyields based on nucleobase amount in tested cases), the reaction between
nucleobases and the corresponding a-PF-1-P was more superior for sugar modified nucleosides
(arabinosides and fluoroarabinosides). The synthesis of EUra-containing NAs, studied by either one
pot-two enzyme transglycosylation or cascade two pot direct glycosylation, is a clear example. This
directly demonstrates that the NPs are more tolerant to nucleobase modifications than those of the
sugar moiety and allows the conclusion that only NAs with natural sugar scaffolds could be efficiently
produced using another nucleoside as a sugar donor.

NP catalyzed reactions were suitable for up-scaling from pL scale to 100 mL scale or continuous
reactions in EMRs showing that the enzymes behave similarly with volumetric expansion. In the
presence of the organic solvent DMSO in a concentration up to 20 % v/v, no inhibitory effect on the
enzyme activity was observed.

The application of thermostable NPs in continuous EMRs has a high potential for NAs production. NPs
were active for more than 8 weeks with natural substrates and up to 7 days with modified substrates.
Conversion yields were comparable to the results from batch reactions. Heat-treated cell lysates
showed the same nucleoside analog formation results as the pure enzymes in the continuous
reaction mode. This is another very prominent finding that supports the suitability of thermostable
NPs-catalyzed chemo-enzymatic nucleoside analogs synthesis for commercial use overcoming the
need for the extra and cost-intensive purification steps.

In comparison to the chemically produced nucleoside analog cladribine, the enzymatically produced
one exhibited similar ICso values in different hematologic cancer cell lines. The results were also in the
same order of magnitude as shown in previous reports. Thereby, it can be concluded that the
chemo-enzymatic synthesis is a safe and efficient way to produce biologically active NAs in addition
to its many advantages over the chemical synthesis.
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7.2. Outlook

This study opens room for several interesting improvements. Up-scaling of the expression of NPs was
successfully shown, however, some challenges remain. On the one hand, the active units/ mg is
decreased in bioreactors compared to shake flask although higher cell density and protein amounts
were obtained in the KLF. On the other hand, a significant proportion of inclusion bodies was
observed in both shake flask and KLF cultivations. This could be experimented by one of several
strategies; cold-shock expression, co-expression of chaperons or investigating the effect of different
promotors.

The probability of using DMSO encourages testing how much the enzymes could endure to make the
reactions more cost-effective as higher substrate concentrations can be used. Performing reactions
that are more concentrated allows making the maximum use of the enzymes and realizing higher
amounts of products with poorly soluble substrates (ex: 2FA, 2CA, EU). Pulse feeding of substrates
could also be performed after the equilibrium state is reached.

Utilizing NPs in EMR has been depicted to rely on many variables like flux rate or pressure in addition
to the other factors controlling the enzymatic reaction (substrate concentration, enzyme
concentration, enzyme half-life, turnover number). Studying the effects of these variables would
certainly help understand the nature of the reaction. It would be very advantageous if the reaction in
the EMR could be mathematically modelled to allow for a better optimization.

Incorporating a further step of kinase-catalyzed reactions in one pot with the transglycosylation
reaction also paves the way to a very interesting investigation. Using this approach, the overall
reaction can be balanced towards the target product.
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9.

10.

Theses

It is possible to up-scale the expression of recombinant nucleoside phosphorylases from shake
flask scale to benchtop bioreactor scale.

Three times the protein volumetric yield of the PNP NO3 was obtained in the bioreactor in
comparison to the shake flask over approximately the same duration.

Two different approaches for nucleoside analogs synthesis can be employed. The one pot-two
enzyme transglycosylation is suitable for the synthesis of riboside and deoxyriboside nucleosides
while the direct glycosylation is better used for sugar modified nucleosides (arabinosides and
fluoroarabinosides).

Different 5-ethynyluracil containing nucleosides that are used to detect cell proliferation and
nucleic acids synthesis were successfully produced enzymatically with nucleoside
phosphorylases. Substrate conversion was ca. 50 % on producing the fluoroarabinoside
counterpart by direct glycosylation with 2-deoxy-2-fluoro-a-D-arabinofuranose-1-phosphate that
was otherwise, not formed by transglycosylation.

Using thermostable nucleoside phosphorylases in continuous reactors offers many advantages as
the amount of needed enzyme is drastically reduced. nucleoside phosphorylases can be used for
more than 2 months with natural substrates and up to 7 days with modified ones.

Cell lysates of the recombinant E. coli can be used instead of purified enzymes with the same
efficiency. Hence, thermostable nucleoside phosphorylases are more cost-effective biocatalysts
for potential industrial applications.

Reactions performed in pl scale can be up-scaled to 50 mL without a decrease in product
formation. The organic solvent dimethyl sulfoxide DMSO in a concentration up to 20 % v/v has no
inhibitory effect on the enzyme’s activity.

A purification protocol applying semi-preparative HPLC was successfully developed during this
work. Nucleoside analogs with purity >95 % (reagent grade) were obtained.

The enzymatically produced NAs give similar results to chemically synthesized ones in biological
tests against leukemia cell lines.

Nucleoside phosphorylases from thermophilic organisms are promising candidates for large
scale, economical use. Producing and utilizing them in larger scale is possible with the advantage
of a lower biocapacity and ecosystem burden.
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Abstract: Background: Nucleoside phosphorylases catalyze the reversible phosphorolysis of pyrimidine and
purine nucleosides in the presence of phosphate. They are relevant to the appropriate function of the immune
system in mammals and interesting drug targets for cancer treatment. Next to their role as drug targets nucleoside
phosphorylases are used as catalysts in the synthesis of nucleosides and their analogs that are widely applied as
pharmaceuticals.

Methods: Based on their substrates nucleoside phosphorylases are classified as pyrimidine and purine nucleoside
phosphorylases. This article describes the substrate spectra of nucleoside phosphorylases and structural properties
that influence their activity. Substrate ranges are summarized and relations between members of pyrimidine or
purine nucleoside phosphorylases are elucidated.
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Conclusion: Nucleoside phosphorylases are valuable tools to produce modified nucleosides with therapeutic or
diagnostic potential with high affinity and specificity. A wide variety of nucleoside phosphorylases are available
in nature which differ in their protein sequence and show varying substrate spectra. To overcome limitations of

the naturally occurring enzymes site-directed mutagenesis approaches can be used.
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1. INTRODUCTION

The reversible phosphorolysis of purine and pyrimidine nucleo-
sides is a biochemical reaction of high importance in the nucleoside
metabolism [1]. The reversible phosphorolytic cleavage of nucleo-
sides by nucleoside phosphorylases (NP) was confirmed in 1947 by
Kalckar [2].

The physiological role of NPs comprises the reversible phos-
phorolysis of ribo- and deoxyribonucleosides to nucleobase and
a-D-pentofuranose-1-phosphate in the presence of inorganic phos-
phate. In vitro studies revealed that the equilibrium of the reaction
catalyzed by nucleoside phosphorylases is shifted towards the re-
verse (synthetic) reaction [3]. It is more pronounced in purine nu-
cleoside phosphorylases (PNP) than in pyrimidine nucleoside phos-
phorylases (PyNP) [4, 5]. Equilibrium constants for the phosphoro-
lysis reaction of uridine between 0.51 and 0.61 were obtained for E.
coli PyNP [4], whereas a value of 0.0175 was determined for E. coli
PNP with inosine as a substrate. Nevertheless, in vivo phosphoroly-
sis of nucleosides is favored due to the following arguments [6]: (i)
The intracellular concentration of inorganic phosphate (Pi) is higher
than that of nucleosides. (ii) By using the released bases hypoxan-
thine and guanine with hypoxanthine-guanine phosphoribosyl trans-
ferase (HPRT) and, in certain tissues, xanthine oxidase or guanine
deaminase (guanase), respectively, the equilibrium of the PNP reac-
tion is  shifted towards  a-D-pentofuranose-1-phosphate
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accumulation. (iii) The absence of any kinase in mammals acting on
inosine and guanosine favors the channeling of purine nucleosides
towards phosphorolysis. (iv) Liberated o-D-pentofuranose-1-
phosphate is catabolized as energy source [7]. (v) Nucleoside phos-
phorylases often belong to the same regulon as other nucleoside
catabolizing enzymes [8, 9].

However, in some specific cases nucleoside phosphorylases are
involved in the salvage of nucleobases, and, therefore, represent an
opportunity to the organisms that cannot perform de novo synthesis
of nucleosides. For example, parasites like trypanosomes and
Leishmania in general lack a de novo purine biosynthetic pathway
[10]. Starvation of purines causes purine-less death in cultured
cells. Enzymes of the purine salvage pathway, including PNPs,
were detected in P. falciparum, suggesting a recovery of purine
bases from the mammalian host by the parasite to survive. Due to
its need for purine bases Plasmodium is dependent on intact path-
ways for purine salvage. As differences exist in the active sites
between human and parasite enzymes, PNPs of the pathogens are
interesting targets for the development of specific inhibitors, which
would kill the parasite but only slightly influence the human host.

Mutations in the PNP locus in humans cause a gradual decrease
in T-cell mediated-immunity. B-cells, however, remain unaffected
[11]. T-cells are capable of transporting and phosphorylating de-
oxyguanosine (dGuo) to deoxyguanosine triphosphate (dGTP),
which accumulates compared to unmutated cells. In humans two
enzymes can metabolize dGuo, PNP and deoxycytidine kinase
(dCyK). dGuo is phosphorolyzed by PNP to guanine and 2’-
deoxyribose-1-phosphate. The function of dCyK in dividing T-cells
is the salvage of deoxycytidine to form deoxycytidine triphosphate

© 2017 Bentham Science Publishers
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Scheme 1. Proposed catalytic mechanism of human PNP. Figure adapted
from Pugmire and Ealick [1].

(dCTP). The affinity of dGuo to PNP is higher than to dCyK.
Therefore, it predominantly undergoes phosphorolysis by PNP.
When dGuo accumulates beyond normal levels, e.g. in case of inac-
tive human PNP, dGuo is converted to deoxyguanosine monophos-
phate (dAGMP) by dCyK. Deoxyguanosine monophsophate is me-
tabolized to dGTP, which results in an accumulation of dGTP. This
leads to an inhibition of ribonucleotide reductase, thus preventing
the conversion of ribonucleoside diphosphates to corresponding
deoxyribonucleoside diphosphates. An inhibition of DNA synthesis
and cell replication is observed when the level of deoxyribonucleo-
tides is reduced. The suppression of proliferation of immature T-
cells is the result. Therefore, the development of PNP inhibitors is
of great importance due to their potential as immunosuppressive
drugs for organ transplantation or the treatment of T-cell leukemia
and T-cell related autoimmune diseases [3, 11]. The interest in
thymidine phosphorylase (TP) strongly increased as it was shown to
be an angiogenic factor and to be equal to the platelet-derived endo-
thelial cell growth factor [12, 13].

2. CLASSIFICATION OF NUCLEOSIDE PHOSPHORY-
LASES.

Based on their specific substrates, nucleoside phosphorylases
were classified, and enzyme names and enzyme commission num-
bers (EC) were ascribed (Table 1). In 2002, Pugmire and Ealick
published an extensive study on the classification of NPs [1]. Struc-
tural studies revealed that only two families of NPs exist. The first
family (NP-I family) consists of NPs that show a homo-trimeric
(mammalian PNP) or a homo-hexameric (bacterial PNP) quaternary
structure, in addition to uridine phosphorylase (UP) and 5'-
methylthioadenosine phosphorylase (MTAP). Both purine and
pyrimidine nucleosides are used as substrates. Despite the diversity
in substrate spectra, amino acid sequence and quaternary structure
is observed, all members of this family show a characteristic
subunit topology. A two-domain subunit fold and a dimeric quater-
nary structure was described for members of the NP-II family. A
significant level of sequence identity (>30%) was shown for NPs of
the second family. Members of this family are specific for
pyrimidine nucleosides [1]. They catalyze the phosphorolysis of
both thymidine and uridine substrates in lower organisms, but are
specific for thymidine in mammals and other higher organisms.

The classification by Pugmire and Ealick [1] is up to now a
valid tool for the classification of NPs. However, not all NPs from
different species fit the described model. As an example E. coli
PNP-II is similar to trimeric low molecular mass PNPs in sequence,
promoter structure and specificity. However, it forms a high
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molecular mass hexamer by dimerization of two trimers [14]. Crys-
tallization and gel-filtration data gave hints for the existence of
hexameric species of PNP-II. In 2000, Bzowska and co-workers
reviewed a number of other PNPs with dimeric or tetrameric qua-
ternary structures [3]. Similar results were obtained for UP. Both
human UP [15] and trypanosomal UP [16] were shown to form
homodimers although the classification described by Pugmire an
Ealick [1] indicates that UPs are hexamers.

Other deviations from the classification proposed by Pugmire
and Ealick [1] concern the substrate specificity. The nucleoside
phosphorylase of Klebsiella was described to use both pyrimidines
and purine nucleosides as substrates [17]. Next to purine nucleo-
sides like adenosine the enzyme also catalyzed the phosphorolysis
of pyrimidine nucleosides like uridine, 2'-deoxyuridine, and
thymidine. The formation of adenine arabinoside, an antiviral drug,
from uridine arabinoside and adenine was shown. Additionally, it
was described that nucleoside phosphorylases show activity with
cytidine [18]. Additionally, a novel activity for NPs was described:
in Pseudomonas aeruginosa where a NP was found that converts
5’-deoxy-5"-methylinosine but not 5’-deoxy-5'-methyladenosine
[19].

3. CATALYTIC MECHANISM

The catalytic mechanism is analogous in all nucleoside phos-
phorylases [1]. As shown for human PNP nucleoside binding oc-
curs in a high-energy conformation, which leads to a steric strain
favoring the cleavage of the glycosidic bond (Scheme 1). Electrons
flow from O4" of the sugar moiety to the purine ring and an oxo-
carbenium ion is formed. It is stabilized by the negatively charged
phosphate ion. Interactions of amino acids of the active site with N7
position of the nucleoside are likely to improve the electron flow
from the glycosidic bond to the purine ring. Further information on
the catalytic mechanism of selected NPs is given in the specific
chapters.

Table 1. Nucleoside phosphorylases described in the presented

review.
Enzyme name Acronym EC number
Thymidine phosphorylase TP 2424
Uridine phosphorylase UP 2423
Pyrimidine nucleoside phosphorylase PyNP 2422
Purine nucleoside phosphorylase PNP 24.2.1
5’-Methylthioadenosine phosphorylase MTAP 24228
Guanosine phosphorylase GP 24215

4. SUBSTRATE SPECTRA OF NUCLEOSIDE PHOS-
PHORYLASES

NPs can be classified according to several parameters: (i) Based
on their quaternary structure and substrate specificity, they can be
divided into NP-I family and NP-II family as stated before. (ii)
Functionally, this class can be subdivided into PNP (EC 2.4.2.1),
PyNP (EC 2.4.2.2), UP (EC 2.4.2.3), TP (EC 2.4.2.4), guanosine
phosphorylase (GP, EC 2.4.2.15), S-methyl-5'-thioadenosine phos-
phorylase (MTAP, EC 2.4.2.28), adenosine nucleoside phosphory-
lase (ANP) and inosine-guanosine phosphorylase. As neither
adenosine nucleoside phosphorylase, guanosine phos-phorylase or
inosine-guanosine phosphorylases were investigated in view of
their substrate specificity or their structure according to our knowl-
edge, they are only shortly described in this review.
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Fig. (1). Schematic drawing of the active site of E. coli uridine phosphory-
lase. Residues binding the base, the sugar-moiety and phosphate are shown
in dark grey, light grey and white, respectively. Residues from the adjacent
subunit are marked with *.

ANP has been identified in two species of the genus Mycobac-
terium and in 13 out of 16 tested mycoplasmatales, whose PNPs are
strictly specific for 6-oxopurines. ANP from Mycobacterium
smegmatis was shown to also catalyze inosine cleavage and is not
inhibited by 9-benzyl-9-deazaguanine, a potent PNP inhibitor,
which ascertains the fact that it belongs to another subgroup [20,
21]. Another member of the ANP class was partially purified from
Schistosoma mansoni [22]. It catalyzed the cleavage of substrates
which are unrecognized by the organism’s adenosine kinase or
deaminase namely: 2-fluoroadenosine, 5’-deoxy-5’-iodo-2-
fluoroadenosine. This explains why infections with these parasites
are treated with e.g. 2-fluoroadenosine. After cleavage by ANP the
toxic 2-fluoroadenine accumulates in the cells [23].

There are only a few publications on GPs, isolated from
Oryctolagus cuniculus and Trichomonas vaginalis. The available
data show that GPs are strictly specific for guanosine and deoxy-
guanosine as substrates [24 ,25].

4.1. Substrate Recognition and Substrate Spectra of Members
of the NP-I Family

PNP enzymes are most widely studied within the two families
of nucleoside phosphorylases due to their importance as drug tar-
gets. PNP enzymes are subdivided into hexameric PNP (bacterial)
and trimeric PNP (mammalian). MTAP and UP also belong to the
NP-I family. Both PNP (Escherichia coli and bovine) and MTAP
(human) have been extensively described by Pugmire and Ealick
[1]. However, the UP active site was not well described. Therefore,
the active site of uridine phosphorylase will be described in more
detail in the following chapter. A comparison will show similarities
and differences for members of the NP-I family. Active site resi-
dues which determine substrate specificity will be described.

4.1.1. Active Site of Uridine Phosphorylase

UP belongs to the NP-I family. Structure comparison revealed
that UP form a heterogenous group. Both hexameric (E. coli and S.
typhimurium UP) and homodimeric (H. sapiens and T. brucei)
structures were observed [15, 16, 26, 27]. A sequence alignment of
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uridine phosphorylases suggests that UPs from all eukaryotic para-
sites are active in a homodimeric form [16]. While for E. coli, S.
typhimurium and T. brucei UPs metal ion binding sites are de-
scribed [15, 16, 26, 27], they are absent in both human UPs.

Between the phosphate and uracil binding sites the ribose bind-
ing site is placed in E. coli UP. Either a ribose moiety of a nucleo-
side or that of ribose 1-phosphate is bound [26]. A number of hy-
drogen bonds (primarily to the side-chains of His8 and Glul98)
position the ribose moiety in the active site of the enzyme (Fig. 1).
His8 belongs to the adjacent monomer and forms together with a
bridging water molecule hydrogen bonds to the 5’ hydroxyl group
of ribose. Hydrogen bonds to the 2’ and 3’ hydroxyl groups of the
ribose moiety are formed by Glul98 (Fig. 1), which positions the
ribose on top of the phosphate ion. In this setting the 3’ hydroxyl
group of the ribose forms a hydrogen bond to O3 of the phosphate
ion. Hydrogen bond interactions are also observed between the 2’
hydroxyl of the ribose moiety and Met197 and Arg91, respectively
[26]. Met197 is also involved in forming a part of the ribose bind-
ing pocket. The van der Waals surface of its sulphur atom point in
the ribose binding pocket, which might be responsible for the stabi-
lization of the largely hydrophobic part of the upper face area of
ribose and the correct positioning of the ribose in the active site.
The importance of the methionine residue is shown by its conserva-
tion across all members of the NP-I family.

The uracil binding pocket of an occupied UP active site forms a
rectangular slot [26]. Residues Thr95, Gly96, Tyr195 and Glul196
form the lower area, while the upper area consists primarily of
Phel62. Phel62 is located vertical to the base and is forming an
edge-to-face m-stack arrangement with the uracil moiety. The area
around C5 of the base consists of 11220, Val221, Pro229 and Phe7,
which are non-polar amino acids [26, 28]. Pro229 and Phe7 belong
to the neighboring monomer. These residues form a hydrophobic
pocket at the 5 position of uracil (Fig. 1). Argl68, Arg223 and
GIn166 are important residues in the binding pocket of uracil (Fig-
ure 1) [26, 28]. GIn166 is conserved among all UPs and forms the
discriminating interaction with uracil (Fig. 1) [26, 28]. GIn166
forms two hydrogen bonds to uracil: I. An interaction between the
amide nitrogen atom with O2 of uracil is observed. II. A hydrogen
bond is formed between the carbonyl oxygen atom and N3 of ura-
cil. Side-chains of GIn166 positions the amide nitrogen atom so that
it is able to set up a second hydrogen bond to the main-chain
carbonyl of Thr161.

In E. coli either orthophosphate or the phosphate moiety of
ribose 1-phosphate is bound to the phosphate binding site of UP
[26]. A binding pocket is formed by the three arginine residues
Arg30, Arg48 and Arg91. Each residue forms two hydrogen bonds
to the phosphate’s oxygen atoms (Fig. 1). Arg48 is located in the
adjacent monomer. Thr94 and Gly26 are also interacting with the
phosphate ion. If ribose-1-phosphate is located in the active site, a
hydrogen bond is formed between 3’-OH of the ribose and O3 of its
phosphate moiety.

A similar mechanism of substrate binding between UP and PNP
was assumed involving a random sequential binding. The UP of
E. coli showed remarkable changes during substrate binding: a
mixture of open, intermediate and fully closed active sites were
observed [26]. Parts of 5, B6, B7, B9 and the N-terminal half of a7
showed conformational changes after substrate binding. While in
the open active site the side-chain of Arg30 in the phosphate bind-
ing site is poorly ordered. It showed significantly stronger electron
density in the closed phosphate binding site. This is probably re-
sponsible for a stabilization of both hydrogen interactions made to
phosphate oxygen atoms. By this change Glu238 comes into a posi-
tion where it can form a hydrogen bond to Arg30 and I1e92. In the
presence of phosphate also Arg91 undergoes a conformational
change and is forming hydrogen bonds to the phosphate oxygen
atoms and Glu196. In the absence of phosphate Arg91 moves away
from the phosphate pocket and hydrogen bond to Val24 and Thr67
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are formed. In the closed conformation a water molecule takes the
psoition of Arg91. It interacts by hydrogen bonds to Glu196 and
Arg91. The movements lead to a sealing of the uracil pocket in the
closed conformation.

The uridine phosphorylase of S. #yphimurium was shown to
possess a potassium ion binding site. It was found in the inter-
monomeric region of each homodimer [29]. The coordinating atoms
were Glu49, 11e69, Ser73, Glu49 (neighboring monomer), [1e69
(neighboring monomer) and Ser73 (neighboring monomer). They
are arranged as distorted octahedron or triangular prism. Close to
each K* a water molecule is bound to 1169 of the adjacent subunits
in all homodimers. K" enhances the enzymatic activity of E. coli
UP [26]. A structure comparison of S. typhimurium UP with and
without K* revealed that K' stabilizes the structure of the un-
liganded substrate binding sites in an open or an intermediate con-
formation of the active site [28]. Because of the high homology
between uridine phosphorylases of E. coli and S. typhimurium, K
might indirectly alter the enzymatic activity by stabilizing the L2
loop in the open conformation [28, 29]. No K" ion was detected in
structures of human uridine phosphorylase with BAU as substrate
[15].

The UP of T. brucei is stabilized by an intermolecularly coordi-
nated calcium (Ca2+) jon [16]. The Ca*" ion is coordinated by four
oxygen atoms from each monomer for a total of eight ligands: the
carbonyl oxygen of Met87, 031 and 062 of Asp90, and O31 of
Asn91. A slightly distorted square antiprism is formed by the eight
oxygen ligands around the metal. One square face is formed by
interactions of the two Asp90 carboxylate side chains, while the
other square face is formed by Met87 and Asn91. As the UP of
T. brucei only forms a dimer it is more dependent on the stabilizing
effect of an intermonomer metal compared to E. coli or S. typhi-
murim UPs which form hexamers. Although the human UP also
exists in a homodimeric structure, it does not bind metal ions and,
hence, uses an alternate strategy for dimer stabilization. A structure-
based sequence alignment revealed that the primary coordinating
residue (Glu49 in E. coli UP) is not observed in the human protein
[15]. Interestingly, it has little impact on the surrounding structure.
Human UP reached a greatly increased size of the interface of the
dimer by changing two structural elements: I. An elongated N-
terminus of the protein is present which forms a strand-turn-strand
structure interrupted by two short helices. II. a-helix a3 of the bac-
terial enzymes is substituted by an strand-turn-strand motif [15].
These modifications together increase the interface area between
subunits from 2791 sq. A in E. coli UP to 3292 sq. A in human
UP-I (~18%).

4.1.2. Comparison of the Active Sites within the NP-1 Family

E. coli UP and E. coli PNP show an almost identical arrange-
ment of residues [26]. Three arginine residues, the main-chain ni-
trogen atoms of a glycine (Gly20 of PNP and Gly26 in UP) and the
hydroxyl groups of Ser90 (PNP) and Thr94 (UP) form the phos-
phate binding site. His8, Arg91, Glul98 and Met197 that form in-
teractions with ribose are conserved in all UPs and have equivalents
in PNP.

Residues involved in base binding are Phe200 of bovine PNP,
Phel77 of human MTAP, Phel59 of E. coli PNP and Phel62 of
E. coli UP [1]. They form herringbone stacking interaction. Only
residues of bovine PNP and human MTAP, which show a trimeric
form, are structurally conserved. Residues are located in a loop
between B-strand 3b and helix HS in bovine PNP. While Glu201 of
bovine PNP interacts with N1 of the purine base in human MTAP a
water molecule interacts with the purine base [1]. Structures of
hexameric PNPs don't show interactions at this position.

In PNP, Ser203, Asp204 and some water molecules form the
base binding pocket [26]. In UP 11220 and Val221 set up the hy-
drophobic base binding pocket, which results in a reversal of the
orientation of the hydrogen bonding interactions compared to PNP.
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The n-stack interaction between a phenylalanine residue (Phel59 in
PNP, Phel62 in UP) and the base are conserved between PNP and
UP. In the NP-I family this phenylalanine residue is conserved.

A comparison of E. coli UP and PNP revealed the existence of
both open and closed forms. However, the closed forms when
tightly bound to a substrate differ remarkly and result from con-
trasting movements. In the closed form of PNP, a conformational
change at the C-terminal a7-helix (UP numbering) leads to a forma-
tion of a y turn at residues 220-222 due to a displacement of resi-
dues 214-219 of a7 in the active site. This movement results in
approximation of Arg217 and Asp204. While region 224-230 of UP
undergoes large changes when forming the closed formation, the
loop region 208-211 of PNP does not show significant movement.
In the active site of PNP in vicinity to Glu210 (Glu227 in UP) no
residues are observed that could act as interaction partners. Addi-
tionally, the PNP loop region (6 residues) is shorter than in UP (10
residues). Moreover, during substrate binding PNP monomers ro-
tate as a whole relative to each other, no equivalent movement is
observed in UP.

The K, values for the affinity of human PNP for guanosine and
inosine have been determined to be 12 mM and 45 mM, respec-
tively [3]. A correlation between observed hydrogen bonds and K,
values has been detected; a higher number of intermolecular hydro-
gen bonds (eight) between human PNP and guanosine is correlated
with the lower K, value compared with inosine, which presented
six intermolecular hydrogen bonds [30].

4.1.3. Differences Between Hexameric and Trimeric PNP En-
ymes

In hexameric PNP the active site is formed of amino acids be-
longing to two subunits (Fig. 1C). In E. coli, His4 and Arg43 are
belonging to the adjacent subunit. Both interact directly with the
ligand via hydrogen bonds [31]. In contrast, in human PNP Phel59,
which is the only residue from the adjacent subunit does not di-
rectly interact with ligands. However, it is involved in forming the
hydrophobic environment around the sugar.

In E. coli PNP, the base binding site is more exposed and acces-
sible compared to the counterpart in human PNP [3]. While N1-H
of the purine base interacts via hydrogen bond with Glu201 in hu-
man PNP, N1-H of E. coli PNP is linked to a water molecule (Fig.
1A,C) [3].

The phosphate binding site of E. coli PNP is more positively
charged than in human PNP as it is formed out of three Arg resi-
dues (Arg24, Arg87, Arg43) compared to only one Arg residue
(Arg84), respectively.

4.1.4. Amino Acid Residues Defining Substrate Specificity in
Members of the NP-1 Family

Co6-position of the base is strongly responsible for substrate
specificity. Residues involved in base binding are located in a struc-
turally conserved position in B-strand 5b of all four members of the
NP-I family [1]. The aspartic acid side chains in human MTAP
(Asp220) and E. coli PNP (Asp204) allow for hydrogen bonding
with the 6-amino and 6-oxo purine nucleosides, while Asn243 of
human and bovine PNP specifies 6-oxo purine nucleosides as their
substrates. It was shown that specificity of trimeric PNP could be
altered to that of bacterial type PNPs by changing Asn243 to Asp
[3].

In E. coli UP and human UP amino acid residues GInl66,
Argl68 and Arg223 are conserved, suggesting that both form simi-
lar interactions with uracil [26]. GIn166 and Argl68 (GIn246 and
Arg248 T. brucei) are described to be the key residues for UP speci-
ficity and are located in the 163-185 region of E. coli UP (residues
243-264 in T. brucei). Therefore, this region is called UP specific
region. The absence of this region (and therefore GIn166) in PNP
results in a larger base binding pocket and less specificity.
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4.1.5. Substrate Spectrum of PNPs

PNPs with trimeric quaternary structure were described to spe-
cifically use 6-oxopurines and their nucleosides, but not 6-
aminopurine nucleosides like adenosine as substrate [1, 3]. In con-
trast, hexameric PNPs are known to accept both 6-aminopurine and
6-oxopurine nucleosides. However, in some cases they were de-
scribed to prefer adenosine compared to 6-oxopurine nucleosides
[32-34]. The following paragraphs will show that PNPs use a large
number of modified nucleosides next to the natural substrates.

Natural nucleosides as well as their analogs recognized by PNP,
have the glycosidic bond between N9 of the purine base and C1’ of
the sugar moiety. However, studies show that few exceptions can
also be recognized by this class of enzymes. Bovine and E. coli
PNP phosphorolyze both inosine and adenosine analogs with an
N3-C1’ glycosidic bond. Although the enzymes’ affinity for these
substrates is very poor, as demonstrated by high K, values, the
overall reaction kinetics is balanced by high V... Another excep-
tion is the reported cleavage of 7-(3-D-ribofuranosyl) hypoxanthine
and 7-(B-D-ribofuranosyl) adenine by bovine, E. coli and human
PNP [56, 67, 100].

An unusual finding was that also pyrimidine and open purine
rings could be cleaved by some PNPs. Thermostable PNPs from
Deinococcus geothermalis and Geobacillus thermoglucosidasius
have the ability to cleave the glycosidic bond in cytidine and 2’-
deoxycytidine. Open purine rings that bear structure similarity to
inosine are cleaved by some PNPs; Calf and E. coli PNP tolerate
nicotinamide-1-ribose as a substrate. Ribavirin, which is another
inosine-mimicking substrate, is cleaved by Bacillus subtilis and
Brevibacterium  acetylicum PNPs to give 1,2,4-triazole-3-
carboxamide and D-ribose-1-phosphate. It is as well a substrate for
human PNP [52, 56, 62].

Generally, small alkyl group substitutions at C7 of the nu-
cleobase are well accepted in most cases and phosphorolysis of the
respective compounds was successful. However, the synthetic reac-
tion did not work. Using 7-methylguanine and 7-methylhy-
poxanthine as substrates, for example, the reaction catalyzed by
bovine PNP can be monitored by the phosphorolysis of the fluores-
cent nucleoside substrate over reaction time [61, 65, 101].

Electronegative groups at C6 seem to be a prerequisite to pro-
vide the electron density needed for protonation according to the
postulated mechanism of action. Therefore, purine nucleosides with
thioalkyl, alkyl, thiol and halogen modifications at C6 were suc-
cessfully synthesized by many bacterial and mammalian PNPs.
Details are shown in Table 2 [31, 54, 57, 58, 63, 102].

PNPs exhibit optimal activity when ribose is the sugar moiety
of the investigated nucleoside. Enzyme structure studies demon-
strate that there is not much room for change, especially at the 2’
and 3’ positions. Thus major changes in the original sugar structure
are not reported as acceptable substrates. For example, human PNP
loses 50% of its reaction velocity when the OH group is removed
from the 2’ position of inosine, although K, is in the same range. A
more detrimental effect is demonstrated using 3’-deoxyadenosine as
substrate, more than 90% of the activity is lost and K, increased 50
times. When replacing the 3’-OH by 3’-NH,, some activity is re-
tained as the electronegative character of C1’ is maintained [103].
Nevertheless, studies have proven that arabinose and arabinose
derivatives are substrates of E. coli PNP and various thermostable
PNPs [37, 44, 55]. Omission of the hydroxyl group at the 3 posi-
tion is also accepted in some cases [35, 39, 104, 105]. Modifica-
tions on the 5” position are less studied, except for few examples
that provide evidence that nucleosides with halogen substitution in
C5’ are used as substrate for PNPs [23, 42, 106] and some can also
recognize S-methyl-5-thioribose (MTR), the natural substrate of the
closely related MTAP enzyme [36, 40, 43].

As mentioned before, bacterial hexameric PNPs were shown to
have a broader substrate spectrum than mammalian trimeric PNPs.
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The available experimental data demonstrate that the hexameric
enzyme from Salmonella enterica has a molecular weight of 130
kDa (purified through gel filtration). It shows activity for adeno-
sine, 2’-deoxyadenosine, 2’-deoxyinosine, guanosine and inosine.
None of these substrates showed less than 75% activity compared
to that of 2’-deoxyguanosine, which was considered as the best
substrate [5]. Hexameric PNP of E. coli showed a lower reaction
rate, yet it was able to phosphorolyze both, purine and pyrimidine
nucleosides. In addition, E. coli PNP can cleave many purine nu-
cleoside analogs, as demonstrated in Table 2 [5, 31]. In difference,
bovine PNP is a trimeric PNP which was reported not to cleave
adenosine [107], but contradictory data from Moyer and Fischer
indicate that it can use adenosine as substrate but the K, value is
almost 6 times higher (i.e. lower affinity) than that of guanosine and
deoxyguanosine [108]. Buckoreelall and coworkers analyzed the
substrate spectrum of two trimeric PNPs from M. smegmatis: the
first one was not able to utilize adenosine or 2°-deoxyadenosine as
substrates while the other could phosphorolyze them, together with
guanosine, inosine and adenosine analogs [20].

4.1.6. Substrate Spectrum of 5'-Methylthioadenosine Phosphory-
lase

MTAP was first described in rats [109]. It cleaves the glycosi-
dic bond of 5'-deoxy-5'-methylthioadenosine. Another surprising
observation was the activity of the enzyme from the thermophilic
archaeon Aeropyrum pernix against pyrimidine molecules, e.g.
cytidine and deoxycytidine. This is in accordance with observations
made for E. coli recombinant PNP that was able to use cytidine, 2°-
deoxycytidine and 2’-deoxyuridine as substrates [37, 110, 111].

MTAPs from different sources exhibit a range of substrate tol-
erance that does not always comply with the empirical strict speci-
ficity. For example, 6-oxopurine guanosine and inosine are ac-
cepted by some organisms. Pyrococcus furiosus can use both nu-
cleosides. A slightly lower substrate affinity was observed for these
compounds (K, values of 0.916 and 0.963 mM, respectively) in
comparison to the natural substrate MTA (K, of 0.147 mM). The
hexameric enzyme from the thermoacidophilic archaeon Sulfolobus
solfataricus also has the capacity to use both substrates even more
efficiently than MTA. However, it is reported that this enzyme
shows more sequence similarity to PNPs than to some known
MTAPs [75, 77, 112]. Aeropyrum pernix produces another thermo-
philic enzyme that can cleave inosine, 2’-deoxyinosine and 2°-2’-
amino-2'-deoxyinosine [37]. Additionally, small functional group
additions to the purine ring, usually at C2, are accepted in many
cases. In contrast to PNPs, halogen substitutions seem to be more
favored than amino groups [54, 70, 71, 78, 80]. Human MTAP
showed a wider acceptance towards modifications of the purine
base (e.g: 1-deaza or 8-azaadenine) (Table 3) [70].

The sugar binding site of MTAP lacks H-bond donating resi-
dues except for M196 in case of human MTAP (Fig. 1) which ac-
counts for its recognition of some substitutions like halogens, cyclic
and aryl groups or normal and branched alkyl chains or halogens at
the 5” position [68-70, 72, 76, 113]. Changes at the 2’ position are
tolerated by some members of this enzyme group: Leishmania
spec., Trypanosoma spec. and human MTAP have the capacity to
use 2’-deoxyadenosine. The parasite MTAPs were also able to ac-
cept amino or halogen substituted compounds [70, 73, 79, 114].
Diastereomeric arabinose analogs were not accepted by most of the
MTAP enzymes except for MTAP from Aeropyrum pernix, which
was able to phosphorolyze 2’-fluoro-2’-arabinoadenosine [37].

4.1.7. Substrate Spectrum of Uridine Phosphorylase

Uridine phosphorylases have been found and characterized in
many prokaryotic organisms including, E. coli, Lactobacillus casei,
Enterobacter aerogenes, Salmonella typhimurium [38, 81, 83, 114,
115] as well as eukaryotic organisms including Mus musculus, Rat-
tus norvegicus, Saccharomyces cerevisiae, Schistosoma mansoni
and Homo sapiens [86, 87, 89, 92, 93, 96, 97]. The latter are widely
studied as potential drug targets.
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Table2. Substrate spectrum of purine nucleoside phosphorylases. Thermophilic organisms are marked by asterisk.

Sugar-modified nucleosides

NH; " [*] e} NH, NHz
N AN N N N X N
I g AJ </ﬂ A L
h N/ N N) b N/ N N/ NH, N N/ N N/
Ri o HiC—S o HO: o Ho‘\ o HO ° HO o
R/
R, OH OH OH R, R, OH OH R OH
1: R=F, R,=OH, 3:R=0,4: R=NH, 5:R;, R,=H 6: R=NH,, 7: R=F 8: R=F (Ara), 9: R= OH
2:R=0H,R,=H
51[35] B. acetylicum
3[36] B. taurus
7,8 [37] D. geothermalis*
2[38] E. aerogenes
8[31] E. coli
7,8 [37] G. thermoglucosidasius*
5[39] H. sapiens
2 [35] 51[35] [35] P. carotovorum
3 [40] P. falciparum
4[41] P. yoelii
1[42] S. cattleya
4[43] S. solfataricus*
3,4 [40] T. gondii
9 [44] T. thermophilus*
6-Oxopurine and 6-aminopurine base-modified nucleosides
W o O o o e
e e sodiRestiRes
. o NH / N / N - N\,
~ X, CLL, | x| | |
Ho- o Ho o HOT o Ho- o HO— o, Ho— " :
OH OH OH OH OH OH OH R OH OH ]
1: Ri=CH;CH,, R,=H  4:R,=CHj;, R,=CH; 7:R=H 9:R=H
2: Ry= CH3(CH,),, R,=H 5: R;= CH(CHs;),, R,=H |8: R=NH, 10: R=NH,
3: Ry= CH;3(CH,);, R,=H 6: Rj=H, R,=CH;
1-6 [45] 7 [46], 8 [3,45,46] B. taurus
7 [3,45,47], 8 [45,48] 9,10 [45] 1,2 [31] [48] E. coli
73], 8 [3,49] [3] H. sapiens
7,8 [50] M. tuberculosis
[44] T. thermophilus*
1[51] T. vaginalis
Base-modified nucleosides
5 = R o P 9 NH
N N N SN N N 7z ‘ L:\H\NH N\H\ f\w
/ N J N / N N / N
L/ A LA, o A A
HOT o HOT o Hoj o ’ ng N Ho o NOT o noj o
OH Ry OH OH OH oH o OH OH OH OH OH oH R
1: R=CH;,R,=H 7: R= cyclopropyl 11: Ri=H, R,=H, R;= OH 14:R=H 16:R=H
2: R;= CH;, R,= OH 8: R=cyclobutyl 12: R=H, R,=NH,, R;= OH 15: R=NH, 17: R=0OH
3: R;= CH;CH,, R,= OH 9: R= cyclopentyl 13: R=CH;, R,=H, R;=H
4: Ry= n-propyl, R,= OH 10: R=phenyl 14: R,= CH;, R,=H, R;= OH
5: R= n-butyl, R,= OH
6: R;= isobutyl, R,= OH

(Table 2) Contd....
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Base-modified nucleosides

B. acetylicum
[52] B. subtilis
[3] 15 [53] B. taurus
16,17 [37] D. geothermalis*
1,2 [54,55] 7-10 [55] 13,14 [31] [3,56] 15 [3] E. coli
3-6 [55]
1,2 [54] F. tularensis
16,17 [37] | G. thermoglucosidasius*
11[57], 12 [58] 14 [59] [62] H. sapiens
15 [60,61]
15 [50] M. tuberculosis
11 [63] 15 [64] R. norvegicus
15 [65] S. scrofa
1,2 [54] T. vaginalis

Sugar- and base-modified nucleosides and nucleosides with non-typical base binding

SHy

HoaCHs
o

OH OH

cHy
N A
I J
Wy 7
o.

HQ,

HO

OH

NH;

an i
CI A
.

>

Ho

OH

/”fN
A
.

HO,

HO:

OH

OH OH

e
How

o o

1:R=NH, 2: R=H

3:R=NH,,4:R=0

[54] [55] [66] [55] 23] 3,4 [3,67] E. coli

[54] T. vaginalis
1,2[3] 3,4 (3,67] B. taurus
1,2 [3] H. sapiens

Table 3.

Substrate spectrum of 5’-methylthioadenosine phosphorylases. Thermophilic organisms are marked by asterisk.

Sugar-modified nucleosides

NH; NH, NH, NH;, NH,
N Ny N N N N N Ny N N
(1 (1 P 1 1
N Z N W N 7 N & N Z
R—S o N R o Ry o HO- ° HO- o
®
OH OH OH OH R, Ry OH R OH
1: R= CH;CH, 7: R=0OH 13:R,,R,=OH,R;=H | 17:R=F
2: R= CH;(CH»); 8:R=Cl 14:R,=0OH, Ry, R=H | 18:R=Cl
3: R=(CH;),CHCH, 9:R=1 15:R; Rs=H,R,=OH | 19:R=NH,
4: R= CH;3(CH,), 10: R=H 16: R, R;=OH,R=H
5: R=OH(CH,), 11: R=SeCH;
71[37] 17,18,19 [37] [37] A. pernix*
2,3[68] C. acidophila*
1[69] 7[70,71] 13 [71] H. sapiens
8,10 [70] 14,15 [70]
9[71]
10 [70-72]
11[69]
10 [73] 13[73] L. donovani
10 [74] M. musculus
7175] P. furiosus*
1,4 [76] R. norvegicus

(Table 3) Contd....
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7[54,77]

S. solfataricus*

5178]

7[79]

13 [79,80]
14,15, 16 [80]

17,18 [79]

T. brucei

Base-modified nucleosides

o

HC—S-

OH OH

(1)

NH

[68] C. acidophila*
[69] H. sapiens
Sugar- and base-modified nucleosides
N N N N ) S § N N
ReoliRcodiRecliN:oigRsoSNiEe oY T o
o r«ow o: R H‘Cjucfugfsw R0 ¢ S o HDW
1: R=OH (allo) 3:R=H, R,=OH 6:R=H 8:R=H,R=H 11: R=NH, 13:R=H
2: R=OH (tallo) 4: R,=NH,, R,=0OH | 7: R=OH 9:R=H,R,=0H |12:R=F 14: R=0OH
5:R;,R,=H 10: Ri=CH;, R,=H
3,5[37] 13,14 [37] A. pernix*
[68] C. acidophila*
8-10 [71] H. sapiens
3,41[75] P. furiosus*
1,2 [26] 3[54,77] 6,7[54] S. solfataricus*
41[75]
6 [80] 11,12 [78] T. brucei
Table 4. Substrate spectrum of uridine phosphorylases.
Sugar-modified nucleosides: 2’-moiety, ring-modifications
CL (L
hp s
[38] [38] E. aerogenes
[81] E. coli
[82] L. casei
[83] S. typhimurium
[84] S. oneidensis
[85] G. intestinalis
[86] H. sapiens
[86,87] M. musculus
[88] R. norvegicus
[89] S. mansoni

(Table 4) Contd....
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Base-modified nucleosides

Ho.

o

R

oH

Ho.

=

oH oM

1:R=Br,2:R=F,

3:R=CH;
1,3 [81] E. coli
3[82] L. casei
1,2 [83] S. typhimurium
3 [84] S. oneidensis
3[90] A. pernix
2[91-93] H. sapiens
2,3[87,93,94] [87] M. musculus
[95] P. falciparum
2 [94] R. norvegicus
[96] S. cerevisiae
[16] T. brucei
Sugar- and base-modified nucleosides
| 8 L L,
o £ o : R
4:R=Br
S R=F 6: R= CH,-CH; 7:R=F,X=H
4,5 [81] E. coli
51[97] 7[91] H. sapiens
4,5(87,93] [87] [87] 7[93,98] M. musculus
6[99] R. norvegicus

Although UP substrate affinity differs from one organism to
another, almost all UPs share some major characteristics with few
exceptions: (i) most of the characterized UPs have their maximum
activity against uridine except for UP of Lactobacillus casei which
has a higher activity towards S5-methyluridine (117%) [82]. (ii)
They have lower relative activity towards thymidine. In case of
Escherichia coli and Lactobacillus casei UPs relative activity for
thymidine was 2% [81] and 6% [82], respectively, compared to the
activity towards uridine. Human UP showed the same pattern, how-
ever, with lower activity [81]. (iii) They have no activity towards
cytidine, with the exception of the enzyme from Saccharomyces
cerevisiae [96]. Mitterbauer and coworkers showed that the ORF
YDR400w of Saccharomyces cerevisiae encodes for a UP express-
ing gene and the produced protein accepts both uridine and cytidine
as substrates but not inosine, thymidine, guanosine or adenosine.
(iv) 5-modified nucleosides are well accepted by UP enzymes with
the exception of Lactobacillus casei UP which has no activity to-
wards 5-bromouridine [82]. Salmonella typhimurium UP is able to
phosphorylate 5-bromo and 5-fluorouridine [83], Escherichia coli
UP accepts C5-modified pyrimidine nucleosides as well [81].

Next to base modifications, sugar modifications are also ac-
cepted by UPs. The UPs of Lactobacillus casei and the Enterobac-
ter aerogenes have 94.6 % and 10 % relative activity towards
uracil-arabinoside, respectively [38, 82].

Depending on the organism, the activity towards uridine nu-
cleoside analogs differs. Human and murine UP were studied in
detail [93]. UP is found in almost all human tissues as well as in
tumors, while TP is decreased or absent in most of the tumors. The
specificity of the UP and TP is different between different mam-
malian species and even within the same species. The UPs identi-
fied from the murine liver and from the human placenta have a
wider substrate range compared to that identified from the human
liver. The human liver UP is highly specific for uridine, with lower
cleavage capacity towards 5-fluorouridine (15%) compared to the
murine’s liver UP activity (85%). Interestingly, recombinant human
UP cloned from liver does not share any sequence similarity with
known UPs except for 15 amino acids. Murine UP has additional
activity towards 5’-fluorouridine, and 5'-fluoro-2'-deoxyuridine [93,
98], which are not accepted by the human liver UP. On the con-
trary, TP isolated and characterized from the human liver has a
broader specificity compared to its counterpart from the murine’s
liver [93].
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4.2. Substrate Recognition and Substrate Spectra of Members
of the NP-1I Family

Members of the NP-II family can be differentiated into TPs and
PyNPs. Both members catalyze the reversible phosphorolytic
cleavage of the glycosidic bond of pyrimidine nucleosides or ana-
logs thereof in the presence of phosphate [1, 116]. TP and PyNP
share a common two-domain subunit fold and a high level of se-
quence and structure identity [1]. Although uridine phosphorylase
catalyzes a similar reaction like TP and PyNP, it does not belong to
the NP-II family due to distinct structural characteristics. Compared
to UP, TP has a high specificity for the 2’-deoxyribofuranose moi-
ety of pyrimidine nucleosides [1]. PyNP does not discriminate be-
tween uridine and thymidine and therefore, phosphorolyzes both
compounds [117]. PyNPs are very interesting biocatalysts suitable
for certain synthetic applications, e.g. for the enzymatic synthesis of
valuable nucleoside analogs. PyNPs were described for Bacillus
stearothermophillus [117], Bacillus subtilis [118], Hameophilus
influenza [81], Geobacillus thermoglucosidasius, Thermus thermo-
philus [119], Mycoplasma hyorhinis [120].

4.2.1. Active Site of Members of the NP-1I Family

The active site of PyNPs was well described by Pugmire and
Ealick [1]. However, data were missing for the active site of TP.
Detailed data are given in the following paragraphs.

In human TP, the transition state is stabilized by both polar and
apolar active-site residues [121]. The pyrimidine ring is positioned
in the vicinity of Val241 by the side chains of Tyr199 and Leul48,
on one side, and that of 11e218 on the other side. The O2 and O4 of
thymine interact via hydrogen bonds with Lys221 and Arg202,
respectively (Fig. 2). Whereas, the hydroxyl group of Ser217 ac-
cepts a hydrogen bond from N3, the imidazole ring of Hisl16
makes two hydrogen bonds with N1 and O2 of the base [121] (Fig.
2). The OS5’ of the deoxyribose interacts via Hydrogen bonds with
Thr151 and Gly119. Thr154 hydrogen bonds to O3’ of the deoxyri-
bose and phosphate. O3’ of the deoxyribose donates another Hy-
drogen bonds to the phosphate. The phosphate oxygen 3 accepts
two hydrogen bonds, one from Lysl15 and another from Serl17
(Fig. 2). This elaborated hydrogen-bonding pattern facilitates the
nucleophilic attack of the phosphate oxygen 2 onto the sugar ring
atom C1'. Asp203 hydrogen bonds to Gly149 and therefore plays a
crucial role in facilitating the correct placement of Leul48 and loop
stabilization required for efficient catalysis [121].
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Fig. (2). Schematic drawing of the active site of human thymidine phos-
phorylase. Residues binding the base, the sugar-moiety and phosphate are
shown in dark grey, light grey and white, respectively.

Yehia et al.

El Omari and coworkers were able to build a loop (AS 405-
415) in human TP, which was missing in earlier structure [122].
The loop appears to be not essential for domain closure, however, it
might be involved in the stabilization of the closed form (by a and
o/f domain interaction across the active-site cleft) and the TP di-
mer.

Although inhibitors for nucleoside phosphorylases are not dis-
cussed in the recent review, inhibitor studies revealed an interesting
result for thymidine phosphorylases. Liekens and coworkers de-
scribed that 5'-O-trityl-inosine (KIN59) inhibits recombinant bacte-
rial (E. coli) and human thymidine phosphorylase (TPase) with an
IC50 of 44 pM and 67 pM, respectively [123]. However, KIN59
neither bound to the pyrimidine nucleoside-binding site nor the
phosphate-binding site of the enzyme, which indicates the existence
of an allosteric binding site at the enzyme regulating its biological
activity.

4.2.2. Comparison of the Active Sites of Thymidine Phosphory-
lases and Pyrimidine Phosphorylases

Thyimidine phosphorylases of H. sapiens and E. coli and PyNP
of B. stearothermophilus share an overall sequence similarity of
~42% [124] and comprise an o-domain and a mixed o/pf-domain
connected by three polypeptide loops [116, 125, 126]. Thea -
domain consists of six a-helices (al-04 and a8 -09), and the o/p
domain consists of a central mixed fB-sheet (B1-B5, 13) surrounded
by a helices (a5-a7 and a 10-a16) and two small antiparallel 3 -
sheets (consisting of strands 6, B7, f9, and 11, and 8, $ 10, and
B12 respectively) flanked by two a-helices (al7 and al8) [125].
The loops act as a hinge which allows the two domains to switch
between the open (inactive) and closed (active) conformations. The
movement is responsible for bringing the active site residues to-
gether [126]. The main structural differences between NPs of H.
sapiens, E. coli and B. stearothermophilus are in the o/f domain
where human TP has an additional helix (a15), an extra turn in al6,
and a more extended C-terminal region [125]. The small antiparal-
lel B-sheet (B8, B10, and B12) is present in human TP and PyNP of
B. stearothermophilus but not in E. coli TP. A glycine rich loop
described first in E. coli TP is also present in human TP and PyNP
of B. stearothermophilus (residues 144 to 154 in human TP) [124].
The loop was described to be important for the binding of the cata-
lytic phosphate.

The structure of B. stearothermophilus PyNP revealed that a
metal binding site is in close vicinity to the phosphate binding site
[126]. This unidentified penta-coordinate metal interacts with the
backbone carbonyl oxygen atoms of residues Leu243, Ala246, and
Gly88, and the side chains of Glu255 and Thr90 (numbering of B.
stearothermophilus PyNP). In the human TP structure, no metal ion
was detected, however, it was suggested that the N atom of
Lys124 (which corresponds to Thr90 of B. stearothermophilus
PyNP) takes the function of the metal ion of B. stearothermophilus
PyNP and interacts with the equivalent residues [125].

4.2.3. Factors Determining Substrate Specificity within NP-I1
Family

The active-site residues involved in binding the substrate are
highly conserved among all sequences of the NP-II family [1]. The
only exceptions are Val241 in human TP (which corresponds to
Phe207 in B. stearothermophilus PyNP and Phe210 in E. coli TP)
and a methionine residue which replaces Lys108 of PyNP [124,
126]. The replacement of methionine with lysine in PyNP it might
result in a changed hydrogen bonding pattern with the phosphate
oxygen that binds to the 2’-hydroxyl group of the ribose moiety.
This might be responsible for difference in substrate specificity of
TP and PyNP [1]. Balaev and coworkers described a different ex-
planation for the specificity of TP for thymidine and not uridine
[127]. The location of the furanose component in the TP active site
might influence substrate specificity. In the presence of thymidine
TP subunit closure was not observed although cleavage reaction
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was shown to occur. In accordance with previous studies it was
supposed that phosphate is stabilizing the transition state.

4.2.4. Substrate Spectrum of Thymdine Phosphorylase

Studies on the substrate range of thymidine phosphorylases
have shown that the absence of the hydroxyl group (-OH) at the 2’
position of the nucleoside is important for the reactions catalyzed
by TP enzymes. It was described for both E. coli TP and a TP ex-
tracted from liver cancer cells. Uridine was converted with only
very low yields by E. coli TP, while it was not used as substrate by
human TP at all [128, 129]. Both uridine and 2’-methyluridine
served as inhibitors of E. coli TP which supports the importance of
the absence of the 2’-hydroxyl group for the phosphorolysis to take
place. More details on the K, and £, or conversion rates of these
substrates can be found in [130, 131].

The 3’-hydroxyl group plays a crucial role for substrate recog-
nition by TP [130, 131]. The absence of 3'-hydroxyl group or in-
verted configuration at C3' atom revealed that those compounds
were not or only very weak substrates. 3'-Amino-3'-
deoxythymidine was not a TP substrate at pH 6.5, but it undergoes
phosphorolysis when the pH reaches 8.0 [130]. This was associated
with the presence of the 3’-amino group in the vicinity of the a-
amino group of an amino acid residue in the active site; thus, the
two protonated groups are repelled at pH 6.5. At pH above 8.0, the
positive charges on nucleoside and protein amino groups disappear
and phosphorolysis could take place.

Substitution at 5'-OH group show only little impact on sub-
strate recognition of TP, which shows that 5'-OH group is not in-
teracting with the TP active site (Table 4). Among the tested 5’
substitutions of thymidine, 5’-deoxy-, 5’-chloro-, 5’-amino- and 5°'-
thio modifications were described as substrates for E. coli TP [130-
132]. The azide (-N3) and 5’-iodo modified thymidine analogs were
not used as substrates by this enzyme.

Studies on modifications at the base moiety of thymidine ana-
logs revealed that it accepts a large number of substituents at the C5
position of the thymine base [115, 131, 133]. Next to deoxyuridine,
5-bromo-2’-deoxyuridine was substrate for H. sapiens, E. coli,
L. casei and S. thyphimurium TP (Table 5, [82, 130, 134-137]). 5-
Iodo-2’-deoxyuridine was substrate for H. sapiens, E. coli and L.
casei TP [82, 135, 137, 138]. 5-Fluoro- and 5-nitro-2"-deoxyuridine
were substrates for human and E. coli TP [133, 137, 138]. How-
ever, substitution at the C6 position of the base has strong impact
on enzyme activity [131]. Hence, decreased levels of conversion
were observed with a higher aromaticity of the pyrimidine ring. The
reason seems to be difficulties in polarizing the base by amino-acid
residues in the active site. Only 6-azathymidine was described as
substrate with low conversion by E. coli TP [131].

Kinetic parameters and inhibition studies were performed to
determine substrate specificity of human TP from liver and placenta
compared to TP from mouse liver [156]. The substrate spectrum of
TP in human liver was different to that of human placenta or mouse
liver as a broader substrate spectrum was observed. Human hepatic
TP phosphorolyzed all the tested nucleosides including uridine,
thymidine, deoxyuridine, 5-fluorouridine (FU), 5-fluoro-2'-
deoxyuridine and 5'-deoxy-5-fluorouridine. Approximately 15% of
uridine and 85% of FU phosphorolysis in human liver is performed
by human TP. Phosphorolysis of uridine is a surprising result as it
contradicts literature showing the importance of the 2'-OH group
for thymidine phosphorylases of higher organisms [1]. Murine he-
patic TP is, in coherence with literature, more specific to deoxyri-
bosides, and is not involved in the phosphorolysis of uridine. Addi-
tionally, only 15% of FU is cleaved by murine hepatic TP. TP
phosphorolyzed 5'-deoxy-5-fluorouridine in both human and mur-
ine livers. Compared to TP form human liver, higher similarity was
observed between TP from human placenta und murine liver. It
appears that the specificities of human hepatic TP is distinct from
those from extrahepatic tissues. As the same was observed for hu-
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man uridine phosphorylase, it was suggested that tissue-specific
isozymes of pyrimidine nucleoside phosphorylases exist in humans.
The inter- and intra-species differences in substrate specificities and
activities between human and murine pyrimidine nucleoside phos-
phorylases may have an important impact on the validity of at-
tempts to introduce inhibitors of these enzymes into the clinic or on
drawing conclusions about the metabolism and the chemotherapeu-
tic use of pyrimidine analogs in humans based on studies in mice.

4.2.5. Substrate Spectrum of Pyrimidine Nucleoside Phosphory-
lases

Pyrimidine nucleoside phosphorylases (PyNP) are homodimeric
enzymes found in many lower organisms [119, 151] as Geobacillus
stearothermophillus [117, 157], M. hyorhinis [120, 154] , H. influ-
enza [115] and others. Unlike TP and UP, these enzymes catalyze
the reversible phosphorolysis of both uridine and thymidine as natu-
ral substrate [10, 26]. PyNPs share almost 40 % of structure simi-
larities with TP and less than 20 % with UP [151], this could be
correlated to the differences in NP families, where TPs and PyNPs
comprise NP-II family whereas UP belongs to NP-I family [119].
Due to its affinity to both uridine and thymidine nucleoside analogs,
PyNPs are expected to have a wide range of substrates due to its
high tolerability to some modifications that are not accepted by UP
or TP. For instance, it has been reported that the 2’ position does
not play a crucial role in the catalytic activity of B. subtilis towards
pyrimidine nucleoside analogs which contrasts with E.coli and Lac-
tobacillus casei TP, as mentioned earlier [82, 130, 131, 138].

Despite this, in 2013, Serra et al. compared the PyNP of B.
subtilis with the E. coli TP [138]. A very similar behavior of both
enzymes towards the tested substrates was described. Both enzymes
used 5-halogenated-2’-deoxynucleoside analogs with almost similar
rates and conversion percentages, except for the fluoro-modified
one. The PyNP from B. subtilis showed a slightly higher conversion
percentage than the E. coli TP. Additionally, they were both able to
cleave the glycosidic bond of the (E)-5-(2-bromovinyl)-2’-
deoxyuridine (brivudin), however, with lesser extent than all the
other examined substrates and this could be due to the steric hin-
drance of the bulky bromovinyl (CH=CHBr) group. It is worth
mentioning that even though both enzymes could phosphorolyze
brivudin yet the PyNP of B. subtilis showed a higher conversion
rate (33%) compared to the E. coli TP (25%).

Generally, most PyNPs isolated from different organisms have
been shown to be active towards uridine, thymidine and 2’-
deoxyuridine [115, 117, 138, 152]. Additionally, H. influenza and
G. stearothermophilus are highly tolerable to 5-bromo and 5-methyl
modified uridine and 5-bromodeoxyuridine [115, 117, 152]. A dif-
ference in the activity towards arabino nucleoside analogs was iden-
tified for different PyNP. PyNP of G. stearothermophillus does not
accept arabinouracil and is not able to cleave its glycosidic bond
[138]. Whereas, PyNP isolated from Thermus thermophilus was
able to utilize 1-(2-deoxy-2-fluoro- B-D-arabinofuranosyl) uracil
with a conversion of 46%. The same enzyme was also active to-
wards 2’-deoxy- 2’-fluorouridine with even higher conversion per-
centage (65%) [119].

4.3. Comparison of Substrate Spectra Between Bacterial and
Mammalian PNP Enzymes and MTAP

After comparing the substrate spectra of bacterial and mammal-
ian PNPs and MTAP we can show that they share some, mainly
natural, substrates (Fig. 3A). Amongst these are guanosine, inosine,
5’-methylthioadenosine, but also adenosine. Bacterial and mammal-
ian PNPs also share some substrates which are 7-methyl-modified
inosine, guanosine and adenosine. Additionally, Ribavirin, which is
a known anti-viral drug is converted by both classes of PNPs.
While bacterial PNP and MTAP have overlapping substrate
spectra, it was not observed for mammalian PNP and MTAP. Both
bacterial PNP and MTAP use some 6-methyl-, 2’-amino- and
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Table 5. Substrate spectrum of thymidine phosphorylases. Phosphorolysis of the given nucleoside analogs was analyzed except for
those studied by Serra et al. (2013), which are marked by*.

sugar-modified nucleosides: 5" -moiety
1: R=NH2 5:R=H
2:R=SH 6:R=0H
3:R=Cl
4:R=F
4 [139,140] H. sapiens
[130] [130] [130] 1-3 [130,131] 5,6[130,131,138] E. coli
Sugar-modified nucleosides: 3"-moiety, ring-modifications
7: R =NH,
8: R=SH
7,8 [130] [130,131] E. coli
[82] L. casei
Base-modified nucleosides
9:R=Br
10: R=1
11:R=F
12: NO2
9,10,11, 12 [140] H. sapiens
[133,137,141-143]
12 [133,144] [130,145]* [131] E. coli
9,10, 11 [82] L. casei
9 [136] S. thyphi.
Sugar- and base-modified nucleosides
[146] [147,148] H. sapiens
[82] L. casei
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Table 6. Substrate spectrum of pyrimidine nucleoside phosphorylases. Thermophilic organisms are marked by asterisk.

6925

Sugar-modified nucleosides: 2’-moiety, ring-modifications

:o: o 7 :0 -
[118,138] B. subtilis
[117,149] G. stearothermophilus*
[119] G. thermoglucosidasius™®
[150] S. pyogenes

[119]

[119]

T. thermophilus*

Base-modified nucleosides

o N o o N o Ho o 4
o o : :
@OH { 9‘ 1 oM on
1:R=Br,2:R=F 5:R=CH;
3:R=1,4:R=CH; 6:R=H

1,4[117,126,149,151]

G. stearothermophilus*

41119]

G. thermoglucosidasius™®

1,4[115,152]

H. influenzae

HO
w

OH

2,3[120,153,154] M. hyorhins
[155] P.carotovorum
Sugar- and base-modified nucleosides
o o e} o
R F 4
Br R
TL | U e 8
N /ko N /KO N /KO N &

7:R=Br,8:R=F
9:R=1,10:R=Cl
11: R=H, 12: R=CH;

13:R=H
14:R=F

7,8,9,11,12[118,138]

[118,138]

[118]

[118]

B. subtilis

7[149]

G. stearothermophilus*

7[115]

H. influenzae

7,8,9,10[120,153,154]

[120,153,154]

M. hyorhins

2’-fluoro-modified substrates. Interestingly, they also phosphoro-
lyze cytidine and 2’-deoxycytidine which shows that purine nucleo-
side phosphorylases are not strictly bound to purine nucleosides and
their analogs.

Bacterial PNPs are able to convert nucleoside analogs which
possess halogen substituents at the sugar-moiety (Fig. 3A). 2’-
fluoroadenosine, 2’-fluoroarabinoadenosine, 5’-deoxy-5’-fluoro-
adenosine or 2’-fluoro-2’-deoxyadenosine have been used as sub-
strate. Mammalian PNP are able to convert a number of nucleosides

which show base modifications with amino- or alkyl-groups. Addi-
tionally, S5-aza-7-deazaguanine and 8-azahypoxanthine were ac-
cepted substrates. MTAPs have a preference for nucleosides which
harbor halogen (fluoro, iodo, chloro)-modifications at the base.
Furthermore, 5°-alkyl- groups were well tolerated. MTAPs also
used 1-deaza-5’-methylthioadenosine riboside and 8-aza-
5’methylthioadenosine riboside as substrates.
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A
Bacterial PNP

Mammalian PNP
5’-deoxy-5’-iodo-2-fluoroadenosine,
6-methylpurine arabinoside, purm.ethol rTbOSIfie’ . .
. s . L. thioguanine riboside, xanthosine,
fludarabine, 2’-fluoroadenosine, 7-methylinosine - .
s . . L 6-thioxanthosine, 7-(B-D-
2’-fluoroarabinoadenosine, 7-methylguanosine. . :
R R . . o . ribofuranosyl)guanine, 7-methyl-
5’-deoxy-5’-fluoroadenosine, 7-methyladenosine, Nicotinamide inosine, 7-(B-D-
. 9—(B—D—xylofqranosyl)adel?lne, ) ) riboside, r.ibav'irini 2-an.1in0-6-.mercapto- ribofuranosyl)hypoxanthine,
3 -deoxyguanos.me, clofarabine, vidarabine, / 7-methylpurine riboside, didanosine 3(B-D-ribofuranosyl)adenine,
2-fluoroadenosine, 2-fluoro- 3-(B-D-ribofuranosyl)hypoxanthine,
7-methyladenosine, 7-methyl-6-
thioguanosine, 7-alkyl guanosine,
8-methyl guanosine, 8-
aminoguanine, 2,6-diamino-8-
azapurine, 5-aza-7-
deazaguanine, 8-azahypoxanthine

2’-deoxyadenosine, 1-methylinosine,
1-methylguanosine, 6-alkylpurine riboside,
6-cycloalkylpurine riboside,
6-phenylpurine riboside,
2-amino-2’-deoxyadenosine, nelarabine

Adenosine, 2’-Deoxyadenosine,
Guanosine, Inosine, 2’-Deoxyinosine
2’-Deoxyguanosine, 5’-methylthio-

Cytidine, adenosine, 5’-methylthioinosine,
Deoxycytidine, 2’,3’-dideoxyadenosine
6-methylpurine riboside,
6-methylpurine deoxyribosideé,

2’-amino-2’-deoxyinosine, 2’-amino-
2’-deoxyadenosine,2’-fluoro-2’-deoxy-

inosine, 9-(2-deoxy-2-fluoro-a-D-

arabinofuranosyl)adenine, cordycepin,
5’-methyl(talo)-6-methyl-purine-riboside

MTAP 2-chloroadenosine,5’-methyl(allo)-6-methyl-purine-riboside,5’-iodoadenosine, 5’-chloroadenosine,
cladribine, 2-chloro-5’-O-methyl-2’deoxyadenosine,2-amino-5’-deoxy-5’-
(hydroxyethylthio)adenosine,2-fluoro-5’-deoxy-5’-(hydroxyethylthio)adenosine,2-methyl-5’-
methylthioadenosine,2,6-diamino-5’-methylthiopurine riboside,2-hydroxy-5’-
methylthioadenosine,2-fluoro-5’-methylthioadenosine,6-methyl-5’-methylthiopurine
riboside, 1-deaza-5’-methylthioadenosibe,8-aza-5 methylthioadenosine,
2’-azido-5’-deoxy-5"methylthioadenosine,5’-alkylthioadenosine,
5’-O-methyladenosine,2’,5’-dideoxyadenosine, 5’-methylseleno-
adenosine, 5’-cycloalkyl adenosine,5’-aryl thioadenosine,
S-adenosyl-L-homocysteine

TP 3-fluorothymidine, tegafur, up
5-nitro-2’-deoxyuridine,5” -amino-5’-
deoxythymidine, 3’-deoxythymidine,
5’-deoxythymidine, 3’-amino-3’-
deoxythymidine, stavudine,

6-methyl uridine, Azauridine,

6-azathymidine 2’-deoxyazauridine, Uracil

arabinoside, 5-ethyluracil
3’ -mercapto-3’-deoxythymidine, arabinoside, inosine,
5’-mercapto-5’-thymidine,5’-fluoro-5’ -deoxy- guanosine
thymidine, 5’-chloro-5’-deoxy- Uridine, Thymidine, 2’-deoxyuridine,
thymidine

5-bromo-2’-deoxyuridine, 5-fluorouridine,
floxuridin, 5-fluoro-5’-deoxyuridine
5’-deoxyuridine, S-methyluridine
Idoxuridine, cytidine
4-thiothymidine S-bromouridine

4-thiouridine, 5-iodouridine,
PyNP 5-bromovinyl-2’-deoxyuridine, 5-trifluorothymidine, 2’-deoxy-2’-

fluorouridine, 2’-deoxy-2’-fluorouridine arabinoside, ribavirin

Fig. (3). Comparison of substrates phosphorolyzed by members of NP subfamilies. A) hexameric PNP, trimeric PNP and MTAP, B) UP, TP and PyNP. Drugs
or compounds with therapeutic activity are written in bold and are underlined.
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4.4. Comparison of Substrate Spectra Between TP, UP and
PyNP

TP, UP and PyNP are described to use pyrimidine nucleosides
as their substrates. However, for UP the phosphorolysis of
guanosine and inosine was described (Fig. 3B). TP, UP and PyNP
have a few overlapping substrates which are uridine, 2’-
deoxyuridine, 5-bromo-2’-deoxyuridine, 5-fluorouridine, 5-fluoro-
2’-deoxyuridine, 5-fluoro-5’-deoxyuridine, but also thymidine. TP
and PyNP share the following substrates: 5’-deoxyuridine, 5-iodo-
2’-deoxyuridine and 4-thiothymidine. UP and PyNP both phos-
phorolyze 5-methyl uridine, cytidine and 5-bromouridine. TP and
UP do not have common substrates which are not used by PyNP.

TP uniquely catalyzes the conversion of 3’- and 5’-modified
nucleoside analogs like 3°-deoxythymidine, 5’-deoxythymidine, 3’-
amino-3’-deoxythymidine, 3’-deoxy-2’,3’-didehydrothymidine, 3’-
mercaptothymidine or 5’-amino-5’-deoxythymidine (Fig. 3B). UPs
are able to use aza-nucleosides like azathymidine or azauridine.
Additionally, arabinosides are well accepted substrates. PyNPs
were described to use nucleosides with different halogen substitu-
ents in C5 of the base. Examples are 5-iodouridine, 5-bromovinyl-
2’-deoxyuridine, 5-trifluorothymidine or 5-trifluoro-2’-dexyuridine.
Interestingly, they convert 2’-deoxy-2’-fluoro-mucleosides like 2’-
deoxy-2’-fluorouridine and 2’-deoxy-2’-fluorouridine arabinoside,
which are interesting precursors for modified oligonucleotides.

4.5. Production of Pharmaceutically Active Compounds by Nu-
cleoside Phosphorylases

NPs are frequently applied for the production of modified nu-
cleosides [18, 110] since they have a fairly broad substrate specific-
ity as shown in the previous chapters. For recent reviews see [18,
158, 159]. Transglycosylation reactions are most widely used to
produce nucleoside analogs. The transgylcosylation of nucleosides,
catalyzed by nucleoside phosphorylases, is a two-step reaction. In
the first step, a nucleoside that is the pentofuranosyl donor is phos-
phorolytically cleaved into the corresponding heterocyclic base and
a-D-pentofuranosyl-1-phosphate. In a second step, this activated
carbohydrate moiety is reacting with the heterocyclic base which is
used as pentofuranosyl acceptor. This process was very efficient for
the synthesis of modified ribosides and deoxyribosides [158, 159].
However, difficulties can result from the difference in the dynamics
of the two consecutive reactions. In the first step of the transglyco-
sylation reaction inorganic phosphate is required, while in the sec-
ond reaction high phosphate concentration inhibit product forma-
tion.

An alternative to the transglycosylation reaction is the use of a-
D-pentofuranosyl-1-phosphate as substrate for the production of
modified nucleosides. The transfer of a pentofuranosyl moiety pre-
pared by chemical or enzymatic methods to purine or pyrimidine
bases catalyzed by NPs was shown to be a very efficient method for
the production of nucleoside analogs [18, 158, 159]. The wide-
spread application of this reaction, however, is hampered by the
fact that a-D-pentofuranosyl-1-phosphate is not very stable and
expensive.

For technical application, the least laborious way to use NPs for
the production of nucleoside analogs is the application of whole
cells as biocatalysts. Effort for downstream processing is low which
leads to cost-effective biocatalysts preparation. Moreover, whole
cells are a kind of immobilization vehicle which increases stability
of the nucleoside phosphorylases. A drawback is the complexity of
whole cells. They possess not only NP activity but various other
activities which can lead to decreased product yields as shown by
Lewkowicz and coworkers [160]. Adenosine was produced from
uridine and adenine catalyzed by E. coli whole cells. While 94%
product yield was observed after 1 h of reaction, they observed that
after prolonged reaction times product yields decreased. After 24 h
only uracil and adenine were detected.
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The application of purified enzyme has the advantage that side-
reactions can be avoided. For industrial applications, it is highly
desirable to use either immobilized enzymes or continuous mem-
brane reactors to be able to recover the enzyme from the reaction
mixture. As a result downstream processing is simplified and bio-
catalyst recycling becomes possible. As immobilization also in-
creases the stability of nucleoside phosphorylases diverse methods
have been exploited [138, 161-163].

To date, NPs from different mesophilic bacteria, such as Es-
cherichia coli [164-166] or Bacillus subtilis [167], have been ap-
plied for the production of pharmacologically active compounds
[164, 165]. Thermostable NPs from thermophilic or hyperthermo-
philic microorganisms show the same regio- and stereo-selectivity
as mesophilic NPs, but have further advantages for industrial appli-
cations: I. Thermophilic enzymes can be easily purified with high
protein recovery which drastically reduces production costs of the
enzyme [44]. II. They tolerate a wide range of pH which reduces
the need to strictly regulate the pH of the reaction. III. Three purine
nucleoside phosphorylases of Thermus thermophilus were shown to
have a remarkable resistance to aggressive organic solvents such as
DMFA, DMSO, or 2-MeTHF, which can be used to increase the
water solubility of substrates. IV. Using thermophilic enzymes as
catalyst, reactions can be performed at higher temperatures, which
reduces the viscosity of the medium or increase the solubility and
concentration of some substrates [168]. V. With an increased ther-
mal stability, a broader substrate spectrum was also observed for
nucleoside phosphorylases [37, 44, 104, 119]. Thermal stability is
not a result of a unique phenomenon. Instead different strategies
were found in nature to increase enzyme stabilization: increased
electrostatic interaction, greater hydrophobicity and better atom
packing, deletion and shortening of loops and disulfide bonds are
just some examples [44].

To make NPs a valuable tool in industrial application, up-
scaling of the production process in necessary. A scale-up from
0.05 mL to 150 mL in a stirring reactor was performed by Nobile
and coworkers to produce fludarabine, vidarabine and 2,6-
diaminopurine arabinsoide with product yields of 58%, 71% and
77%, respectively [173]. Immobilized whole cells of Citrobacter
koseri were used as biocatalyst. The production of 5-methyl uridine
in a scale of 1 L was performed in a stirring reactor [174]. PNP of
Bacillus halodurans and UP of E. coli were applied and product
yields of 85% with a productivity of 10.6 g L h™" were achieved.
Challenging parameters were identified: within a large volume in a
batch process the mixing of the reaction is a critical parameter.
With increased stirring speed, denaturation of the biocatalysts was
observed.

The review of Mikhailopulo describes well the chemo-
enzymatic production of nucleosides with biological relevance
[158]. It shows clearly that nucleoside phosphorylases can be used
to produce drugs like cladribine or mizoribine which are applied for
the treatment of cancer (Table 7). In 2003, Mikhailopulo and Mi-
roshnikov described the enzymatic production of fludarabine, clo-
farabine or vidarabine with E. coli ribokinase, phosphopentomutase
and PNP [169]. Phosphorolytic cleavage was determined for a
number of other approved drugs like ribavirin or didanosin [35].
Purified PNP of Brevibacterium acetylicum was used as biocatalyst.
Compared to inosine the relative activity was 22% for both com-
pounds (Table 8). Recently, we tested the phosphorolytic cleavage
of nucleoside analog drugs listed in European Pharmacopoeia.
PyNPs from thermophilic microorganisms used both cytarabine and
zidovudine as substrate, while gemcitabine and lamivudine were
not cleaved. PNP or MTAP of thermophilic microorganisms
showed phosphorolytic activity with ribavirin and didanosin (our
study). Nucleoside analogs with open sugar ring structures
like aciclovir, ganciclovir and tenofovir were not accepted as sub-
strate. Aciclovir was tested as substrate for three PNPs of
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Table7. Drugs produced in a (chemo)enzymatic process involving nucleoside phosphorylases.

Drug Applied Nucleoside Phosphorylase(s) Product Yield References

Fludarabine E. coli PNP (starting from o-D-pentofuranose-1-P) Not given [169]

E. coli PNP 1.300 nmoles/mg/hr [55]

Clofarabine E. coli PNP (starting from a-D-pentofuranose-1-P) Not given [169]

Vidarabine E. coli PNP (starting from o-D-pentofuranose-1-P) Not given [169]

Cladribine E. coli whole cells 56-95% [158]

Nelarabine E. coli UP, PNP 53% (with high excess of enzyme) [158]

Mizoribine E. coli UP, PNP 83% [158]

6-Methylpurine riboside E. coli PNP 84.000 nmoles/mg/hr [55]

96.000 nmoles/mg/hr [54]

TvPNP 155.000 nmoles/mg/hr [54]

SsMTAP 4.000 nmoles/mg/hr [54]

FfPNP 4800 nmoles/mg/hr [54]

Human PNP 12 nmoles/mg/hr [54]

6-Methylpurine deoxy- E. coli PNP 461.000 nmoles/mg/hr [55]

riboside 528.000 nmoles/mg/hr [54]

TvPNP 484.000 nmoles/mg/hr [54]

SsMTAP 12.000 nmoles/mg/hr [54]

FfPNP 3900 nmoles/mg/hr [54]

Table 8. Phosphorolytic cleavage of approved nucleoside analog drugs by nucleoside phsophorylases
Drug Applied Nucleoside Phosphorylase Product Yield References
Ribavirin Brevibacterium acetylicum PNP 15% [35]
Didanosine Brevibacterium acetylicum PNP Not given (22% residual activity compared to inosine) [35]
Purinethol RnPNP: riboside 14% [10]
EcPNP: deoxyriboside Km=126 uyM [11]
Thioguanin PNP from human sarcoma Not given [12]
5-Aza-7-deazaguanine E. coli PNP Km=0.15 mM [13]
Tegafur Human TP Not given [147]
Stavudine E. coli TP Not given [132]
Idoxuridine Salmonella typhimurum TP Not given [135,136]
Floxuridine Human TP Not given [135,136]

Thermus thermophilus and Brevibacterium acetylicum before.
However, no phosphorolytic activity was observed [44, 105].

In addition to their potential to produce available drugs in industrial
scale, nucleoside phosphorylases can also be used to synthesize
new bioactive compounds. 6-phenyl purine riboside was produced
by bacterial PNP starting with pentose-1-phosphate. It was tested,
along with other related compounds that bear aromatic substitution
on the purine ring, against three different cancer cell lines where it
showed good cytostatic activity against L1210 (lymphocytic leu-
kemia), HeLa (cervical cancer) and CCRF-CEM (acute lym-

phoblastic leukemia) cells [110]. 6-methyl purine riboside which is
used as substrate by both bacterial PNP and MTAP had antifungal
(against Ascochyta pisi, Nematospora coryli, Neurospora crassa),
antiviral (against vesicular stomatitis virus) and antitumor activity
[175]. Marasco and coworkers successfully tested this compound
against five human tumor cell lines (ovarian carcinoma, non-small
cell lung carcinoma, colon adenocarcinoma, breast adenocarcinoma
and adriamycin resistant breast adenocarcinoma) [161].
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Table 9. Mutations made in nucleoside phosphorylases that change substrate specificity.
Organism Mutation Description References
E. coli-PNP N239D Mutant enzyme shows no activity with the wild-type substrates inosine, xanthosine and [14]
1 guanosine. Unlike the wild-type enzyme, the mutant enzyme shows activity with adenosine.
Y191L Specificity change to conventional trimeric PNPs. Mutant enzyme shows no activity with the
wild-type PNP-II substrate xanthosine. K,, for inosine decreased. K,, of guanosine was in-
creased.
E. coli PNP M64V The mutant is able to cleave numerous 5'-modified nucleoside analogs (9-[6-deoxy-alpha-L- [54,170]
(natural talofuranosyl]-6-methylpurine (methyl(talo)-MeP-R), 9-[6-deoxy-alpha-L-talofuranosyl]-2-F-
mutation) adenine, and 9-[alpha-L-lyxofuranosyl]-2-F-adenine) with much greater efficiency than the wild
type enzyme. No activity with adenosine or inosine was observed.
Homo N243D The mutation leads to changed substrate specificity, making 6-amino- and 6-oxopurines equally [171]
sapiens PNP good as substrates and clearly favoring adenosine over inosine and guanosine.
Y88A, Y88V, Y88I, Increase in K, for dideoxyinosine. [39]
Y88S, Y8S8T, Y88N,
Y88D, Y88E
Y88F, Y88H, Y8SL, Increase in K,, for dideoxyinosine. Y88F displayed the highest overall £ ,/Knand the highest
Y88M, Y88C, Y88Q turnover rate.
Y88F/M170T Strong increase in k../K, for dideoxyinosine.
Y88F/ M170T/ G4E/ Q172L and T177AC counteract the positive effect of M170T on k../K:, for dideoxyinosine.
Q172L/ T177AC
Mus muscu- K244Q Ration of turnover-number/K,, is 83% of that for wild-type enzyme, no activity with adenosine. [172]
lus PNP
N243D 8-Fold increase in K,,-value for inosine and a 100-fold decrease in the ratio of turnover-
number/K,,. Phosphorolysis of adenosine with a K,,-value of 0.045 mM and ratio of turnover-
number/K,, 8-fold that with inosine.
N243D/K244Q 14-Fold increase in K,,-value for inosine and 7-fold decrease in the ratio of turnover-number/K,,
as compared to the wild-type enzyme. Phosphorolysis of adenosine with a K,,-value of 0.042
mM and a ratio of turnover-number/K,, twice that of the single D243D substitution.
N243T Mutant enzyme shows no activity with adenosine.

4.6. Mutagenesis Approaches to Alter Substrate Specificity

Mutagenesis approaches have been widely used to confirm the
relevance of amino acid residues for structure and catalytic activity
in nucleoside phosphorylases. For detailed information see Sup-
plementary Table 1.

Additionally, mutagenesis approaches have been used to change
the substrate specificity of purine nucleoside phosphorylases (Table
9). Already in 1999 Maynes and coworkers showed the important
role of Asn243 for substrate specificity of murine PNP [172]. By
changing asparagine to aspartic acid the substrate specificity was
changed to that of bacterial PNP and adenosine was recognized as
substrate. Similar results were obtained for human PNP: The muta-
tion Asn243Asp strongly influences substrate specificity, making 6-
amino- and 6-oxopurines equally good as substrates and clearly
favoring adenosine over inosine and guanosine [176]. In E. coli
PNP-II, which is similar to mammalian PNPs, the site-directed
mutagenesis of Asn239Asp also changed substrate specificity [14].
Mutant enzyme shows no activity with the wild-type substrates
inosine, xanthosine and guanosine. Unlike the wild-type enzyme,
the mutant enzyme shows activity with adenosine.

In human PNP, a single amino acid (Tyr88) was identified to be
involved in ribose selectivity [39]. A tyrosine to phenylalanine
mutant (Tyr88Phe) was shown to have improved catalytic activity

with respect to 2',3'-dideoxyinosine. Kinetic characterization of this
mutant determined a 9-fold improvement in k., and greater than 2-
fold reduction in K,,,.

Point mutations in the active site of calf PNP led to the forma-
tion of non-typical ribosides [177]. While with wild-type calf PNP
N7- and NS8-ribosides are observed as products, the Asn243Asp
mutant produced ribosyl substitution at positions N9 and N7. Simi-
lar results were observed with a mutated form of E. coli PNP
(Asp204Asn). It was used to produce non-typical ribosides of 8-
azaadenine and 2,6-diamino-8-azapurine.

Interestingly, a natural occurring mutant of E. coli PNP
(Met64Val) shows a modified substrate spectrum [54, 170]. The
mutant is able to cleave numerous 5'-modified nucleoside analogs
like (9-[6-deoxy-o-L-talofuranosyl]-6-methylpurine (methyl(talo)-
MeP-R), 9-[6-deoxy-a-L-talofuranosyl]-2-F-adenine, and 9-[a-L-
lyxofuranosyl]-2-F-adenine) with higher efficiency than the wild
type enzyme. No activity with adenosine or inosine was observed.

CONCLUSION

Nucleoside phosphorylases are an interesting family of en-
zymes which play a crucial role in nucleoside metabolism. Addi-
tionally, they are very interesting targets for the treatment of viral
and carcinogenic diseases. Many studies are published that focus on
the medical importance of nucleoside phosphorylases and the de-
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velopment of inhibitors thereof. Substrate spectra of NPs were stud-
ied to understand the mechanism of catalysis during phosphorolytic
cleavage of nucleosides. This knowledge is valuable for the appli-
cation of nucleoside phosphorylases in the production of nucleoside
based drugs or precursors for modified oligonucleotides like an-
tisense oligonucleotides or aptamers.

LIST OF ABBREVIATIONS

NP

Nucleoside Phosphorylases

PNP Purine Nucleoside Phosphorylase
PyNP Pyrimidine Nucleoside Phosphorylase
E. coli Escherichia coli

Pi Inorganic Phosphate

P. falciparum Plasmodium falciparum

dGuo 2’-Deoxyguanosine

dGTP Deoxyguanosine Triphosphate

dCyK Deoxycytidine Kinase

dCTP 2’-Deoxycytidine Triphosphate
dGMP Deoxyguanosine Monophosphate

TP Thymidine Phosphorylase

Up Uridine Phosphorylase

ANP Adenosine Nucleoside Phosphorylase
GP Guanosine Phosphorylase

MTAP S-Methyl-5'-thioadenosine phos-

S. typhimurium

phorylase

Salmonella typhimurium

H. sapiens Homo sapiens

T. brucei Trypanosoma brucei

bPNP Bovine Purine Nucleoside Phos-
phorylase

K, Michaelis-Menten Constant

MTR S-methyl-5-thioribose

kDa Kilodalton

M. smegmtis Mycobacterium smegmatis

MTA 5'-Deoxy-5'-(methylthio)adenosine

ORF Open Reading Frame

Thd Thymidine

B. stearothermophilus
Kcat

Bacillus stearothermophilus

Turnover Number

L. casei Lactobacillus casei

FU 5-Fluorouridine

5’-dFU 5’-Deoxy-5’-fluorouridine
M. hyorhinis Mycoplasma hyorhinis

B. subtilis Bacillus subtilis

H. influenza Haemophilus influenza

E. aerogenes
S. oneidensis
G. intestinalis

S. mansoni

Enterobacter aerogenes
Shewanella oneidensis
Giardia intestinalis

Schistosoma mansoni
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1.1 Introduction

1.1.1 Nucleosides and Nucleoside Analogues

Nucleosides primarily consist of a nitrogenous base (nucleobase), which is
either a purine base or a pyrimidine base and a five-carbon sugar (pentose).
The base and sugar are covalently linked via an N-glycosidic bond (Figure 1.1).
The pentose sugar moiety of naturally occurring canonical nucleosides is either
ribose or deoxy-ribose whereas the nucleobase might be either a purine (ade-
nine, guanine) or a pyrimidine (cytosine, uracil, thymine). These nucleosides are
structural subunits of nucleic acids and are involved in several cellular processes
including enzyme regulation and metabolism, DNA and RNA synthesis, and cell
signaling [1, 2].

Naturally occurring nucleoside analogues (non-canonical nucleosides) are
found in almost all types of RNA especially in tRNAs and they are crucial
for RNA processing. Non-canonical analogues are nucleosides with different
modifications on the pentose and/or the base [3] (Figure 1.1). There are more
than 109 known post-transcriptional modifications in the three phylogenetic
domains [4]. Pseudouridine is the most ubiquitous analogue and is sometimes
considered as the fifth RNA-related nucleoside [5].

Non-natural nucleoside analogues are synthetic molecules that structurally
mimic their physiological counterparts and also act as antimetabolites [2]. Nucle-
oside analogues access cells through specific nucleoside transporters. Within the
cells, they are phosphorylated by nucleoside kinases, which leads to increased
levels of di- and tri-phosphorylated nucleoside analogues in virus-infected or
cancer cells. The first and the second phosphorylation step can also be catalyzed
by viral kinases in cells infected by some DNA viruses. Owing to differences in
the substrate spectrum of human and viral kinases, virus-specific drugs can be
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1 Enzymatic Synthesis of Nucleoside Analogues by Nucleoside Phosphorylases

 Nuceosides Nucleoside anslogues

Natural occurring

Canonical nucleoside ]
non-canonical analogues

Synthetic analogues

R1
R C5.C6 dihydro- Thiolation
NH -methyl- s
| Nucleobase C5 FITS' y| Nucleobase  Azotation
C5-ribose Deazotation
N (0]
HO Pentose -
Pentose Halogenation
OH X = :
2'0-methyl- Dehydroxylation =¥ er-r-T:¥=-5
Pyrimidine nucleoside Hydroxylation
Uracil: X = OH, R1=0, R2 = H;

Cytosine: X = OH, R1 = NHp, R2 = H;
Deoxy-cytosine: X = H, R1 = NHp, R2 = H;
Thymidine: X = H, R1 = O, R2 = CHg

R1

N N2,N2-dimethyl-
<‘ I i“ Nucleobase N1-methyl-
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Guanosine: X = OH, R1 = O, R2 = NHp;
Deoxy-guanosine: X = H, R1 = O, R2 = NHy;

Figure 1.1 Classification of nucleosides and nucleoside analogues. Canonical (unmodified)
nucleosides are the building blocks of DNA and RNA. Non-canonical (naturally modified on
pentose moiety, base moiety or both) are mainly occurring in RNA. Synthetic nucleosides are
used in the treatment of viral and bacterial infections as well as in cancer treatment.

developed. The active forms of nucleoside analogues interfere with intracellular
enzymes such as human and viral polymerases, kinases, DNA methyl transferase,
ribonucleotide reductase, nucleoside phosphorylases (NPs) or thymidylate syn-
thase [2, 6]. Furthermore, they can be incorporated into newly synthesized
DNA and RNA, which may induce termination of the polymerization process,
accumulation of mutations in viral progeny, or induction of apoptosis.

For more than 50years, nucleosides and their analogues have been used
as small molecule drugs for the treatment of several viral infections as well
as for hematological malignancies and solid tumors. The first FDA approved
antiviral nucleoside analogue was idoxuridine, which is used for the treatment
of HSV-1 (herpes simplex virus) [7]. In 1969, cytarabine was approved for the
treatment of acute myeloid leukemia [2]. Since then, the interest in nucleoside
analogues based drugs has tremendously grown. Currently, more than 39
approved nucleoside analogue drugs or drug combinations are approved for
the treatment of seven human viral infections, which include HSV, varicella
zoster virus (VZV), hepatitis-B virus (HBV), hepatitis-C virus (HCV), human
immunodeficiency virus (HIV), respiratory syncytial virus (RSV), and human
cytomegalovirus (HCMV) [7]. For treatment of cancer and viral infections, 50%
and 20%, respectively, of all approved drugs belong to the class of nucleoside
analogues [8]. Additional clinical indications for nucleoside analogues applica-
tion include chronic hyperuricemia, immune suppression in organ transplant
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surgeries, and autoimmune disease as well as chronic obstructive pulmonary
disease and asthma [2].

Emerging from the significance of nucleoside analogues, there have been con-
tinuous attempts to improve and simplify their synthesis processes. With the
world moving toward green chemistry approaches, the enzymatic synthesis of
nucleoside analogues offers several advantages over chemical methods, which
include higher total yields, a higher regio- and stereo-selectivity, and higher prod-
uct purity. This allows for more biological and clinical trials [9]. Accordingly,
enzymatic strategies are considered as a step forward to a more efficient synthesis
of nucleosides and their analogues.

1.1.2 Enzymes Involved in the Enzymatic Synthesis of Nucleoside
Analogues

Two main classes are employed in the enzymatic synthesis of nucleosides and
their analogues: NPs and N-deoxyribosyltransferases (NDT's). In this chapter, the
focus is on enzymatic approaches using NPs. NPs are of high interest as biocata-
lysts because of their wide substrate spectrum and abundance in almost all living
organisms.

1.2 Nucleoside Phosphorylases

NPs are enzymes belonging to the transferases family (EC 2.4 and EC 2.7.7).
NPs catalyze the reversible phosphorolysis of nucleosides into their respective
nucleobase and pentofuranose-1-phosphate (Pentose-1P). NPs have been exten-
sively studied since 1911 when Levene and Medigrecenau [10, 11], and Johnes
[10—13] observed the enzymatic hydrolysis of nucleosides. Later, Levene et al. iso-
lated an enzyme (nucleosidase) from cattle’s spleen, kidney, and pancreas, which
catalyzed the hydrolysis of both inosine and adenosine in phosphate buffer, yield-
ing a base and a ribose moiety [14—16]. In 1947, Kalckar demonstrated that the
formed ribose was in fact ribose-1-phosphate and that the isolated enzyme was a
purine nucleoside phosphorylase (PNP) [17]. Later, it was proven that Escherichia
coli cells and cell extracts thereof contained enzymes that could phosphorolyze
thymidine to thymine and deoxyribose-1-phosphate [18].

1.2.1 Classification and Substrate Spectra of Nucleoside
Phosphorylases

Nucleoside phosphorylases are classified based either on their substrate speci-
ficity/affinity (Table 1.1) or on their structure [19]. In 2002, Pugmire and Ealick
described a structure-based classification of NPs in two distinct families [19, 20]:
NP-I and NP-II (Figure 1.2). They demonstrated that members of an NP-I family
share the following characteristics [20]: (i) they have a single domain subunit, (ii)
they share a common o/f-subunit fold, (iii) their quaternary structure is either
trimeric (mammals/higher organisms) or hexameric (bacteria/lower organisms),
(iv) they accept both purine nucleosides (bacterial and mammalian PNPs) and

3
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Table 1.1 Nucleoside phosphorylases with acronyms and EC numbers.

Enzyme name Acronym EC number
Thymidine phosphorylase TP 2.4.2.4
Uridine phosphorylase uP 2.4.2.3
Pyrimidine nucleoside phosphorylase PyNP 2.4.2.2
Purine nucleoside phosphorylase PNP 2.4.2.1
5'-Methylthioadenosine phosphorylase MTAP 2.4.2.28
Guanosine phosphorylase GP 2.4.2.15

pyrimidine nucleosides (uridine phosphorylase, UP) as substrates, and (v) their
substrate-binding sites are similarly arranged. Nevertheless, they are quite
different in their quaternary structures, amino acid sequence, and substrate
specificity. Additionally, active sites of the hexameric family members are
significantly different from those of the trimeric enzymes of higher eukaryotes,
which makes them attractive targets for the specific treatment of bacterial or
parasitic infections.

Members of the NP-II family are characterized by (i) having two domain sub-
units: a small a-domain and a large a/p-domain separated by a large cleft, (ii) a
dimeric quaternary structure, (iii) being specific to pyrimidine nucleosides, (iv)
accepting both thymidine and uridine as substrates in case of lower organisms,
and thymidine in higher organisms’ members of the family, (v) having more than
30% sequence similarity, and (vi) undergoing high conformational changes and
domain movements during catalysis.

1.2.1.1  Nucleoside Phosphorylase-l Family

Members of the NP-I family are subdivided into PNP, uridine nucleoside
phosphorylase and 5’-deoxy-5'-methythioadenoside phosphorylase (MTAP)
(Figure 1.2). They catalyze reversible phosphorolysis of the N-glycosidic bond
of purines, uridine, and 5’-deoxy-5'-methythioadenoside (MTA), respectively.
PNPs are the most widely studied group of nucleoside phosphorylases due to
their importance as drug targets.

Purine Nucleoside Phosphorylases (PNPs) PNPs are further classified into two main
groups, trimeric PNPs and hexameric PNPs (Figure 1.2). Trimeric PNPs also
named as low molecular mass PNPs (approx. 31 kDa per subunit) are specific for
6-oxopurines (guanine and hypoxanthine) and their nucleosides. The hexameric
PNPs (also known as high molecular mass PNPs) consist of subunits with a
size of approximately 26 kDa [20] and have a broader substrate spectrum. They
accept both, 6-oxopurines and 6-aminopurines (adenine) and their nucleosides.
Initially, trimeric forms were described to be specific for mammals and hexam-
eric forms for bacteria. However, later it was shown that E. coli, Bacillus subtilis,
and Bacillus stearothermophilus possess both forms [20-24].

Several reports showed that PNPs accept a wide range of substrate, thereby
showing the wide substrate spectrum of these enzymes. Generally, the substrate
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Figure 1.2 Classification of nucleoside phosphorylases (NPs) and their substrate affinities. NPs
are classified into two main families: NP-1 and NP-II. NP-I family is further subdivided into
hexameric and Trimeric NPs. NP-Il family is subdivided into two main classes: TP and PyNP.
Residues labeled in red are crucial for enzyme-substrate interaction; green and blue labeled
substitutions are those accepted by enzymes.

spectrum of hexameric PNPs is larger than that of the trimeric ones [19]. As it
will be mentioned in detail later, modifications on the nucleobase and the sugar
moiety highly influence the substrate recognition by the enzyme, and both the
binding to and releasing from the active sites (Figure 1.2).

PNPs mostly recognize and cleave the N9-C1’ glycosidic bond of purines.
However, bonds between N3-C1’ and N7-C1’ are cleaved as well by PNPs from
different origins including E. coli and bovine and human PNPs [25-27]. Base
substitutions with electronegative groups (thiol, halogen, and thioalkyl) at C6
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and small alkyl substitution at N7 are well accepted by some members of the
PNP family (Figure 1.2). Unexpectedly, open ring purine nucleoside analogues
(as ribavirin) bearing structure similarities to inosine were found to be cleaved by
some PNPs from various organisms including E. coli, B. subtilis, Brevibacterium
acetylicum, calf, and human [27-29].

Maintaining the electronegativity at C1’ is crucial for substrate recognition by
PNPs. Hence, ribo- and arabinonucleosides are well accepted by PNPs of E. coli
and a number of thermostable PNPs [30-32]. The loss of 2’-OH and or 3’-OH
reduced the phosphorylation efficiency of human PNP. The replacement of 3'-OH
by an amino group improved the activity compared to 3’'-deoxy-nucleosides due
to the retained electronegativity [33]. Nonetheless, there are some exceptions that
also accept 3’-deoxynucleosides, such as PNPs isolated from B. acetylicum, Plas-
modium carotovorum, and Geobacillus thermoglucosidasius [30, 34, 35].

An interesting feature of PNPs is their ability to accept pyrimidine nucleosides
as substrate. Thus, they may be interesting catalysts for the synthesis of cytidine
and deoxycytidine that are not utilized by many pyrimidine nucleoside phospho-
rylases (PyNPs) [30].

5'-Deoxy-5'-methylthioadenoside Phosphorylase (MTAP) An interesting member
of the NP-I family is MTAP, which was primarily characterized in rats to work
on MTA. MTAPs show a wide substrate spectrum. In addition to MTA some
MTAPs as those isolated from Pyrococcus furiosus and Sulfolobus solfataricus
accept 6-oxopurine nucleosides (guanosine and inosine). For these enzymes,
higher sequence similarities to PNPs compared to the known MTAPs were
shown [36-38]. Substitutions with halogen or amino groups at the C2 position
of the purine ring are very well tolerated [39-43] (Figure 1.2). MTAP isolated
from Aeropyrum pernix has some unique characteristics: on one hand, it is active
toward some pyrimidines including cytidine and deoxycytidine, and on the
other hand, unlike most reported MTAPs, it phosphorolyzes 2’-fluoro-modified
arabinoside [30], which is an interesting activity when considering the enzymatic
synthesis of nucleoside analogues that can be used as drugs.

Uridine Nucleoside Phosphorylase Different prokaryotic and eukaryotic organ-
isms including E. coli, Lactobacillus casei, Enterobacter aerogenes, Salmonella
typhimurium, Saccharomyces cerevisiae, Schistosoma mansoni, Mus musculus,
Rattus norvegicus, and Homo sapiens were reported to possess a UP [19].

Although UPs of different origins vary in their substrate spectrum, they show
some common features: none of the reported UPs catalyze cytidine phosphorol-
ysis except the UP from S. cerevisiae. However, all accept 2’-deoxy nucleosides,
although with much lower affinity compared to uridine. Nucleosides that are
halogenated or methylated at the C5 position are generally well accepted and
tolerated [19] (Figure 1.2).

1.2.1.2 Nucleoside Phosphorylase-Il Family

The NP-II family comprises phosphorylases that catalyze the reversible cleavage
of the glycosidic bond of thymidine (thymidine phosphorylase [TP]) and pyrim-
idines (PyNPs) in the presence of phosphate. Although UP catalyzes a similar
reaction, it has been classified under the NP-I family due to its distinct structural
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features. As mentioned earlier, both TP and PyNP share two-domain subunits
with a high percentage (~40%) of sequence and structural similarities [19, 20, 44].
However, one major catalytic difference between TP and PyNP exists: TP has a
high specificity toward C2" deoxy nucleosides compared to PyNPs [45]. Hence,
PyNPs possess a wider substrate spectrum than TP.

Thymidine Phosphorylase Structure—function relationship studies have pro-
vided some insight into the acceptance of base and sugar modifications by
TP. Regarding the sugar moiety, the absence of a hydroxyl group (—OH) at
the C2’ position of the nucleoside is crucial for TP binding. Both, E. coli and
human TP, do not accept uridine as a substrate. In fact, uridine and 2’-methyl
uridine were shown to inhibit the catalytic action of E. coli TP [46—49]. On the
other hand, the presence of the 3'-OH group of the nucleoside is crucial for
interactions between the substrate and the enzyme. This is reinforced by the
fact that 3’-amino-3’-deoxythymidine was phosphorolyzed by TP only at pH 8
and not at pH 6.5, because at pH 6.5 both the 3’-amino group of the nucleoside
and the amino group of the enzyme are positively charged [48]. The 5'-position
of the nucleoside does not strongly influence the catalytic reaction. Various 5’
modifications were tolerated by E. coli TP including halogens, thio, amino, and
deoxy substitutions [48—50] (Figure 1.2). Modifications in the C5 position of
the base are generally well tolerated by TP, while substitutions at C6 have a big
impact on the catalytic potential. Substitutions that increase the aromaticity of
the nucleobase hinder the base to leave the catalytic pocket of the enzyme [49].

Pyrimidine Nucleoside Phosphorylases PyNPs have been isolated and charac-
terized from several organisms including B. stearothermophilus, B. subtilis,
G. thermoglucosidasius, Thermus thermophilus, Hameophilus influenza, and
Mycoplasma hyorhinis [45, 51-55]. PyNPs are of increasing interest due to their
broader substrate affinity and tolerability compared to those of TP or UP. Thus, a
wider application of these enzymes to produce synthetic nucleoside analogues is
envisioned.

PyNPs well tolerate modification at the C5 position of the base. PyNPs
from various organisms are able to catalyze the glyosidic bond cleavage of
2'-deoxy-5-halogenated nucleoside analogues (Figure 1.2). Additionally, a bro-
movinyl (CH=CHBr) group at C5 was tolerated by E. coli TP and B. subtilis PyNP.
Several other modifications at C5 including alkyl groups are also well accepted by
PyNPs from various sources [45, 56—58] (Figure 1.2). Interestingly, compounds
with modifications at the C2’ position of the nucleoside are also accepted as
substrates by PyNPs. Arabinosides as well as 2’-deoxy-2’-fluororibosides and
2/-deoxy-2'-fluoroarabinosides are substrates for some PyNPs, predominantly
for those isolated from thermophilic organisms such as 7. thermophilus [54]
(Figure 1.2).

1.2.2 Limitations in the Current Classification

Although the classification of PNPs into two main categories as proposed by Pug-
mire and Ealick [20] is applicable for most of the known PNPs, there are still some
exceptions that do not fit into this categories.
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The low molecular mass inosine-guanosine phosphorylase extracted from the
vegetative state and the spores of Bacillus cereus was shown to either have a
tetrameric quaternary structure or to equilibrate between the dimeric and the
tetrameric form [24]. B. stearothermophilus (JTS-859 strain) as mentioned ear-
lier contains both forms of PNPs: a low molecular mass and a high molecular
mass PNP. It was reported that the low molecular mass enzyme forms a dimer
rather than a trimer whereas the high molecular mass form is a tetramer rather
than a hexamer [24].

E. coli hexameric PNP-II (product of xapA gene) has an amino acid sequence,
promotor structure, and substrate specificity similar to the low molecular mass
PNPs. As observed for low molecular mass PNPs, E. coli PNP-II does not accept
adenosine or adenosine derivatives as substrates [19, 24, 59].

1.2.3 Reaction Mechanism

Nucleoside phosphorylases reversibly cleave N-glycosidic bonds of -nucleosides
with configurational inversion producing a-pentofuranose-1-phosphate and a
free nucleobase. The catalytic mechanism of the phosphorolytic cleavage has
been reported for several members of the NP-I family. Most of the reported NPs
were shown to have a similar catalytic mechanism (Figure 1.3). NP-II members
are expected to follow the same pattern.

The mechanism described for human PNP illustrated that the general reaction
follows an Sy 1 mechanism [20, 60]. The nucleoside binds to the enzyme in a high
energy conformation producing a steric strain on the glycosidic bond, thus favor-
ing bond cleavage. An oxocarbenium ion is formed during the transition state by
the flow of an electron from O4’ to the purine base rendering the base with a
negative charge. The formed oxocarbenium ion is stabilized by phosphate ions.
Additionally, negative charges on the base moiety are stabilized by interactions
of the enzymes active site to the N-atom of the base, thus facilitating glycosidic
bond cleavage [19, 20, 60, 61].

The mechanism of phosphorolytic cleavage became clear by the availability
of crystal structures; however, the exact mechanism of nucleoside synthesis
is still not clear and difficult to elaborate due to the difficulty of crystallizing
pentose-1-phospahte alone with PNP. Yet, it is suggested that the presence of the

o { {OH
\ o 1% HO o O—p=—=0
N - N
SO og ag “
= HO —-——“
HO o, NN Sy NJ NT N HO OH
7O\P,OH
HJ OH o N
H
Inosine © Hypoxanthine Ribose-1-phosphate

Figure 1.3 Catalytic mechanism described for PNP.
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base favors the binding of pentose-1-phosphate to the catalytic site. Otherwise,
the latter would cause steric hindrance of base binding [24, 60, 61].

PNP reactions follow non-Michaelis Menten kinetics. However, an exact
kinetic mechanistic model was not agreed upon so far [24, 60]. Crystal struc-
ture data suggest the formation of ternary complexes of enzyme/nucleoside/
phosphate and enzyme/base/pentose-1-phosphate. Whether these complexes
are formed in a sequentially defined order or by random binding was not yet
confirmed. Nevertheless, while there is no evidence for the occurrence of a
ping—pong mechanism, a sequential order of the reaction is assumed by most
authors [24].

1.2.4 Domain Structure and Active Site Residues of Nucleoside
Phosphorylases

1.2.4.1 NP-lI Family Members

As mentioned earlier, members of the NP-I family share a single domain structure
that is highly conserved [62]. Nevertheless, amino acid residues in the active sites
are not necessarily conserved among different members of the NP-I family.

One interesting difference between the four subgroups (trimeric PNP, MTAP,
hexameric PNP, and UP) of the NP-I family is the observed sequence motifs.
Although sequence motifs do not necessarily reflect functional differences, they
help to show differences and similarities between subgroups of enzymes. There
are nine identified sequence motifs in NP-I family (Figure 1.4). These structural
regions are denoted with letters A—IL. Their exact position in the primary amino
acid sequence was reviewed by Pugmire and Ealick in 2002 [20]. Numbering
codes were assigned based on structure similarities, for example B;, and B, are
similar regarding their quaternary structure’s position; however, their amino acid
sequence differs significantly. Not all members of the subclasses have the same
number of motifs, but all of them encompass motif A,. Noteworthy, MTAP (E,,
H,) and UP (H,, I;) have two unique motifs that are involved in the active site
and inter-subunit interactions [20].

From nine motifs identified in the members of the NP-I family, seven are
involved in the formation of the active site and six are involved in subunit
interaction. The observed structural similarities between trimeric PNP and
MTAP as well as between hexameric PNP and UP are also reflected in the motif
structure (Figure 1.4). Amino acid residues involved in binding of phosphate,

Trimeric = A1 [= Bi = C1 | DI = Et = Fi = Gl = Hl f——
MTAP = Al = B = C1 M DI = E8 H Fl M 61 M H ——
Hexameric= A1 |4 B2 | C2 = D2 = E2 = F2 = G2
ce H oo - i b
Figure 1.4 Structural motifs described for members of the NP-I family. Highlighted in grey are

domains that are unique for either MTAP or UP. Trimeric- trimeric PNP, Hexameric-hexameric
PNP.

[
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upP = A1 = B2 CZ—'DZ'-|E2
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Figure 1.5 Schematic presentation of amino acid residues that define substrate specificity of
different nucleoside phosphorylases.

nucleobase, and pentose sugar differ between hexameric and trimeric members
of the NP-I family [19, 20]. Detailed information on amino acids involved in
substrate binding has been recently reviewed [19].

Functionally, the four subclasses of the NP-I family showed different specifici-
ties toward substrates. Trimeric PNPs are specific to 6-oxopurines and MTAPs
are described to be specific for 5'deoxy-5'-methylthioadenosinde, whereas hex-
americ PNPs accept both 6-oxopurines and 6-aminopurines (adenosine). UP is
strictly specific to pyrimidine derivatives with no distinct specificity toward the
C2' position. These functional divergences are also reflected by differences in the
amino acid residues found in the active sites. hAMTAP (Asp220) and E. coli PNP
(Asp204) form hydrogen bonds with the 6-amino group of the purine base. The
replacement of an aspartic acid residue (Asp) with asparagine (Asn) as in the case
of human and bovine PNP (Asn243) restricted the activity of human and bovine
PNP toward 6-oxopurines (Figure 1.5). As another example, E. coli and human
UP are conserved in residues Gln166, Argl68, and Arg223, which are described
to be responsible for the specificity of UP [19].

1.2.4.2 NP-ll Family Members

TP and PyNP are the main two enzyme groups within the NP-II family.
Enzymes from both classes share a high degree of sequence similarity (33-67%).
Furthermore, they share two main domain subunits, a large o/f domain
and a smaller o domain, that are separated from each other by a large cleft.
The amino acid residues of the o domain are more conserved. Detailed
information on amino acids involved in substrate binding has been recently
summarized [19].

Active site residues are highly conserved among TP and PyNP with few
exceptions that might be responsible for differences in substrate acceptance.
While TP is highly specific for 2’-deoxy nucleosides, PyNP catalyzes the
cleavage of a number of 2'-modified nucleosides. A possible explanation that
is revealed by structural studies is the substitution of lysine (Lys108) of PyNP
with methionine in both E. coli and human TP [19]. This replacement alters the
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hydrogen bonding organization between the 2’-hydroxyl group of the nucleoside
and the oxygen atom of the phosphate. An alternative explanation is a different
positioning of 2’-modified nucleosides in the active site of TP compared to
2'-deoxy nucleosides [63].

1.3 Enzymatic Approaches to Produce Nucleoside
Analogues Using Nucleoside Phosphorylases

Despite the huge advances achieved in the chemical synthesis of nucleosides and
their analogues, the existing drawbacks led to a continuous interest in developing
enzymatic approaches. In 1954, M. Friedkin and D. Roberts [64, 65] reported the
first attempts to enzymatically synthesize pyrimidine nucleoside analogues using
TP isolated from horse liver. Since then several studies have been conducted on
enzymes to be used in the synthesis of nucleoside analogues.

As mentioned earlier, nucleoside phosphorylases catalyze the reversible cleav-
age of N-glycosidic bond of nucleosides. Thus, the condensation of a nucleobase
and pentose-1-phosphate can be used for the synthesis of nucleosides or their
analogues. Different synthesis strategies were developed based on this mecha-
nism of action.

1.3.1 One-pot Two-Step Transglycosylation Reaction

Enzymatic transglycosylation has been extensively studied [9, 66, 67]. It is the
transfer of a pentofuranose moiety from a chemically synthesized or a naturally
occurring nucleoside to a base of interest. Pentose-1P is formed as an intermedi-
ate in the reaction (Figure 1.6a). Sugar donor is a pyrimidine nucleoside (cleavage
reaction) and sugar acceptor is a purine base (synthesis reaction) or vice versa.
This reaction takes place in the presence of phosphate. As noted earlier, reac-
tions catalyzed by NPs are reversible, thus both cleavage and synthesis take place
simultaneously and the reaction applies to equilibrium rules and dynamics that
might hinder high product yields.

In case of producing a purine nucleoside via transglycosylation, it is generally
assumed that the reaction equilibrium is on the side of the starting nucleoside
and that the reaction of the PyNP is faster compared to the PNP due to the
modifications in the purine base. In other words, in a transglycosylation reaction
the formed intermediate (Pentose-1P) may easily undergo the backward reac-
tion to the starting nucleoside than to the final product. High phosphate con-
centration enhances nucleoside cleavage [19], but hinders the synthesis of the
nucleoside of interest. Therefore, adjusting the phosphate concentration in trans-
glycosylation reactions is a critical factor. Although the transglycosylation reac-
tion was proven to be an efficient way for the synthesis of mainly riboside and
deoxy-ribosides nucleoside analogues, the synthesis of some arabinosides and
fluoro-modified-ribosides/arabinosides is more challenging [66—68]. Hence, fur-
ther enzymatic approaches were investigated.
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Figure 1.6 Approaches for the synthesis of nucleosides and nucleoside analogues.

(a) One-pot transglycosylation reaction. (b(l)) Enzymatic synthesis starting from
glyceraldehyde-3-phosphate. (b(ll)) Chemo-enzymatic synthesis starting from deoxyribose,
ribose, or arabinose. (b(lll)) Enzymatic synthesis starting from p-pentoses (deoxyribose, ribose,
or arabinose). PF-1P: Pentose-1P

1.3.2 Pentofuranose-1-phosphate as Universal Glycosylating
Substrate for Nucleoside Phosphorylase (NP)

1.3.2.1 Nucleoside Synthesis from Chemically Synthesized Pentose-1P

The chemical synthesis of glycosyl phosphates has a long history and has been
thoroughly studied and reported [69-73]. Although details of the chemical syn-
thesis will not be discussed in this chapter, it is worth mentioning that the most
efficient and currently used method for the synthesis of pyranose-1-phosphate
is that proposed by MacDonald in 1962 [70]. Later, this method was also used
for the production of a-D-pentofuranose-1-phosphate (Pentose-1P) [68, 74].
Tediousness of the chemical synthesis of Pentose-1P as well as low yields, and the
difficulty of purifying the wanted a-anomeric isoform have so far restricted the
use of Pentose-1P as a substrate for NPs; generally, the availability of Pentose-1P
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is a serious bottleneck for the synthesis of modified nucleoside analogues.
Nevertheless, the chemical synthesis of Pentose-1P followed by the enzymatic
condensation with a nucleobase using NPs is still considered as a valuable
chemo-enzymatic route for nucleoside synthesis.

1.3.2.2 Nucleosides Synthesis from p-Glyceraldehyde-3-phosphate
2'-deoxyribonucleoside synthesis from glyceraldehyde-3-phosphate was first
reported as a potential enzymatic approach for nucleoside synthesis in the
beginning of this century [75, 76]. The authors described the transformation
of D-glyceraldehyde-3-phosphate or dihydroxyacetone monophosphate to
nucleoside analogues through three main consecutive steps. The transformation
was performed as a one-pot reaction without purification of the interme-
diates. In the first step, a condensation of D-glyceraldehyde-3-phosphate or
dihydroxyacetone-phosphate with acetaldehyde is catalyzed by p-2-deoxyribose-
5-phosphate aldolase (DERA) and triose phosphate isomerase (TRI).
The observed product is D-ribofuranose-5-phosphate. In the second step
the stereospecific transformation of D-ribofuranose-5-phosphate into
a-D-ribofuranose-1-phosphate (Rib-1P) by phosphopentomutase (PPM) is
performed. Finally, the enzymatic condensation of Rib-1P with a heterocyclic
nucleobase is catalyzed by NPs (Figure 1.6b(1)).

1.3.2.3 Nucleoside Synthesis from p-Pentose

In 2008 [77], the chemo-enzymatic synthesis of f-D-ribofuranosyl, f-p-deoxy-
ribofuranosyl and p-p-arabinofuranosyl nucleosides from 5-phosphate of
D-ribose, D-arabinose and 2-deoxy-D-ribose was reported. The pentose-5-
phosphate was chemo-enzymatically prepared through different selective steps
of acetylation and deacetylation in the presence of lipase B from Candida antar-
tica. The formed pentofuranose-5-phosphate (Pentose-5P) was transformed into
Pentose-1P using PPM. Pentose-1P was then used by nucleoside phosphorylase
for the enzymatic condensation reaction with nucleobase yielding nucleosides
and their analogues (Figure 1.6b(II)). Inosine, 6-mercaptopurine riboside and
ribavirin were successfully synthesized by the above method [77].

More recently [78], a different and more efficient strategy was proposed based
on transforming D-pentose to Pentose-5P using ribokinase (RK). Pentose-5P was
later converted to Pentose-1P by PPM. Pentose-1P was used as a substrate for NP
to synthesize nucleoside analogues in the presence of heterocyclic nucleobases
like uracil, thymine, and hypoxanthine (Figure 1.6b(III)).

1.3.2.4 Nucleoside Synthesis from Enzymatically Produced Pentose-1P

We have recently proposed a two-pot enzymatic approach to produce nucleoside
analogues as an alternative to the one-pot transglycosylation [79]. This approach
is based on the ability of nucleoside phosphorylase to cleave the glycosidic bond
of nucleoside yielding Pentose-1P, which is then purified as barium salt. It is
applied in a separate step as a substrate for the synthesis of modified nucleosides
using NPs (Figure 1.6a). This approach allows for easier optimization of each of
the reactions, which leads to increased yields of the desired nucleoside analogue.

13



14

1 Enzymatic Synthesis of Nucleoside Analogues by Nucleoside Phosphorylases
1.4 Approaches to Produce Nucleoside Analogues

Since nucleoside phosphorylases were first described by Kalckar [80], many
research projects were conducted to test whether definite nucleoside analogues
are used as substrates for nucleoside phosphorylases. Different forms of the
enzyme (e.g. free or immobilized) were applied for the production of known
drugs. One common objective of various studies was the optimization of already
existing methods for large-scale industrial production with the aim to overcome
some drawbacks and limitations such as (i) product inhibition, (ii) poor solubility
of substrates, and/or (iii) consumption of large amounts of enzymes that might
be hard to express. Such scale-up activities focused mainly on compounds with
biological activity or of commercial value. In the coming sections, we try to
summarize these approaches.

1.4.1 Whole Cell Catalysis

The application of whole cells can be regarded as an easy, time-saving, and eco-
nomic option to produce nucleoside analogues. Expensive and time-consuming
steps like cells lysis, enzyme extraction, and purification are avoided. Addition-
ally, the retrieval and reuse of cells via centrifugation or ultrafiltration is possible.
Best yields and conversion rates were achieved by cells harvested at the stationary
phase where the salvage pathway for nucleoside production is strongly activated,
which correlate with large amounts of nucleoside phosphorylases [81]. Ribavirin,
dideoxyinosine, adenine arabinoside, and 2’'-amino-2'-deoxyadenosine were
synthesized using whole cells and different pentofuranosyl donors [81-86].
One requirement for the successful application of whole cell biocatalysts is that
both the sugar donor and acceptor are well soluble. Using whole cell catalysts,
side reactions that are catalyzed by other enzymes acting on the same class of
substrates have to be considered, for example deaminases or lipases [87, 88].

Complex media were proven to be better than defined media for producing
NPs in Enterobacter species [89]. Many nucleobases, nucleosides, Rib-1P, and
nucleotide monophosphates as inducing agents for potentiating the expression
of NPs were tested. Conversion by some eukaryotic cancer cell lines was also
reported [90, 91].

Another biologically important molecule is benzimidazole, whose nucleoside
exhibits antitumor, antifungal, antiparasitic, analgesics, antiviral, and antihis-
tamine activities, and is being used in the treatment of cardiovascular diseases
and in therapies related to neurology, endocrinology, and ophthalmology.
Bentancor and coworkers [92] published a screening study for producing benz-
imidazole riboside and 2’-deoxyriboside using whole cells catalysts. Uridine was
applied as a ribose donor and thymidine as the 2’-deoxyribose donor, respec-
tively. Optimal temperature for the reaction was 60 °C for ribosides and 45 °C
for deoxyribosides, respectively, suggesting that the higher temperature inhibits
the action of thymidine phosphorylase [93, 94]. However, recent data show that
a-deoxyribose-1-phosphate is unstable and degrades at higher temperature [95].

Mainly, free cells were applied to produce nucleoside analogues, but immobi-
lized cells were also used. Immobilized whole cells can be either alive or dead
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depending on (i) whether the enzyme is intra- or extracellular, (ii) the molecular
weight and the size of the enzyme, (iii) substrate and product, and (iv) the cell’s
permeability to them. As an example, Aeromonas hydrophila cells were entrapped
in agarose beads and afforded the same kinetics and yields as those by the free
cells. The entrapped cells, however, were used three times before any decrease
in activity was detected [81]. A mutant strain of E. coli was cross-linked to glu-
taraldehyde and successfully used to produce ribavirin and the anticancer drug
cladribine [96].

The widespread application of whole cell extracts is restricted because broadly
used bacterial whole cells that are used as biocatalysts for the production of
modified nucleosides co-express a number of enzymes that can (i) consume
substrates; (ii) catalyze undesired transformations of substrates or formed
nucleosides; and (iii) secrete desired products in the medium, which makes
purification challenging [97].

1.4.2 Crude Enzyme Extract

Compared to purified enzyme, the application of crude cell extract is a less labo-
rious and a more economical approach. It is suitable to carry out preliminary
screening assays to determine the catalytic potential of enzymes especially in the
cases of overexpression where the target enzyme is available in high concentra-
tion. A drawback of crude enzyme extracts is a shorter half-life compared to that
of purified enzymes [53, 56, 82, 98—100].

The application of crude enzyme extracts is principally advantageous in case of
thermophilic enzymes. If the enzymes are heterologously expressed in a recom-
binant host, proteolysis and interference from the host proteins can be inhibited
through an additional heat shock step [101]. This was implemented in the prelim-
inary tests conducted for the characterization of nucleoside phosphorylases of
T thermophilus. The extract was heated at 80°C for onehour and then
centrifuged. Afterward, the supernatant was successfully tested for its phospho-
rolysis activity with a variety of nucleosides [31].

As compared to whole cell catalysis, cell lysate or enzyme extracts result in
a more reproducible and robust reaction as the Pentose-1P intermediate is not
consumed as an energy source, which might happen under certain conditions
using bacterial cells. It can finally end up with the reaction being totally reserved
in the backward direction [102].

1.4.3 Application of Purified Enzymes

The use of purified enzyme preparations has the advantage that side-reactions are
avoided. To date, NPs from different mesophiles, like E. coli [103—105] or B. sub-
tilis [106], were applied in the synthesis of pharmacologically active compounds
[103, 104].

Thermostable NPs from thermophilic or hyperthermophilic microorganisms
catalyze enzymatic reactions with the same high regio- and stereo-selectivity
compared to mesophilic NPs, but have several advantages for large-scale applica-
tions: (i) thermophilic enzymes can be easily purified with high protein recovery
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after heterologous production and costs are low as a heat treatment usually is
sufficient as a purification step [31]; (ii) a high pH tolerance is observed, which
reduces the need to finely regulate the pH of the reaction; (iii) it was shown
that PNPs of T. thermophilus show a remarkable resistance to aggressive organic
solvents such as dimethylformamide or dimethyl sulfoxide, which are required in
the synthesis of compounds with low water solubility; (iv) using thermophilic cat-
alysts, reactions can be performed at elevated temperatures, which are frequently
required to reduce the viscosity of the medium or to increase the solubility and
concentration of some substrates [107]; (v) it was observed that an increased
thermal stability correlates with a broader substrate spectrum [30, 31, 54, 108].

For industrial applications of purified enzymes, it is highly desirable to use
either immobilized catalysts or continuous reactors to be able to recover the
enzyme from the reaction mixture. This simplifies downstream processing and
facilitates biocatalyst recycling. As immobilization might also increase the stabil-
ity of nucleoside phosphorylases, diverse methods have been exploited [57, 101,
109, 110]. Approaches for both immobilized enzymes and continuous reactors
are described in more detail in the following paragraphs.

1.4.3.1 Immobilized Enzymes

Biocatalyst immobilization denotes binding an enzyme to an inert support (nat-
ural, synthetic, or inorganic in nature) where it maintains its activity without
blocking or disrupting the active sites. The ideal support has to be stable, endures
sheering force of the reaction, can be regenerated, and has no effect on the type of
reaction [111, 112]. Usually, enzyme immobilization has a positive effect regard-
ing thermal stability, pH resistance, and longevity (e.g. storage time and number
of operational cycles).

Immobilization of purified enzymes is an important tool for large-scale com-
mercial application of biocatalysts. Considering the cost load of the enzyme in the
reaction, one economically favorable feature is the ability to reuse the enzyme as
long as it retains its activity. The general immobilization principles for enzymes
are (i) adsorption to the support’s surface, (ii) cross-linking (enzyme molecules
bind to each other) in the presence of spacers (e.g. polyethylene glycol) to reduce
steric hindrance, (iii) covalent binding to a support, (iv) entrapment within a
polymer, (v) encapsulation within a surrounding matrix, and (vi) affinity bind-
ing [113, 114] (Figure 1.7). The most described immobilization method for NPs
is entrapment in different matrices like agar, agarose, and alginates [81, 86, 116].

Immobilization of pure enzyme to produce nucleoside analogues in a transgly-
cosylation reaction might be a complicated process as it involves the co-binding
of a PNP and PyNP. Multimeric enzymes are known to be quite difficult to immo-
bilize as it is necessary to consider the correct assembly and multisubunit attach-
ment, least desorption, and minimal deactivation [117-119]. However, feasibility
was proven as immobilized PyNPs from B. subtilis and TP from E. coli were
applied for the synthesis of 5-halogenated-pyrimidine-2'-deoxyribonucleosides
by transglycosylation in fully aqueous medium [57]. For both enzymes, immo-
bilization was shown to strongly enhance the stability upon incubation in ace-
tonitrile. Both PyNP and TP could be re-used for at least five times with no loss
of productivity. In another approach, immobilized UP of Clostridium perfringens
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Figure 1.7 Immobilization techniques applied for whole cells and purified enzymes. Source:
Adapted from Sirisha et al. 2016 [111] and Zhao et al. 2015 [115].

and PNP of A. hydrophila were used as biocatalysts for the production of vidara-
bine in a transglycosylation reaction [120].

Different matrices and techniques were compared by Rocchietti and cowork-
ers for UP and PNP from B. subtilis [117]. While covalent bonding distorted the
protein structure and resulted in decreased activity and stability, UP was best
immobilized via ionic bonding to Sepabeads and post-immobilization treatment
with polyaldehyde was necessary to cross-link the support and protein. PNP was
best immobilized on glycoxyl-agarose using the surfactant Triton X-100 that pre-
vents agglomeration of the protein and hence, allows diffusion into the support.
The combined use of these two enzymes allowed the reaction to take place at
a higher optimal temperature (45 °C) and pH (pH = 10) compared to the free
enzymes. Using these conditions, guanine conversion proceeded, which is usu-
ally limited due to low solubility.

1.4.3.2 Enzyme Reactors

Few trials were recorded in literature using different NPs in enzyme reactors for
the production of nucleoside analogues. Preparative scale nucleoside synthesis
was conducted in column reactors by some research groups. Hori and colleagues
operated their experiment for 17 days at 60 °C to produce 5-methyl uridine from
a thymine and inosine mixture [101]. Immobilized crude enzyme extract from
the thermophilic bacterium B. stearothermophilus was bound to an ion-exchange
column. The reaction mixture was fed in a pre-optimized rate with the aim to
overcome the equilibrium constant and to guarantee that the hypoxanthine sol-
ubility limit is not exceeded [101].

In two other approaches an enzyme column reactor was connected to a HPLC
[121, 122]. The purified PNP from A. hydrophila was immobilized on silica par-
ticles of definite particle size. The system could run over the analytical column
or bypass it via a six-port switching valve and it was used to test the substrate
affinity of the enzyme and compare the reaction kinetics of free and immobilized
enzyme [121]. Later it was shown that the system was stable for 10 months [122].
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The described system was used for a faster routine activity screening. Based on a
“design of experiment” optimized study, they produced different modified nucle-
osides including a number of halogenated analogues.

1.5 Upscaling Approaches for the Production
of Nucleoside Analogues

Despite the high cost of soluble enzymes that limited the wide-spread appli-
cation of nucleoside phosphorylases in industrial processes, some successful
upscaling approaches were reported. These are almost all dedicated to the
synthesis of molecules with known biological activity. For example, many
research studies were conducted to execute large-scale industrial enzymatic
or chemo-enzymatic processes to produce the antiviral drug ribavirin from
1,2,4-triazole-3-carboxamide (TCA) using purified enzymes or bacterial cell
cultures.

Chen et al. performed a fed-batch fermentation process for a recombinant
Bacillus strain using glucose as the sole carbon source in an attempt to produce
ribavirin in a preparative scale [123]. The fermentation was carried out in 31
volume and TCA was added in the middle of the log phase. Tween 80 was added
to increase the permeability of the cell membrane for the enzyme and thereby
increase TCA conversion to ribavirin.

A method carried out in 7.51 volume was described using a genetically
engineered Bacillus strain that secretes PNP extracellularly. TCA was used as
the substrate for the production of ribavirin [124]. In another upscaling exper-
iment, the chemo-enzymatic synthesis of ribavirin in a 201 reaction volume
was described [125]. A conversion rate of 97% was observed in the enzymatic
reaction using TCA and guanosine as substrates and a heterologously produced
E. coli PNP as biocatalyst.

1.6 Production of Pharmaceutically Active Compounds
by Nucleoside Phosphorylases

The chemo-enzymatic synthesis of nucleosides with biological relevance was well
described in a review by Mikhailopulo in 2007 [67]. The application of nucleo-
side phosphorylases in the production of drugs like cladribine or mizoribine was
proven (Table 1.2). Both are useful drugs for the treatment of cancer. In 2003,
the enzymatic synthesis of clofarabine, fludarabine, or vidarabine with E. coli RK,
PPM, and PNP [136] was shown.

The phosphorolytic cleavage of a number of other approved drugs like ribavirin
or didanosin was also shown [34] (Table 1.2). Using PNP of B. acetylicum the
relative activity was 22% for both compounds compared to inosine. Recently,
the phosphorolytic cleavage of nucleoside analogue drugs listed in the European
Pharmacopoeia by thermophilic PyNPs, PNPs, and MTAPs was tested [19].
Both cytarabine and zidovudine were accepted as substrates by PyNP, while
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Table 1.2 Drugs synthesized by different nucleoside phosphorylases.

Purine-based drugs Pyrimidine-based drugs
Purine nucleoside S-methylthio- | Pyrimidine Thymidine Uridine
phosphorylase (PNP) adenine phosphorylase | phosphorylase i phosphorylase
phosphorylase | (PyNP) (TP) (UP)
(MTAP)
6-Methyl purine [32, 39] Floxuridine [57, 126, 127]
Cordycepin [34, 108]
‘Fludarabine [32] Clofarabine : o
[128]
Vidarabine 6-Phenyl Idoxuridine [129, 130]
[31, 120] purine riboside
[32] -
Nelarabine [131] Ribavirin Cladribine Tegafur [132]
[28, 29] [41]
Didanosine Purinethol Stavudine
(34, 35] riboside [116] [133]
Thioguanine 5-Aza-7-
riboside [134] deazaguanine
[9, 135]

gemcitabine and lamivudine were not cleaved. PNPs and MTAPs of thermophilic
microorganisms phosphorolyzed ribavirin and didanosin. Nucleoside analogues
with open sugar ring structures like aciclovir, ganciclovir, and tenofovir were
not accepted as substrate. This is in accordance with studies performed with
three PNPs of T. thermophilus or B. acetylicum and aciclovir as substrate. No
phosphorolytic activity was observed [31, 137]. For ganciclovir it was even
shown that it is an inhibitor for PNP [24].

1.7 Outlook for the Application of Nucleoside
Phosphorylase in the Production of Nucleoside
Analogues

Nucleoside phosphorylases play a crucial role in nucleoside metabolism. The
substrate spectra of naturally available NPs have been studied intensively during
the past decades. This knowledge was the basis for the application of nucleoside
phosphorylases in the production of nucleoside based drugs or precursors for
modified oligonucleotides (e.g. aptamers). A number of different approaches
have been developed to increase product yields and drastically reduce costs,
which opens the way to use NPs for industrial-scale production. The limitations
of available nucleoside phosphorylases will be overcome in the near future by
optimizing the biocatalysts using genetic engineering.
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Abstract:

5-Ethynyluracil containing nucleosides like 5-ethynyl-2’-deoxyuridine are widely used for metabolic
labeling of DNA. The standard production route is still based on chemical methods. In a first attempt,
we used thermostable nucleoside phosphorylases to produce 5-ethynyl-2’-deoxyuridine and its
sugar-modified derivatives in a one-pot transglycosylation reaction. For 5-ethynyl-2’-deoxyuridine
and 2'-fluoro-5-ethynyluridine 41% and 18% of ethynyluracil was converted into the corresponding
products, respectively. No product was obtained for (2'S)-2'-deoxy-2'-fluoro-5-ethynyluridine.
Therefore, an alternative approach was used to produce derivative of 5-ethynyl-2’-deoxyuridine using
natural and modified «-D-pentofuranose-1-phosphates and 5-ethynyluracil as substrates for
thermostable nucleoside phosphorylases. Using this synthesis route, the efficient production of 5-
ethynyluracil containing nucleoside analogues was successfully shown. Percentages of conversion
were 60%, 47% and 51% for 5-ethynyl-2'-deoxyuridine, 2'-fluoro-5-ethynyluridine and (2'S)-2’-deoxy-
2'-fluoro-5-ethynyluridine, respectively. Product yields increased by a factor of 1.5 and 2.5 for 5-
ethynyl-2'-deoxyuridine and 2'-fluoro-5-ethynyluridine compared to transglycosylation reactions.

Keywords:

EdU, *fAra-EdU, ,Rib-EdU, thermostable nucleoside phosphorylase, transglycosylation, direct
glycosylation.

List of abbreviations:

NA: nucleoside analogue; BrdU: 5-bromo-2’-deoxyuridine; CUAAZ: copper(l)-catalyzed azide-alkyne
cycloaddition; EdU: 5-ethynyl-2’-deoxyuridine; *Ara-EdU: (2'S)-2'-deoxy-2'-fluoro-5-ethynyluridine;
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Introduction

Nucleoside analogues (NAs) are important molecules used in the treatment of several viral and
bacterial infections as well as cancer [1-4]. Additionally, they have been used in several
biotechnological applications like DNA and RNA labelling [5,6]. 5-Bromo-2’-deoxyuridine (BrdU) is one
of the commonly used nucleoside analogues for molecular DNA labelling [7-9]. After incorporation
into cellular DNA, it can be detected by immunostaining with antibodies. Due to several drawbacks of
BrdU, like poor tissue penetration or high cytotoxicity, alternatives were developed.

The introduction of the bioorthogonal chemical reporting concept revolutionized the study of
biological macromolecules in their native environment [10]. The concept is based on the application
of small chemical groups (like azide or alkyne) that are efficiently up-taken into cells. Furthermore,
these molecules are efficiently incorporated into functional biomolecule without affecting any
cellular or biochemical reactions [10]. Modified molecules can be detected by the coupling with a
reporter molecule by copper(l)-catalyzed azide-alkyne cycloaddition (CuAAZ), also known as copper-
catalyzed click reaction [11,12]. This method was initially modified from the Huisgen 1,3-dipolar
cycloaddition [11]. It is, however, more advantageous as it does not require high temperatures or
prolonged reaction times. Due to its high stereoselective only 1,4-disubstituted isomer are formed. In
contrast, the Huisgen reaction leads to a mixture of both 1,4- and 1,5-disubstituted isomers.

5-ethynyl modified nucleoside analogues, particularly 5-ethynyl-2’-deoxyuridine (EdU) and (2'S)-2'-
deoxy-2'-fluoro-5-ethynyluridine (*Ara-EdU), were previously reported to be used for DNA labeling
[10,13-15]. The introduction of EdU was considered a big advancement in the field of metabolic
labelling by applying click chemistry. Since then, EdU is being used in cell proliferation and
differentiation studies, cell cycle analysis or to study repair mechanisms [13]. In 2011, *Ara-EdU was
reported to be less cytotoxic while maintaining DNA incorporation properties and efficient detection
[10]. Therefore, it is one of the most suitable compounds for longer-term imaging.

As most nucleoside analogues, EdU and *Ara-EdU are so far only synthesized chemically through
multistep and laborious procedure [16,17]. Enzymatic synthesis routes have not yet been described
for derivatives of EdU although they are widely applied to produce nucleoside analogues. One-pot
two-steps transglycosylation reaction were extensively studied as an efficient method for the
synthesis of nucleosides and their analogues [4,18-20]. It is the exchange of two nucleobases over a
pentose-sugar moiety using nucleoside phosphorylases (NPs). Despite the advantages of the
transglycosylation reaction, it showed low product vyields especially for nucleosides with
modifications on the sugar moiety [4,18]. As a substitution, direct enzymatic glycosylation of
nucleobases with a-D-pentofuranose-1-phosphates (Pentose-1Ps) using NPs was previously reported
(scheme 1) [18,19,21]. The availability of modified Pentose-1Ps was for a long time the bottleneck of
this approach. The recently described method for the efficient and environmentally-friendly
production of natural and modified Pentose-1Ps, however, creates new opportunities for future
applications [22].

Here we present the enzymatic synthesis of EdU, 2-fluoro-5-ethynyluridine (,:Rib-EdU) and *Ara-EdU
using thermostable NPs. While transglycosylation was efficient for the synthesis of EdU, only few or
no product was observed for ,Rib-EdU and *Ara-EdU. Therefore, 2-deoxy-o-D-ribofuranose-1-
phosphate (dRib-1P), 2-deoxy-2-fluoro-a-D-ribofuranose-1-phosphate (5:Rib-1P) and 2-deoxy-2-
fluoro-a-D-arabinofuranose-1-phosphate (**Ara-1P) were enzymatically synthesized and used for the
direct enzymatic glycosylation with 5-ethynyluracil. Direct glycosylation showed improved yields for
the three nucleoside analogues of interest with product yields of 47 to 60%.



Methods
General information

All chemicals and solvents were of analytical grade or higher and purchased, if not stated otherwise,
from Sigma-Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, Germany), TClI Deutschland
(Eschborn, Germany), Carbosynth (Berkshire, UK) or VWR (Darmstadt, Germany). HPLC analyses were
carried out with an Agilent 1200 series system equipped with an Agilent DAD detector using a
Phenomenex (Torrance, United States) reversed phase C18 column (150 x 4.6 mm). Thermostable
nucleoside phosphorylases PyNP-Y02 (E-PyNP-0002), PyNP-Y04 (E-PyNP-0004) and PNP-NO2 (E-PNP-
0002) were obtained from BioNukleo (Berlin, Germany) and used as recommended by the
manufacturer.

Synthesis of modified nucleoside in a transglycosylation reaction

EdU, *Ara-EdU and Rib-EdU were synthesized in a one-pot transglycosylation reaction using
pyrimidine nucleoside phosphorylase (PyNP) and purine nucleoside phosphorylase (PNP) as
biocatalyst and 5-ethynyluracil as sugar acceptor. Sugar donors were thymidine (Thd) or 2’-
deoxyadenosine (dAdo) for the synthesis of EdU, and 1-(2’-deoxy-2’-fluoro-B-D-
arabinofuranosyl)uracil (*Ara-U) and 2’-deoxy-2’-fluorouridine (,:Rib-U) for the synthesis of *"Ara-
EdU and ,:Rib-EdU, respectively.

Using Thd, »Rib-U, *Ara-U as sugar donors, 2 ml reaction mixtures of 10 mM sugar donor, 1 mM
sugar acceptor and 5U of PyNP-Y04 in 2mM potassium phosphate (KP) buffer (pH 7) were prepared.
The reaction mixture was incubated at 40°C for 30 h. With dAdo as a sugar donor, a final reaction
volume of 2 mL was used. A reaction mixture of 10 mM sugar donor, 1 mM sugar acceptor, 5U of
PyNP-Y04 and 5U PNP-N0O2 in 2mM KP buffer (pH 7) was prepared. The reaction was incubated at
40°C for 30 h.

Chemo-enzymatic synthesis and purification of Pentose-1Ps as barium salts

Pentose-1Ps were synthesized and purified as their barium salts as previously described [22]. Thd,
FAra-U and »Rib-U were used for the synthesis of dRib-1P, **Ara-1P and ,Rib-1P, respectively. To a
mixture of 200 mM nucleoside in 500 mM KP buffer (pH 7), PyNP-Y02 or PyNP-YO4 were added in
concentrations of 0.1 — 1 mg/ml. Reaction temperatures between 40°C — 80°C were used. All
Pentose-1Ps were purified as their barium salts and used for direct glycosylation reactions.

Synthesis of 5-ethynyluracil-containing nucleoside by direct glycosylation

EdU, *Ara-EdU and ,Rib-EdU were synthesized in a direct glycosylation reaction using dRib-1P, *Ara-
1P and Rib-1P, respectively, and 5-ethynyluracil as a sugar acceptor in a ratio of 2:1 (sugar: sugar
acceptor). EdU was synthesized in a final volume of 2 mL with 8 mM 5-ethynyluracil, 16 mM dRib-1P-
Ba salt and 0.1 or 0.5 mg/mL PyNP-Y04 at 40°C for 5h. *Ara-EdU and ,Rib-EdU were enzymatically-
synthesized at 50°C in a total reaction volume of 2 mL with 6 mM 5-ethynyluracil and 12 mM *Ara-
1P-Ba salt or ,:Rib-1P-Ba salt at 50°C for 24h and PyNP-Y04 concentration of 0.5 mg/mL.

High performance liquid chromatography (HPLC)

To monitor the enzymatic synthesis of Pentose-1Ps, HPLC analyses were performed. Conversion
percentages were calculated as previously reported [22].

For the synthesis of 5-ethynyuracil-containing nucleoside analogues, HPLC analysis was performed
with the following gradient: from 97% 20 mM ammonium acetate and 3% acetonitrile to 72% 20 mM
ammonium acetate and 28% acetonitrile in 11 min. The reaction yields were determined by
quantifying the nucleosides and nucleobases at 260 nm (Formula 1). Retention times under these
conditions were as follows: Uracil (2.9 min), Thd (5.6 min), Thymine (Thy) (4.3 min), 5-ethynyluracil



(4.4 min), dAdo (6.2 min), adenine (4.6 min), »Rib-U (5.06 min), **Ara-U (5.38 min), EdU (6.01 min),
»rRib-EdU (4.11 min), *Ara-EdU (4.12 min).

Formula 1.

Reacti ield = Conc. of the formed nucleoside [mM] % 100
eaction yield = Conc. of the residual nucleobase [mM] + Conc. of the formed nucleoside [mM]

Thin layer chromatography (TLC)

Pentose-1Ps were detected colorimetrically by TLC as previously described [22]. 2 ul of the standard
mixtures and the purified Pentose-1P were loaded on silica plates (Merck). Mobile phase of n-
propanol, ammonia and H,0 (11: 2: 7) was used for dRib-1P reactions. A ratio of the same solvents of
11:2:5 was used for ,Rib-1P and *Ara-1P. Fluoro-modified Pentose-1Ps were detected
colorimetrically using Hanes reagent, whereas the dRib-1P was detected using
p-anisaldehyde-sulphoric acid solution.

Results
Synthesis of EdU in a transglycosylation reaction

Initially, a one-pot transglycosylation reaction setup was used to enzymatically produce EdU, with
either Thd or dAdo as sugar donors and 5-ethynyluracil as sugar acceptor (scheme 1). Based on
preliminary results, transglycosylation reactions were performed in 2 mM phosphate buffer using a
10:1 ratio of the sugar donor to the sugar acceptor. Thermostable NPs were applied as biocatalyst.

Nucleobase
(Sugar acceptor)

N o
o o@ | NH O\p & %
e\\P /J\ 8™ NH
L. AOH
7(_7 { } A ;A o j
T PyNPorPNP = ey

7

Nucleoside 1 (Sugar Pentose-1P Modified Nucleoside
donor)
B = uracil, adenine X = H, ribo-F, arabino-F

X =H, ribo-F, arabino-F

Transglycosylation reaction
Synthesis and purification of Pentose-1P Direct glycosylation reaction

Scheme 1. Schematic representation of the investigated enzymatic approaches for the synthesis of 5-
ethynyl-nucleoside derivatives: transglycosylation reaction and direct glycosylation. Substrates for
the direct glycosylation were Pentose-1P that were produced in a chemo-enzymatic process
beforehand.

Two strategies were examined to produce EdU. In the first approach only one enzyme was applied.
PyNP-04 was used for both the cleavage of the sugar donor thymidine and the subsequent formation
of EdU from the dRib-1P intermediate and 5-ethynyluracil. In the second approach, dAdo was used as
sugar donor. It was cleaved by PNP-NO2 to form the dRib-1P intermediate. The latter is then used by
PyNP-Y04 to produce EdU from 5-ethynyluracil.

In the one enzyme approach, the cleavage percentage for Thd was 30% (Fig. 1A). Using dAdo as sugar
donor a percentage of cleavage of 26% was observed (Fig. 1A). Product yields for EAU were 41% and
16% with Thd and dAdo as sugar donors, respectively (Fig. 1B). As higher product yields were
obtained with the one-enzyme strategy, it was used for reactions with sugar-modified substrates.
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Figure 1. Enzymatic synthesis of 5-ethynyl-deoxyuridine (e, ®), 2'-fluoro-5-ethynyluridine (V¥) and
(2'S)-2'-deoxy-2'-fluoro-5-ethynyluridine (A) in one-pot transglycosylation reactions using
thermostable nucleoside phosphorylase. 5-Ethynyl-deoxyuridine was produced either with Thd (e) or
dAdo () as sugar donors. For the synthesis of 2'-fluoro-5-ethynyluridine and (2'S)-2'-deoxy-2'-fluoro-
5-ethynyluridine, Rib-U or *Ara-U were used as sugar donors, respectively. The one-pot
transglycosylation reaction was performed at 40°C and the reaction was monitored over a period of
30 h. (A) The cleavage of the sugar donors Thd, dAdo, »:Rib-U or 2Ara-U. Pyrimidine nucleosides were
converted by PyNP-Y04 and dAdo by PNP-NO2. (B) The formation of the of 5-ethynyl-containing
nucleoside analogues by PyNP-Y04. Thd: thymidine; dAdo: 2’deoxyadenosine; ,:Rib-U: 2’-deoxy-2’-
fluorouridine; **Ara-U: 1-(2’-deoxy-2’-fluoro-B-D-arabinofuranosyl)uracil.

Transglycosylation reaction for the synthesis of 2’-fluoro-5-ethynyluracil nucleoside
derivatives

,rRib-EdU and *Ara-EdU were synthesized using PyNP-Y04 and the sugar donors ,Rib-U and *Ara-U,
respectively. A percentage of cleavage to their corresponding Pentose-1P and uracil after 30 h was
3% and 0.5%, respectively, (Fig. 1A). The cleavage reaction progressed very slowly over the
monitored reaction time of 30 h and equilibrium was not reached. The formation of the products
,rRib-EdU and *"Ara-EdU was correlating with sugar donor cleavage. Product yields after 30 h were
18% and 0% for »:Rib-EdU and *Ara-EdU, respectively (Fig. 1B). The formation of 6.5% ,:Rib-EdU was
already detected 15 min after starting the reaction. Afterwards, product formation slowly increased
to 18% till the end of the reaction. An equilibrium was not reached within 30 h.

Chemo-enzymatic synthesis and purification of dRib-1P, ,:Rib-1P, and ZAra-1P

As product yields for »Rib-EdU and *Ara-EdU were low, the direct glycosylation approach starting
from purified Pentose-1Ps, was evaluated. Therefore, dRib-1P, ,Rib-1P, and *Ara-1P were
enzymatically synthesized and purified as their corresponding barium salts as previously described
[22]. PyNP-Y02 was used as a biocatalyst for the synthesis of dRib-1P using Thd as a substrate. Due its
higher tolerance to sugar-modifications, PyNP-YO4 was chosen to produce ,:Rib-1P and *Ara-1P. The
percentages of enzymatic cleavage of Thd, »Rib-U and *"Ara-U were 43%, 35% and 22%, respectively
(Fig. 2A). A reaction time of 6 h was chosen for Thd due to the instability of dRib-1P [23]. A reaction
time of 72 h was used for ,Rib-U and *Ara-U. For Thd cleavage, the reaction proceeded very fast and
equilibrium was reached after 1 h. The formation of both ,Rib-1P and *Ara-1P was steady over the
reaction duration. Equilibrium was not reached within 72h.

Pentose-1Ps were purified as barium salts after phosphate depletion by magnesia ammonia
precipitation. Based on the starting substrate concentrations, final yields for Pentose-1P-Ba salts



were 22% for dRib-1P-Ba and 23% for both ,Rib-1P-Ba and % Ara-1P-Ba after purification (Fig. 2A).
Purity of the Pentose-1Ps was determined by TLC and HPLC to be higher than 95% (Fig. 2B and 2C).
TLC showed clear bands for each of the tested Pentose-1Ps with no detectable traces of the
nucleoside or the nucleobase. Residues of phosphate, however, were detected in ,:Rib-1P-Ba.
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50- dRib-1P Fluoro-modified Pentose-1P

Purified
dRib-1P
Purified
2FAra-1P
,Rib-1P

Stand. Stand.

Thy __ Ura —
Thd = *Ara-U — - -
JeRib-U — L

dRib-1P — ﬁ' z;,;,ig:%: a“
B e S .

0 .'l | -'| | -‘| | ——— —— A —o—o'—

dRib-1P 2#Rib-1P Ara-1P

Yield [%]
N
«n

Figure 2. Enzymatic synthesis of natural and modified Pentose-1P. (A) Product yield of Pentose-1Ps
after the enzymatic reaction (black bars) and the purified Pentose-1P as Ba salts (grey bars). (B)
Assessment of the purity of the synthesized dRib-1P-Ba salts by thin layer chromatography (TLC). (C)
Assessment of the purity of the synthesized fluoro-modified Pentose-1P-Ba salts (,Rib-1P-Ba and
*Ara-1P-Ba) by TLC. Thd: thymidine; Thy: thymine; dRib-1P: 2-deoxy-a-D-ribofuranose-1-phosphate;
Pi: inorganic phosphate; ,Rib-U: 2’-deoxy-2’-fluorouridine; *Ara-U: 1-(2’-deoxy-2’-fluoro-B-D-
arabinofuranosyl)uracil; »Rib-1P: 2-deoxy-2-fluoro-a-D-ribofuranose-1-phosphate; **Ara-1P: 2-deoxy-
2-fluoro-a-D-arabinofuranose-1-phosphate.

Synthesis of 5-ethynyluracil-containing modified nucleosides in a direct glycosylation
reaction

To produce EdU, ,Rib-EdU and *Ara-EdU in a direct glycosylation reaction, 5-ethynyluracil and
Pentose-1Ps were used as substrate. The percentage of EdU formation was 60% and 37% using ratios
for dRib-1P-Ba and base of 2:1 and 1:1, respectively (Fig. 3A). For both reaction conditions,
equilibrium was reached after 1 to 3h. Varying enzyme concentrations did not significantly influence
the final product yields.

As higher product yields were obtained with the ratio of 2:1 for Pentose-1P to base, the same
conditions were applied for the synthesis of »Rib-EdU and *"Ara-EdU. No product formation was
observed with enzyme concentrations of 0.1 mg/mL. Therefore, final enzyme concentrations were
increased to 0.5 mg/ml. Yields for ,Rib-EdU and *Ara-EdU were 47% (2.8 mM) and 51% (3 mM) after
24h, respectively (Fig. 3B). A reaction equilibrium was not reached over the reaction duration.
Compared to transglycosylation reactions product yields increased 2.5 and 0.9 folds for ,:Rib-EdU and
EdU respectively.

Discussion

In this study, the efficient enzymatic synthesis of 5-ethynyluracil-containing nucleoside analogues
using thermostable NPs was shown. In a glycosylation reaction using purified Pentose-1P analogues
and 5-ethynyluracil as substrates, product yields between 47% to 60% were reached for EdU, ,:Rib-
EdU and *Ara-EdU. The results are in accordance with previous reports where direct enzymatic
glycosylation of different nucleobases using PNPs or PyNPs was successfully demonstrated [24-27].
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Figure 3. Enzymatic synthesis of 5-ethynyl-containing nucleoside analogues by direct glycosylation
reactions using thermostable nucleoside phosphorylase PyNP-YO4. (A) EdU synthesis [%] was
performed with 8mM 5-ethynyluracil as a sugar acceptor. dRib-1P concentrations of 8 mM (e, A) and
16 mM (e, A) and the enzyme concentration of 0.1 mg/ml (e, ®) and 0.5 mg/ml (A, A) were applied.
Reaction was performed at 40°C for 4h. (B) Synthesis of ,Rib-EdU (e) and *Ara-EdU (e) using a ratio
of 2:1 Pentose-1P to 5-ethynyluracil (sugar acceptor) and enzyme concentration of 0.5mg/ml.
Reaction was performed at 50°C for 24h. The Concentration of the formed nucleoside and the
depleted nucleobase was evaluated by HPLC. EdU: 5-ethynyl-deoxyuridine; dRib-1P: 2-deoxy-a-D-
ribofuranose-1-phosphate; ,Rib-EdU: 2'-fluoro-5-ethynyluridine; *Ara-EdU: (2'S)-2'-deoxy-2'-fluoro-
5-ethynyluridine.

During the past decade, the use of nucleoside analogues with 5-ethynyluracil as base moiety has
been of increasing interest as a powerful tool to track DNA replication and cell proliferation [13]. EdU
is a highly sensitive, quick and efficient labelling tool with several prominent features. The small size
of the linker azide group allows good tissue penetrability hence, denaturation treatment is not
required and therefore the DNA structure is preserved. Despite the advantages of EdU, it is a toxic
antimetabolite that might cause DNA instability, cell-cycle arrest or necrosis [10]. *"Ara-EdU, a Less
toxic derivative, was described as suitable alternative [10]. However, a widespread use is hampered
due to the complex and inefficient chemical synthesis route. Therefore, more efficient synthesis
routes are of big interest.

Transglycosylation reaction is widely described for the synthesis of nucleosides and their analogues.
It is generally applied when natural nucleosides or arabinosides are used as sugar donors [4,18,19]. In
this study, EdU was produced with moderate yield in a transglycosylation reaction with PyNP-Y04 as
biocatalyst. Hence, the base 5-ethynyluracil was well accepted by the applied enzyme. The electron
withdrawing ethynyl group (C=CH) at the 5-position is comparable to halogen, alkene and haloalkenyl
groups that were tolerated well by other PyNPs [28]. Furthermore it is less bulky than some of these
substituents, which enhances the acceptance by the enzymes [28-30].

In the case of fluororiboside and fluoroarabinoside synthesis, transglycosylation was described to
show only low product yields even if extremely extended reaction times and excessive amounts of
enzyme were used [31]. When 2’-deoxy-2’-fluorouridine was used as a sugar donor to produce
different modified 2’deoxy-2’fluoro-purine nucleosides with potential antiviral and cytotoxic activity,
reaction times reached almost two months in some cases and the amount of enzyme was almost
6000 U of TP and double that of PNP to achieve acceptable yields [32]. In this study, only low or no
product formation was observed for ,Rib-EdU and *Ara-EdU synthesis using the transglycosylation
approach. Low vyields can be mainly correlated to the low cleavage percentage of the sugar donor



nucleosides. While the cleavage percentages for *Ara-U and »Rib-U were only 0.5% and 3%,
respectively, it was around 30% for the natural nucleoside thymidine. This might be attributed to the
high electronegativity of the fluorine substitution on 2’-position of the sugar moiety. It leads to a
shorter and hence, stronger glycosidic bond [33]. Consequently, a different conformation of the
sugar moiety is formed which affects the Walden inversion at the tetrahedral C1’ atom and the Sy2
reaction catalyzed by NPs [31,34].

Direct glycosylation in contrast, was as a viable approach to drastically increase product yields. This
approach offers many advantages as it allows for an independent optimization of reaction conditions
for each step (cleavage and glycosylation reactions). One critical factor of transglycosylation reactions
is the phosphate concentration. High phosphate ions concentration shifts the equilibrium towards
the nucleoside cleavage and synthesis of the Pentose-1P. Therefore, its presence favors the cleavage
reaction but hinders the glycosylation reaction starting from the Pentose-1P intermediate [35]. If the
sugar donor is a good substrate for the first enzyme, this critical balance is overcome and the
equilibrium is shifted towards the synthesis of the second nucleoside. However, in cases where K,
values are high, the reaction fails to proceed towards nucleoside 2 as the pentose-1P production via
phosphorolysis becomes the rate determining step [33].

Conclusions

It is well known that fluorine atom in the 2’-position has a favorable effect on the stability and the
bioavailability of the corresponding compounds. However, the availability of these compounds is
limited by the ease of their production. So far, both chemical and enzymatic methods have shown
several drawbacks and led to low product yields. The application of glycosylation reactions is a
promising strategy to produce base and sugar modified nucleosides with high product yields. It is not
only limited to EdU derivatives but could be transferred to the production of therapeutic nucleoside
analogues with modification at the sugar moiety.
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Abstract

Nucleoside analogs are an important class of drugs to treat viral infections or cancer. Chemical
synthesis is the ‘Golden Standard” for the production of nucleoside analogs but due to its
disadvantages, enzymatic production routes have been developed. In this study, the cytotoxic
potential of cladribine produced either by chemical or enzymatic methods were compared using
leukemic cell lines HL-60 and CCRF-CEM. HEK-293 cells were used as negative control. 1C5, values
were comparable for both chemically and enzymatically produced cladribine. Values of 0.182+0.061
UM and 0.087+0.037 uM, respectively, were calculated applying HL-60 cells. Using CCRF-CEM cells,
ICso values of 0.388+0.315 uM and 0.613+0.257 were determined, respectively. As enzymatically-
produced cladribine showed efficient inhibition of the tested leukemic cell lines, halogenated and
aminated derivatives of cladribine were produced using the same chemo-enzymatic process. Among
the tested compounds, diaminopurine riboside and deoxyriboside did not affect the growth of either
HL-60 or HEK-293. Five out of nine compounds showed efficient inhibition of HL-60 cells only at the
highest tested concentration of 100 uM. While seven of them did not lead to toxicity in the control
cell line HEK-293. Non-specific toxicity was only observed for 2-fluoroadenine and 2-chloroadenine
ribosides. Deoxyribosides, in comparison, did not show non-specific toxicity. 2FA deoxyriboside was
the only compound with a comparable inhibition pattern to cladribine despite that the percentage of
killed cells was increased.

Keywords

Nucleoside analogs, anticancer, nucleoside phosphorylases, thermophilic, antimetabolite, enzymatic
synthesis, transglycosylation.
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1. Introduction

Nucleosides are ubiquitous molecules that show multiple functions. They are building block of nucleic
acids (DNA and RNA), energy storage entities, regulators for the central and peripheral nervous
system or modulators of lymphocytes proliferation and immune function. They are produced by de
novo biosynthesis or salvaged from catabolic and excretion pathways. Natural nucleosides are
classified either according to the type of nitrogenous base into purines and pyrimidines nucleosides
or based on the sugar part into ribosides and deoxyribosides.

Nucleoside analogs constitute a valuable class of therapeutics, similar to their physiological
counterparts, but show modifications at the base or sugar moiety. Exploiting their antimetabolite
properties, purine analogs have been employed for more than 50 years for several indications like
cancer, viral infections, protozoal infections, hyperuricemia, gout and kidney stones or inflammation
[1-4]. The latest FDA-approved nucleoside analog sofosbuvir shows the importance of nucleoside
analogs. It is used to treat hepatitis C viral infection and is superior to previous treatment schemes.
Since its introduction into the market in 2013, research is still ongoing to employ it into new
treatment regimens and cocktails.

In vivo nucleoside analogs are activated to 5’-phosphorylated nucleotides. Different mechanisms of
action are observed for nucleoside analogs in both proliferating and quiescent cells. On the one hand,
they inhibit cellular propagation or viral replication by integrating in the growing strand of DNA or
RNA blocking the binding of more nucleotides. On the other hand, they integrate into the elongating
nucleic acid strand and lead to mismatching of the double helices and hence, mutations occur.
Furthermore, it is observed that they inhibit important enzymes that control nucleic acids synthesis
such as DNA and RNA polymerases, kinases, ribonucleotide reductase, DNA methyltransferases,
reverse transcriptases. They can also interfere with other metabolic processes like cell signaling,
enzyme regulation and metabolism [4,5]. The clinically-used nucleosides analogs usually combine
more than one of these mechanisms. Cladribine or clofarabine, for example, in their active form
terminate DNA replication by incorporation into growing nucleic acid strands and additionally block
different enzymes like ribonucleotide reductase, thymidylate synthase or DNA polymerases [5-7].

The standard production route for nucleoside analogs in pharmaceutical industry is still the chemical
synthesis. It usually involves many protection-deprotection steps, and the use of hazardous chemicals
and solvents. Usually many byproducts and low yields are observed [8,9]. Due to the drawbacks of
the chemical synthesis, alternative methods were developed. Enzymatic synthesis routes are
environmentally-friendly, highly selective and efficient. The most commonly applied enzyme-
catalyzed reaction is the one-pot transglycosylation with purine and pyrimidine nucleoside
phosphorylases [9,10]. Here, the sugar moiety is exchanged between two nucleobases in the
presence of inorganic phosphate. The phosphate ions attack the glycosidic bond of the starting
nucleoside and a phosphorylated sugar intermediate and a free base are formed. The sugar moiety is
subsequently transferred to the second nucleobase and the nucleoside of interest is formed.

So far, mainly NPs of mesophilic organisms have been applied for the synthesis of nucleoside analogs.
However, enzymes from thermophilic bacteria or archaea are of increasing interest as they are active
over a wide temperature and pH range which enhances solubility of substrates. Furthermore, a
better mass transfer and less viscous reactions are achieved. Also due to a simple purification
procedure thermophilic enzymes are a cost-effective biocatalyst for industrial process [9,11].

NP-catalyzed reactions have been investigated since the 1940s, however, the biological properties of
enzymatically produced nucleoside analogs were only rarely described [12—-14]. The impact of the



production and purification process on the biological activity cannot be excluded, yet not accounted
for.

In present study we present a comparison of the biological activity of cladribine produced in a
chemical or enzymatic process. As similar 1C5, values were observed, halogenated and aminated
derivatives of cladribine (2CA-dR) were produced in an enzymatic process. Compounds were purified
by HPLC to purities >95% and structures were confirmed by NMR. Biological activity assays in a
hematologic tumor cell lines showed similar inhibition pattern for 2FA-dR and 2CA-dR. Hence, ICso
values and maximum percentage of killed cells was studied in more detail. High non-specific toxicity
for 2FA and 2CA ribosides was noted while replacing ribose moiety by a deoxyribose moiety led to
reduced non-specific cytotoxicity.

2. Experimental:
2.1. General

All chemicals and solvents were of analytical grade or higher and purchased, if not stated otherwise,
from Sigma-Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, Germany), TClI Deutschland
(Eschborn, Germany), and VWR (Darmstadt, Germany). Water was purified and deionized by a
purification system from Merck Millipore to reach a resistivity of 18.2 MQ.cm at 25°C (Schwalbach,
Germany). Thermostable nucleoside phosphorylases (PyNP-YO1, PyNP-Y02, PNP-NO1 and PNP-N02)
were obtained from BioNukleo and used as recommended by the manufacturer. Cell lines HEK-239,
HL-60 and CCRF-CEM were purchased from German Collection of Microorganisms and Cell Cultures
GmbH.

2.2 Enzymatic production of halogenated purine nucleosides

Enzymatic synthesis of purine nucleoside analogs was performed as reported [10,15]. Uridine (Urd)
or thymidine (Thd) were used as sugar donors for transglycosylation reaction (Scheme 1) while bases
were: 2-chloroadenine (2CA), 2-fluoroadenine (2FA), 2-aminoadenine (DAP), 2,6-dichloropurine
(DCP), 6-chloro-2-fluoropurine (CFP). Sugar donor concentration was 30-50 mM and base
concentration was 15-25 mM (Table 1, Table 2). As catalysts, thermostable PyNPs and PNPs were
applied: PyNP-Y01 and PNP-NO1 were used for Thd-containing reactions to produce deoxyribosides
at 40°C while PyNP-Y02 and PNP-NO2 were used in case of Urd-containing reactions to produce
ribosides at 60°C. Nucleoside phosphorylases were heterologously expressed in E. coli and originate
from thermophilic bacteria with temperature optima of 50°C (PNP-NO1, PyNP-Y01) and 60°C (PNP-
NO02, PyNP-Y02). Enzymes were purified by affinity chromatography. Enzyme concentrations between
0.01 and 0.05 mg/mL were used for PyNP and PNP, respectively. Enzymatic reactions were
performed in 2 mM potassium phosphate (KP) buffer at pH 7 in a reaction volume of 50 ml. Regular
samples were taken to monitor enzymatic reactions by high performance liquid chromatography
(HPLC).

Table 1: Conditions used for the halogenated purine nucleosides synthesis using uridine as sugar

donor.
2CA 2FA CFP DCP DAP
Uridine [mM] 30 mM 30 mM 50 mM 50 mM 30 mM
Base [mM] 15 mM 15 mM 25 mM 25 mM 15 mM

Enzymes/ final enzyme PyNP-Y02, PNP-
conc. [mg/ml] N02/0.01, 0.05




Table 2: Conditions used for halogenated purine nucleosides synthesis using thymidine as sugar
donor.

2CA 2FA CFP DCP DAP
Thymidine [mM] 30 mM 30 mM 50 mM 50 mM 30 mM
Base [mM] 15 mM 15 mM 25 mM 25 mM 15 mM
Enzymes/ final enzyme PyNP-YO01, PNP-
conc. [mg/ml] NO1/0.01, 0.05
0 Rs

HO R, HO R,
nucleosidel (sugar donor) a-D-pentofuranose-1-phosphate nucleoside? (product)
R, R, Rs R,
Uridine H OH 2-chloroadenine NH, cl
Thymidine CH, H 2-fluoroadenine NH, F
6-chloro-2-fluoroadenine F cl
2,6-dichloroadenine Cl Cl
2-aminoadenine NH, NH,

Scheme 1: Transglycosylation reaction
2.3 Cell culture

HEK293 cells were cultured in low glucose Dulbecco's modified Eagle's medium (Biowest) containing
10% fetal bovine serum, 2 mM glutamine, non-essential amino acids, 4.5 mg/ml glucose and the
antibiotics penicillin and streptomycin. HL-60 and CCRF-CEM were cultured in RPMI 1640 w/o
L-Glutamine supplemented with 10% fetal bovine serum, 2 mM glutamine and the antibiotics
penicillin and streptomycin. Cells were grown at 37°C in a humidified atmosphere with 5% CO,.

2.4 XTT cell proliferation assay

Cytotoxicity was measured by the XTT assay at 450 nm as suggested by the manufacturer (Roche
Diagnostics GmbH). Phosphate buffered saline was used as negative control. For HL-60, CCRF-CEM
and HEK 293 cells 1.2 x 10° cells in growth media were transferred to each well of a 96-well flat-
bottom plate. Subsequently, modified nucleosides were added in varying concentrations. XTT assay
was performed after 24 h for HL-60 and HEK 293 cells and after 48 h for CCRF-CEM cells.

At least three replications for each nucleoside concentration/buffer were performed. All experiments
were conducted in three independent experiments.

2.5 Analytical high performance liquid chromatography (HPLC)

Enzymatic reactions were followed with HPLC Agilent 1200 series system equipped with an Agilent
DAD detector. The reaction yields were determined by following the nucleobases and nucleosides
absorption at 260 nm using a reversed phase C18 column (Kinetex® 5 pm, Evo €18, 100 A LC column
150 x 4.6 mm, Phenomenex, CA, USA) with the following gradient: from 97% 20 mM ammonium
acetate and 3% acetonitrile to 60% 20 mM ammonium acetate and 40% acetonitrile in 10 min [16].
Nucleoside depletion and base formation were quantified at 260 nm using pure compound



standards. The retention times were as follows: Urd, 3.2 min; Ura, 2.4 min; Thd, 4.7 min; Thy, 4 min;
2CA-R, 6.2 min; 2CA-dR, 6.5 min; 2CA, 5.69 min; 2FA-R, 5.6 min; 2FA-dR, 5.9 min; 2FA, 5.01 min; CFP-
R, 7.5 min; CFP-dR, 8.2 min; CFP, 7 min; DCP-R, 8.2 min; DCP-dR, 8.8 min; DCP, 7.6 min; DAP-R, 4.8
min; DAP-dR, 5.1 min; DAP, 3.9 min. The % of conversion of nucleosides was calculated per Formula 1
[17].

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

Formula 1: Conversion % = X 100

2.6 Purification of nucleoside analogs

Nucleoside analogs were purified at room temperature using a KNAUER HPLC system equipped with
a Smartline Detector 2600 and an AZURA P 2.1L pump. A flow rate of 21 mL/min and a Kinetex® 5 um
EVO C18 250*21.2 mm RP column were used. Deionized water and acetonitrile were used as eluents
while the gradient was modified from the analytical method.

2.7 NMR analysis

'H, B3¢, *°F, and *'P NMR spectra were recorded in DMSO-ds or D,0 (purchased from Euriso-Top) on a
Bruker Avence Il 700 MHz or Bruker Avence Il 500 MHz instrument. Chemical shifts are reported in
parts per million (ppm) and are referenced to the residual solvent resonance as the internal standard
(*H NMR: & = 2.50 ppm for DMSO-ds and & = 4.79 ppm for HDO; **C NMR: 6 = 39.52 ppm for DMSO-
ds) [18]. *°F and 3P NMR spectra are referenced in compliance with the unified scale for NMR
chemical shifts as recommended by the IUPAC stating the chemical shift relative to CCIsF and H;PO,
[19]. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g =
quartet, m = multiplet, m. = centrosymmetric multiplet, br = broad signal), coupling constants (Hz)
and integration.

3. Results and discussion
3.1. Enzymatic synthesis of cladribine

Cladribine was produced in a transglycosylation reaction as previously described [10]. Thermophilic
nucleoside phosphorylases PNP-NO1 and PyNP-YO1 were used at a reaction temperature of 40°C. In a
reaction volume of 50 mL 60% of 2-chloroadenine were converted to cladribine. Conversion of the
sugar donor thymidine was 40%. After HPLC purification and lyophilization, 90 mg of cladribine were
produced (Table 3). Purity was determined by HPLC to be >99% and structure was confirmed by NMR
(Supplementary table 1).

3.2. Biological activity of cladribine produced in a chemo-enzymatic process

As byproducts of the enzymatic synthesis could interfere with its biological activity, cladribine
produced in a chemo-enzymatic process (2CA-dR.,,) was tested in leukemic cell lines. Initially, the
acute myeloid leukemia cell line (HL-60) was chosen due to its well-known use in studying myeloid
cells differentiation and proliferation [20-22]. Human embryonic kidney cells (HEK-293) were used as
a non-malignant control for the potential selective cytotoxicity [21-23]. Commercially available
cladribine produced in a chemical process (2CA-dR..em) Was used as a positive control.

Comparable ICs5, values of 0.18202 + 0.061 and 0.087 + 0.037 uM were determined for 2CA-dR:em
and 2CA-dR.,, in HL-60 cells. Additionally, the dose-response behavior for the 2 compounds is the
same. For example: the ratio of killed cells at the highest drug concentration (500 uM) was 78.82 and
71.43%, respectively (Supplementary Fig. 1a). To validate the results, the biological activity of 2CA-dR
was also determined in T-cell leukemia cell line CCRF-CEM. Comparable results for cladribine
produced in a chemical or enzymatic process was confirmed (Table 4). ICs, was calculated to be 0.613



+0.257 and 0.388 + 0.315 uM for 2CA-dR,, and 2CA-dR..m, respectively. Likewise, the dose-response
curves are very similar (Suppl. Fig. 1b). Values obtained for HL-60 and CCRF-CEM were in accordance
with previously published data (Table 4). The treated HEK cells behaved almost identical for both
compounds (Suppl. Fig. 2b).

These results were the basis for testing more enzymatically-produced nucleoside analogs being
derivatives of cladribine.

Table 3: Efficiency of the enzymatic synthesis of purine nucleoside analogs.

Product yield

Compound Conversion (%) Purity (%)  Recovery (%)
mg mmol
2CA-R 80 129 0.43 99.7 57
2CA-dR 60 91 0.32 99.7 43
2FA-R 90 154 0.54 99.5 72
2FA-dR 85 121 0.45 97 60
CFP-R 70 213 0.7 99 56
CFP-dR 80 248 0.86 99.3 69
DCP-R 60 180 0.56 98.4 45
DCP-dR 75 189 0.62 99.6 50
DAP-R 75 98 0.35 99.3 47
DAP-dR 85 114 0.43 96.1 57

* All reactions were carried out in 50 mL volume
* % conversion was calculated based on amount of reacted base

Table 4: Comparison of ICs, values determined for cladribine (2CA-dR)

ICso value [uM] for HL-60 IC5, value [uM] for CCRF-CEM
0.087 £ 0.037 (2CA-dRep;; this study) 0.613 £ 0.257 (2CA-dR.;; this study)
0.18202 £ 0.061 (2CA-dRem; this study) 0.388+0.315 (2CA-dRpem; this study)
>0.05 [24] 0.09 £ 0.05 [25]
0.041 [26] 0.015 [12]
0.0700 + 0.0060 [27] 0.003 [28]

3.3. Chemo-enzymatic production of derivatives of cladribine

Results for 2CA-dR.,, were very promising. Therefore, derivatives of cladribine were produced in an
enzymatic process to study the effect of the modifications on the biological activity. Modifications
were either in position 2 or 6 of the purine base (Scheme 1). Both ribosides and deoxyribosides were
tested.

Cladribine derivatives were produced using thermostable nucleoside phosphorylases in
transglycosylation reactions with either uridine or thymidine as sugar donor. 70% to 90% of the
purine base substrates were converted to the purine nucleoside analogs of interest. From reaction
volumes of 50 mL 90 to 250 mg of purified product were obtained. Losses from the purification
process were calculated to be below 30%. Purity of the products were determined to be >95% by
HPLC (Table 3). Structure were confirmed by HPLC (Supplementary table 1).

3.4. Screening for biological activity of cladribine derivatives in leukemic cell lines

Nine enzymatically-produced cladribine derivatives were initially screened using HL-60 while HEK-293
cells served as a toxicity control. Concentrations of 100 uM, 1 uM and 100 nM were applied. Except



for 2-aminoadenine nucleosides, cytotoxic activity against HL-60 cells was noted at the concentration
of 100 uM (Suppl. Fig. 2a). At 1 uM, only 2FA nucleosides and 2CA-dR had an effect. Percentages of
killed cells were 31.23% (2FA-R), 76.16% (2FA-dR), 61.57% (2CA-dR.,,) and 69.61% (2CA-dRcem)-
Beside activity in HL-60 cells, 2FA-R showed remarkable non-selective toxicity on HEK-293 cells at a
concentration of 100 uM with a percentage of killed cells >80% (Suppl. Fig. 2b). At a concentration of
1 uM, unspecific cytotoxicity was not observed anymore (Suppl. Fig. 2b,d). The non-specific toxicity is
not observed in the deoxyriboside counterpart with 11.4% killed HEK-293 cells at a concentration of
100 uM. A less pronounced, yet similar, observation was found in 2CA nucleosides where 2CA-R
showed double the percentage of killed cells as 2CA-dR at 100 uM concentration (Suppl. Fig. 2b).

3.4. Biological activity of 2FA derivatives in comparison to cladribine

As 2FA-dR showed promising results and was studied in more detail in comparison to cladribine. In
HL-60 cells, an 1Cs5q value of 0.335 + 0.082 uM was determined for 2FA-dR while in CCRF-CEM, the 1Csq
value was 7.36 + 0.693 uM. Compared to cladribine, the ICs, value against HL-60 cells decreased by a
factor of 4. The percentage of killed cells, however, was slightly higher using 2FA-dR. Values of 86.4
and 72.7% were calculated for 2FA-dR and 2CA-dR, respectively (Suppl. Fig. 2a,c).

Discussion

Using transglycosylation reactions, nine derivatives of cladribine were successfully produced and
purified using semi-preparative HPLC. Final purities were above 95% (reagent grade). The compounds
were validated for their biological activity in different hematologic leukemia cell lines. Cladribine and
2FA-dR showed comparable results and ICs, values in a low uM range. While for cladribine a slightly
lower ICsq value was calculated, 2FA-dR showed an increased percentage of killed cells. In general, a
higher non-specific was observed for with ribosides in comparison to deoxyribosides.

Derivatives of cladribine have been widely studied as substrates for NPs because of their potential
medicinal applications [9,15,17]. Double halogenated purine bases were only studied as substrates
for NPs from extreme environments. Both DCP and CFP were converted to the respective riboside
and deoxyriboside nucleosides by thermostable PNP from Geobacillus thermoglucosidasius. Product
yields were in the range of 50-70% [10]. In accordance with our results, CFP nucleobase and
deoxyriboside nucleosides showed higher product yields than DCP and ribosides, respectively [10].
2,6-Diaminopurine, the precursor for the enzymatic synthesis of guanine-derivatives by adenosine
deaminase, is one of the best reported NP substrates. In this study, 75% and 85% molar conversion of
DAP-R and DAP-dR was observed, which is in good accordance with literature. 73% and 85% of DAP
conversion to DAP-dR was obtained with Enterobacter aerogenes [29] and Geobacillus
stearothermophilus whole cells [30,31]. Enzymatic synthesis of cladribine was also much studied so
far. Based on the applied reaction conditions, 55% to 90% of cladribine formation was reported with
different E. coli strains [32,33] and mesophilic PNP from Aeromonas hydrophila and Geobacillus sp.
[34]. In this study, a conversion percentage of 60% was observed which was probably due to the low
solubility of the purine base (2CA).

To validate if impurities from the enzymatic process interfere with biological activity, commercially
available cladribine produced in a chemical process was compared to cladribine produced by NPs.
Comparable ICsq values were calculated for cell lines HL-60 and CCRF-CEM. For CCRF-CEM, the ICs
value was higher than the literature data, but in good accordance with formerly published data for
HL-60 cells (Table 4).

The activity of several cladribine derivatives was screened against several hematologic leukemia cell
lines. Except for DAP nucleosides, NAs were active against the leukemia cells under investigation at
the higher concentration (100 uM). This conforms with the observation that halogenation is an



important prerequisite for anticancer activity [35,36] whereas amino groups make the compound
susceptible to deamination by adenosine deaminase [37,38]. ICso for DAP-dR in L1210 leukemic cells
was reported to be 140 uM after 72 h [39] and 300 uM in 48 h [40]. In contrast, ICso values were
determined to be in the low nM range for 2CA-dR and 2FA-dR in this study and literature,
respectively (Table 4). The same goes for 2FA-dR whose ICs, values fall in the micromolar scale
[12,28].

Non-selective toxicity was observed for 2FA-R and 2CA-R in this study. 2FA-R and its metabolites;
2-fluoroadenine (product of PNP activity) and 2-fluoroadenosine triphosphate (product of kinase
activity) are already known to have non-selective toxicity [5,41,42]. These compounds have been
accounted responsible for fludarabine (9-B-D- arabinofuranosyl-2-fluoroadenine monophosphate)
nephrotoxicity [41]. The less non-selective toxicity of 2-chloroadenosine complies with an old
hypothesis that the toxicity decreases with larger halogen substitution at the C2-position of the
purine ring [43]. 2-Haloadenosine ribosides and arabinosides were shown to lose their activity with
an increase in halogen size (F > Cl > Br) [43,44].

The deoxyriboside counterpart of 2-fluoroadenosine and 2-chloroadenosine showed a strongly
decreased non-specific toxicity. The higher toxicity of ribosides can be connected to local differences
in concentration in dNTPs and NTP pools inside cells. NTPs accumulate to higher concentrations
[45,46] so, they are more available for activity. Furthermore, RNA polymerase is more prone to
proofreading errors (10™ error per base replicated) in comparison to DNA polymerase (10° to 10™)
[47,48].

4, Conclusions

Enzymatic synthesis of nucleoside analogs does not influence the compounds’ cytotoxic activity. The
outlook of such study as per the synthesis involves: (i) increasing the volumetric yield of the synthesis
for example: by cosolvency of the buffer with DMSO which did not show any detriment of the
enzymes’ activity or using the respective pentofuranose-1-phosphate which is freely soluble, (ii) using
different reaction setups or forms of the enzymes that spare on the enzyme’s use which is the major
laborious and cost-intensive step in production for example: immobilization, crude extract, whole
cells, continuous enzyme reactors. With respect to activity, solid tumor and virostatic tests are to be
included.
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ry table 1: Structures of halogenated purine nucleosides were confirmed by NMR

Compound

NMR spectroscopic data

2CA-R

'H NMR (500 MHz, DMSO-dg): & = 3.55 (ddd, %/ = 12.0 Hz, >/ = 6.0 Hz, *J = 4.0 Hz, 1H, H-5'A),
3.66 (ddd, 2/ = 12.0 Hz, 3/ = 4.4 Hz, */ = 4.4 Hz, 1H, H-5'B), 3.94 (ddd, */ = 3.8 Hz, >) = 3.8 Hz,
3J=3.5 Hz, 1H, H-4’), 4.13 (m,, 1H, H-3’), 4.52 (m, 1H, H-2"), 5.05 (dd, >/ = 5.6 Hz, *J = 5.6 Hz,
1H, 5’-OH), 5.19 (br s, 1H, 3’-OH), 5.46 (br s, 1H, 2’-OH), 5.81 (d, *J = 6.0 Hz, 1H, H-1’), 7.84
(brs, 2H, 6-NH,), 8.38 (s, 1H, H-8) ppm.

3c{*H} NMR (126 MHz, DMSO-d): 6 = 61.4 (C-5’), 70.4 (C-3’), 73.6 (C-2’), 85.7 (C-4’), 87.4
(C-1’), 118.2 (C-5), 140.0 (C-8), 150.3 (C-4), 153.0 (C-2), 156.8 (C-6) ppm.

2CA-dR

'H NMR (500 MHz, DMSO-d): 8 = 2.28 (ddd, % = 13.3 Hz, */ = 6.2 Hz, *J = 3.3 Hz, 1H, H-2'A),
2.64 (ddd, ¥ = 13.3 Hz,J/ = 7.5 Hz, 3/ = 5.8 Hz, 1H, H-2’B), 3.51 (ddd, %/ = 11.7 Hz, ®/ = 5.6 Hz,
3J= 4.7 Hz, 1H, H-5'A), 3.60 (ddd, %/ = 11.7 Hz, 3/ = 4.9 Hz, 3/ = 4.9 Hz, 1H, H-5’B), 3.86 (ddd,
2J= 4.5 Hz, *) = 4.5 Hz, *J = 2.9 Hz, 1H, H-4’), 4.38 (m,, 1H, H-3), 4.95 (dd, ®>/=5.6 Hz, /= 5.6
Hz, 1H, 5’-OH), 5.30 (d, *J = 4.0 Hz, 1H, 3’-OH), 6.26 (dd, *J = 7.3 Hz, */ = 6.3 Hz, 1H, H-1'),
7.80 (brs, 2H, 6-NH,), 8.35 (s, 1H, H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-dg): & = 39.2 (C-2’), 61.6 (C-5'), 70.7 (C-3’), 83.5 (C-1'), 87.9
(C-4’), 118.1 (C-5), 139.8 (C-8), 150.0 (C-4), 152.9 (C-2), 156.8 (C-6) ppm.

2FA-R

'H NMR (500 MHz, DMSO-dj): & = 3.54 (ddd, %/ = 12.0 Hz, >/ = 5.9 Hz, *J = 4.2 Hz, 1H, H-5'A),
3.66 (ddd, %J = 12.0 Hz, ®J = 4.5 Hz, ®) = 4.5 Hz, 1H, H-5'B), 3.93 (ddd, >/ = 3.8 Hz, >/ = 3.7 Hz,
3J=3.7 Hz, 1H, H-4"), 4.12 (ddd, *J = 4.3 Hz, *J = 4.3 Hz, ®J = 3.9 Hz, 1H, H-3’), 4.51 (ddd, *J =
5.5 Hz, *J = 5.5 Hz, ) = 5.3 Hz, 1H, H-2), 5.05 (dd, */ = 5.6 Hz, *J = 5.6 Hz, 1H, 5’-OH), 5.19 (d,
3J= 4.7 Hz, 1H, 3’-OH), 5.46 (d, *J = 6.0 Hz, 1H, 2’-OH), 5.78 (d, >/ = 5.9 Hz, 1H, H-1’), 7.86 (br
s, 2H, 6-NH,), 8.34 (s, 1H, H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-d): & = 61.4 (C-5'), 70.3 (C-3'), 73.5 (C-2’), 85.6 (C-4’), 87.4
(C-1’), 117.5 (d, *Jcr = 3.6 Hz, C-5), 139.9 (C-8), 150.6 (d, *Jcr = 20.3 Hz, C-4), 157.6 (d, *Jcr =
20.9 Hz, C-6), 158.5 (d, "Jcr = 202.8 Hz, C-2) ppm.

9E{'H} NMR (471 MHz, DMSO-dj): 6 = —52.1 ppm.

2FA-dR

'H NMR (500 MHz, DMSO-d): 8 = 2.26 (ddd, %J = 13.3 Hz, */ = 6.2 Hz, *J = 3.3 Hz, 1H, H-2’A),
2.65 (ddd, % = 13.3 Hz,%J = 7.4 Hz, *J = 6.0 Hz, 1H, H-2'B), 3.50 (ddd, ¥/ = 11.7 Hz, ®/ = 5.5 Hz,
3J = 5.5 Hz, 1H, H-5’A), 3.59 (ddd, %/ = 11.7 Hz, ®/ = 5.0 Hz, *J = 5.0 Hz, 1H, H-5'B), 3.85 (m,,
1H, H-4’), 4.38 (m,, 1H, H-3’), 4.95 (dd, ®J = 5.6 Hz, *J = 5.6 Hz, 1H, 5’-OH), 5.31 (d, *J = 4.2
Hz, 1H, 3’-OH), 6.23 (dd, ®/ = 6.8 Hz, *J = 6.8 Hz, 1H, H-1"), 7.83 (br s, 2H, 6-NH,), 8.31 (s, 1H,
H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-dg): & = 39.2 (C-2’), 61.6 (C-5'), 70.7 (C-3’), 83.5 (C-1'), 87.9
(C-4’),117.5 (d, *Jcr = 3.6 Hz, C-5), 139.7 (C-8), 150.3 (d, *Jc = 20.0 Hz, C-4), 157.6 (d, *Jcr =
21.2 Hz, C-6), 158.5 (d, "Jcr = 201.5 Hz, C-2) ppm.

E{'H} NMR (471 MHz, DMSO-dj): 6 = —52.1 ppm.




CFP-R

'H NMR (500 MHz, DMSO-d): 6 = 3.59 (ddd, %/ = 12.0 Hz, *J = 5.4 Hz, *J = 4.0 Hz, 1H, H-5'A),
3.70 (ddd, %/ = 12.0 Hz, ®/ = 5.1 Hz, ®/ = 4.2 Hz, 1H, H-5’B), 3.99 (ddd, *J = 4.1 Hz, */ = 4.0 Hz,
)= 4.0 Hz, 1H, H-4’), 4.18 (ddd, ®J = 4.9 Hz, 3/ = 4.9 Hz, *J = 4.9 Hz, 1H, H-3’), 4.52 (ddd, *J =
5.3 Hz, ®/ = 5.1 Hz, *J = 5.1 Hz, 1H, H-2"), 5.07 (dd, */ = 5.4 Hz, *) = 5.4 Hz, 1H, 5’-OH), 5.25 (d,
3)=5.4 Hz, 1H, 3’-OH), 5.59 (d, *J = 5.7 Hz, 1H, 2’-OH), 5.94 (d, */ = 4.9 Hz, 1H, H-1’), 8.95 (s,
1H, H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-d): § = 60.8 (C-5'), 69.8 (C-3’), 74.0 (C-2’), 85.6 (C-4’), 88.3
(C-1'), 130.5 (d, *Jer = 4.9 Hz, C-5), 146.4 (C-8), 150.6 (d, *Jcr = 18.5 Hz, C-6), 153.5 (d, *Jcr =
17.4 Hz, C-4), 156.1 (d, YJc = 214.1 Hz, C-2) ppm.

E{*H} NMR (471 MHz, DMSO-d¢): 6 = —=51.7 ppm.

CFP-dR

'H NMR (500 MHz, DMSO-d¢): 6 = 2.37 (ddd, % = 13.5 Hz,>J = 6.4 Hz, *J = 4.2 Hz, 1H, H-2'A),
2.71 (ddd, %/ = 13.5 Hz,*) = 6.3 Hz, *J = 6.3 Hz, 1H, H-2’B), 3.53 (dd, 2/ = 11.8 Hz, ®/ = 4.5 Hz,
1H, H-5’A), 3.61 (dd, %/ = 11.8 Hz, ®/ = 4.5 Hz, 1H, H-5'B), 3.89 (ddd, >/ =4.3 Hz, %/ =4.3 Hz, *J
=3.7 Hz, 1H, H-4’), 4.43 (ddd, 3/ = 5.7 Hz, ) = 3.9 Hz, *J = 3.9 Hz, 1H, H-3’), 4.94 (br s, 1H, 5'-
OH), 5.37 (br's, 1H, 3’-OH), 6.36 (dd, *J = 6.4 Hz, *J = 6.4 Hz, 1H, H-1’), 8.89 (s, 1H, H-8) ppm.
3c{*H} NMR (126 MHz, DMSO-d): & = 39.3 (C-2’), 61.1 (C-5’), 70.1 (C-3’), 84.3 (C-1’), 88.1
(C-4’), 130.5 (d, “Jer = 5.0 Hz, C-5), 146.5 (d, °Jcr = 2.9 Hz, C-8), 150.6 (d, *Jc = 18.5 Hz, C-6),
153.5 (d, *Jcr = 17.4 Hz, C-4), 156.1 (d, *Jer = 214.2 Hz, C-2) ppm.

PE{'H} NMR (471 MHz, DMSO-d): 6 =—51.7 ppm.

DCP-R

'H NMR (500 MHz, DMSO-dg): & = 3.59 (ddd, %/ = 12.0 Hz, *J = 5.4 Hz, 3 = 4.0 Hz, 1H, H-5'A),
3.71 (ddd, J = 12.0 Hz, ®J = 4.6 Hz, ®) = 4.6 Hz, 1H, H-5’B), 3.99 (ddd, *J = 4.1 Hz, */ = 3.9 Hz,
) =3.9 Hz, 1H, H-4), 4.18 (ddd, *J = 4.9 Hz, ) = 4.9 Hz, ®J = 4.9 Hz, 1H, H-3’), 4.52 (ddd, *J =
5.3 Hz, ®J = 5.1 Hz, 3/ = 5.1 Hz, 1H, H-2’), 5.08 (dd, 3/ = 5.4 Hz, 3/ = 5.4 Hz, 1H, 5’-OH), 5.25 (d,
3J = 5.4 Hz, 1H, 3’-OH), 5.59 (d, 3 = 5.7 Hz, 1H, 2’-OH), 5.97 (d, *J = 4.9 Hz, 1H, H-1’), 8.98 (s,
1H, H-8) ppm.

3c{*H} NMR (126 MHz, DMSO-d): & = 60.7 (C-5’), 69.8 (C-3’), 74.0 (C-2’), 85.7 (C-4’), 88.3
(C-1’), 131.0 (C-5), 146.4 (C-8), 149.8 (C-6), 151.1 (C-2), 153.1 (C-4) ppm.

DCP-dR

'H NMR (500 MHz, DMSO-d¢): 6 = 2.38 (ddd, % = 13.5 Hz,>J = 6.4 Hz, *J = 4.2 Hz, 1H, H-2'A),
2.71(ddd, % = 13.5 Hz,%/ = 6.2 Hz, *J = 6.2 Hz, 1H, H-2'B), 3.54 (ddd, %/ = 11.8 Hz, ®/ = 5.0 Hz,
3J=5.0 Hz, 1H, H-5’A), 3.62 (ddd, %/ = 11.8 Hz, */ = 5.0 Hz, ®/ = 5.0 Hz, 1H, H-5’B), 3.89 (ddd,
3)=4.3 Hz,* = 4.3 Hz, *J = 3.8 Hz, 1H, H-4’), 4.43 (m,, 1H, H-3’), 4.93 (dd, >/ =5.5Hz, %/ =55
Hz, 1H, 5’-OH), 5.36 (d, *J = 4.4 Hz, 1H, 3’-OH), 6.39 (dd, *J = 6.4 Hz, *J = 6.4 Hz, 1H, H-1'),
8.92 (s, 1H, H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-dg): & = 39.4 (C-2’), 61.1 (C-5'), 70.1 (C-3’), 84.3 (C-1'), 88.2
(C-4’), 131.0 (C-5), 146.5 (C-8), 149.7 (C-6), 151.0 (C-2), 152.8 (C-4) ppm.

DAP-R

'H NMR (500 MHz, DMSO-d): 6 = 3.53 (ddd, %/ = 12.1 Hz, *J = 5.8 Hz, *J = 3.7 Hz, 1H, H-5'A),
3.64 (ddd, % = 12.1 Hz, */ = 3.1 Hz, ®/ = 3.1 Hz, 1H, H-5’B), 3.90 (ddd, *J = 3.5 Hz, >/ = 3.2 Hz,
3J=3.2 Hz, 1H, H-4’), 4.09 (dd, ®/ = 4.7 Hz, ®J = 3.1 Hz, 1H, H-3’), 4.51 (dd, >) = 5.5 Hz, */ = 5.5
Hz,1H, H-2"), 5.09 (br s, 1H, 3’-OH), 5.35 (br's, 1H, 2’-OH), 5.43 (br s, 1H, 5’-OH), 5.71 (d, *J =
6.2 Hz, 1H, H-1’), 5.71 (br s, 2H, 2-NH,), 6.76 (br s, 2H, 6-NH,), 7.91 (s, 1H, H-8) ppm.

3¢{*H} NMR (126 MHz, DMSO-dg): & = 61.7 (C-5’), 70.7 (C-3’), 73.2 (C-2’), 85.5 (C-4’), 87.0
(C-1’), 113.6 (C-5), 136.2 (C-8), 151.4 (C-4), 156.2 (C-2), 160.0 (C-6) ppm.




DAP-dR

'H NMR (500 MHz, DMSO-d¢): 6 = 2.19 (ddd, % = 13.1 Hz,>J = 6.0 Hz, *J = 2.8 Hz, 1H, H-2'A),
2.58 (ddd, %/ = 13.1 Hz,*) = 8.0 Hz, ) = 5.7 Hz, 1H, H-2’B), 3.51 (dd, 2/ = 11.8 Hz, *J = 4.2 Hz,
1H, H-5’A), 3.58 (dd, %/ = 11.8 Hz, ®J = 4.5 Hz, 1H, H-5'B), 3.84 (ddd, >/ =4.2 Hz, 3/ = 4.2 Hz, *J
= 2.5 Hz, 1H, H-4’), 4.35 (m,, 1H, H-3’), 5.27 (d, ®J = 3.4 Hz, 1H, 3’-OH), 6.16 (dd, */ = 8.0 Hz,
3J= 6.0 Hz, 1H, H-1’), 6.18 (br s, 2H, 2-NH,), 7.25 (br s, 2H, 6-NH,), 8.00 (s, 1H, H-8) ppm. 5’-
OH not observed.

Bc{*H} NMR (126 MHz, DMSO-d;): & = 39.4 (C-2’), 61.8 (C-5"), 70.9 (C-3’), 83.1 (C-1’), 87.7
(C-4’), 112.9 (C-5), 136.6 (C-8), 151.0 (C-4), 154.7 (C-2), 158.1 (C-6) ppm.
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Suppl. Fig 1. XTT assay results showing the effect of chemically and enzymatically produced
cladribine (2CA-dReem and 2CA-dR.,,) on (A) HL-60 leukemic cells; ICso (2CA-dR¢hem) = 0.182 + 0.061
UM, 1Cso (2CA-dRen,) = 0.087 + 0.037 uM and (B) CCRF-CEM cells; ICso (2CA-dRcherm) = 0.388+0.315 pM,
ICs0 (2CA-dR.,,) = 0.613%0.257 uM. The results shown represent the mean * SD of three independent
trials.
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Suppl. Fig. 2. Cytotoxicity assay of several nucleoside analogues against (A) acute myeloid leukemia
(HL60) cells, (B) normal human embryonic kidney cells (HEK-293), dose-response of effective drugs
versus (C) HL-60, (d) HEK-293. The viability was assessed by XTT assay and the positive control in the
first tests is chemically-produced cladribine (2CA-dRem). The results shown represent the mean = SD
of three independent trials.
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Appendix I: Overview for the different NPs overexpression
results

Results listed here are to be viewed together with the relative data vide supra (Section 5.1) (Table 5).

Figures show the Overexpression of recombinant NPs in E. coli BL21-Gold; (A) OD, DCW and
extracellular glucose concentration in KLF cultivations, (B) SDS-PAGE analyses of protein. M: marker,
F: expression in shake flask, lanes labeling denote time (h).
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Appendix II: Structure elucidation results

2-chloroadenosine: 2-chloroadenine (67.8 mg, 0.4 mmol) was dissolved in DMSO and uridine was
added (195.3 mg, 0.8 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and
the reaction took place for 3 h at 60 °C. The total yield was 80 % which was dried in vacuo: *H NMR
(500 MHz, DMSO-dg): 8 = 3.55 (ddd, %/ = 12.0 Hz, *J = 6.0 Hz, *J = 4.0 Hz, 1H, H-5’A), 3.66 (ddd, % =
12.0 Hz, ®/ = 4.4 Hz,*) = 4.4 Hz, 1H, H-5'B), 3.94 (ddd, *J = 3.8 Hz, ®J = 3.8 Hz, ®/ = 3.5 Hz, 1H, H-4’), 4.13
(me, 1H, H-3’), 4.52 (m,, 1H, H-2’), 5.05 (dd, ¥/ = 5.6 Hz, *J = 5.6 Hz, 1H, 5’-OH), 5.19 (br s, 1H, 3’-OH),
5.46 (br s, 1H, 2’-OH), 5.81 (d, ® = 6.0 Hz, 1H, H-1’), 7.84 (br s, 2H, 6-NH,), 8.38 (s, 1H, H-8) ppm.
3¢c{*H} NMR (126 MHz, DMSO-d¢): & = 61.4 (C-5’), 70.4 (C-3’), 73.6 (C-2’), 85.7 (C-4’), 87.4 (C-1’),
118.2 (C-5), 140.0 (C-8), 150.3 (C-4), 153.0 (C-2), 156.8 (C-6) ppm.

2-chloro-2’-deoxyadenosine: 2-chloroadenine (67.8 mg, 0.4 mmol) was dissolved in DMSO and
thymidine was added (193.7 mg, 0.8 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes
were added and the reaction took place for 5 h at 40 °C. The total yield was 60 % which was dried in
vacuo: *H NMR (500 MHz, DMSO-dg): & = 2.28 (ddd, % = 13.3 Hz, *J = 6.2 Hz, *J = 3.3 Hz, 1H, H-2'A),
2.64 (ddd, %) = 13.3 Hz,®/ = 7.5 Hz, *J = 5.8 Hz, 1H, H-2'B), 3.51 (ddd, ¥ = 11.7 Hz, >/ = 5.6 Hz, >J = 4.7
Hz, 1H, H-5’A), 3.60 (ddd, %/ = 11.7 Hz, *J = 4.9 Hz, ®J = 4.9 Hz, 1H, H-5'B), 3.86 (ddd, &/ = 4.5 Hz, */ = 4.5
Hz, ®J = 2.9 Hz, 1H, H-4’), 4.38 (m,, 1H, H-3"), 4.95 (dd, ®/ = 5.6 Hz, *J = 5.6 Hz, 1H, 5’-OH), 5.30 (d, *J =
4.0 Hz, 1H, 3’-OH), 6.26 (dd, 3/ = 7.3 Hz, 3/ = 6.3 Hz, 1H, H-1’), 7.80 (br s, 2H, 6-NH,), 8.35 (s, 1H, H-8)
ppm. C{*"H} NMR (126 MHz, DMSO-dj): & = 39.2 (C-2’), 61.6 (C-5’), 70.7 (C-3’), 83.5 (C-1’), 87.9 (C-4’),
118.1 (C-5), 139.8 (C-8), 150.0 (C-4), 152.9 (C-2), 156.8 (C-6) ppm.

2-fluoroadenosine: 2-fluoroadenine (114.8 mg, 0.7 mmol) was dissolved in DMSO and uridine was
added (366.3 mg, 1.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and
the reaction took place for 5 h at 60 °C. The total yield was 90 % which was dried in vacuo: ‘*H NMR
(500 MHz, DMSO-d): & = 3.54 (ddd, %J = 12.0 Hz, 3J = 5.9 Hz, 3 = 4.2 Hz, 1H, H-5’A), 3.66 (ddd, %J =
12.0 Hz, ®J = 4.5 Hz, *) = 4.5 Hz, 1H, H-5’B), 3.93 (ddd, 3/ = 3.8 Hz, J = 3.7 Hz, ®/ = 3.7 Hz, 1H, H-4’), 4.12
(ddd, ®J = 4.3 Hz, *J = 4.3 Hz, ®) = 3.9 Hz, 1H, H-3"), 4.51 (ddd, ®J = 5.5 Hz, ®J = 5.5 Hz, */ = 5.3 Hz, 1H, H-
2’),5.05 (dd, ®/ = 5.6 Hz, *J = 5.6 Hz, 1H, 5’-OH), 5.19 (d, ®/ = 4.7 Hz, 1H, 3’-OH), 5.46 (d, >/ = 6.0 Hz, 1H,
2’-OH), 5.78 (d, ®J = 5.9 Hz, 1H, H-1’), 7.86 (br s, 2H, 6-NH,), 8.34 (s, 1H, H-8) ppm. *C{*"H} NMR (126
MHz, DMSO-dg): 6 = 61.4 (C-5’), 70.3 (C-3’), 73.5 (C-2’), 85.6 (C-4’), 87.4 (C-1’), 117.5 (d, “Jcr = 3.6 Hz,
C-5), 139.9 (C-8), 150.6 (d, *Jcr = 20.3 Hz, C-4), 157.6 (d, *Jc; = 20.9 Hz, C-6), 158.5 (d, Y = 202.8 Hz,
C-2) ppm. F{*H} NMR (471 MHz, DMSO-d¢): 6 = -52.1 ppm.

2-fluoro-2’-deoxyadenosine: 2-fluoroadenine (114.8 mg, 0.7 mmol) was dissolved in DMSO and
thymidine was added (338 mg, 1.4 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were
added and the reaction took place for 5 h at 40 °C. The total yield was 85 % which was dried in vacuo:
'H NMR (500 MHz, DMSO-dq): 6 = 2.26 (ddd, %/ = 13.3 Hz,%/ = 6.2 Hz, */ = 3.3 Hz, 1H, H-2’A), 2.65 (ddd,
2J=13.3 Hz,%/ = 7.4 Hz, *J = 6.0 Hz, 1H, H-2'B), 3.50 (ddd, %/ = 11.7 Hz, ®J = 5.5 Hz, 3J = 5.5 Hz, 1H, H-
5’A), 3.59 (ddd, %/ = 11.7 Hz, */ = 5.0 Hz, *J = 5.0 Hz, 1H, H-5'B), 3.85 (m,, 1H, H-4’), 4.38 (m,, 1H, H-3’),
4.95 (dd, 3/ = 5.6 Hz, %) = 5.6 Hz, 1H, 5’-OH), 5.31 (d, ®/ = 4.2 Hz, 1H, 3’-OH), 6.23 (dd, *J = 6.8 Hz, ) =
6.8 Hz, 1H, H-1’), 7.83 (br s, 2H, 6-NH,), 8.31 (s, 1H, H-8) ppm. *C{'H} NMR (126 MHz, DMSO-d¢): 6 =
39.2 (C-2'), 61.6 (C-5'), 70.7 (C-3’), 83.5 (C-1’), 87.9 (C-4’), 117.5 (d, “Jcr = 3.6 Hz, C-5), 139.7 (C-8),
150.3 (d, *Jcr = 20.0 Hz, C-4), 157.6 (d, *Jcr = 21.2 Hz, C-6), 158.5 (d, "Jer = 201.5 Hz, C-2) ppm. “F{*H}
NMR (471 MHz, DMSO-dg): 6 =-52.1 ppm.

6-chloro-2-fluoropurine riboside: 6-chloro-2-fluoropurine (216 mg, 1.3 mmol) was mixed with
uridine (610 mg, 2.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and the
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reaction took place for 8 h at 60 °C. The total yield was 70 % which was dried in vacuo: *H NMR (500
MHz, DMSO-dg): & = 3.59 (ddd, % = 12.0 Hz, *J = 5.4 Hz, ®/ = 4.0 Hz, 1H, H-5’A), 3.70 (ddd, % = 12.0 Hz,
3J=5.1Hz, %= 4.2 Hz, 1H, H-5'B), 3.99 (ddd, ®/ = 4.1 Hz, ) = 4.0 Hz, *J = 4.0 Hz, 1H, H-4’), 4.18 (ddd, *J
=4.9Hz, >/ =4.9Hz, %) = 4.9 Hz, 1H, H-3"), 4.52 (ddd, *J = 5.3 Hz, ®/ = 5.1 Hz, ®/ = 5.1 Hz, 1H, H-2’), 5.07
(dd, ®J = 5.4 Hz, 3/ = 5.4 Hz, 1H, 5’-OH), 5.25 (d, ®J = 5.4 Hz, 1H, 3’-OH), 5.59 (d, ®J = 5.7 Hz, 1H, 2’-OH),
5.94 (d, ®/ = 4.9 Hz, 1H, H-1’), 8.95 (s, 1H, H-8) ppm. *C{*H} NMR (126 MHz, DMSO-ds): & = 60.8 (C-5),
69.8 (C-3’), 74.0 (C-2’), 85.6 (C-4’), 88.3 (C-1’), 130.5 (d, *Jc = 4.9 Hz, C-5), 146.4 (C-8), 150.6 (d, *Jcr =
18.5 Hz, C-6), 153.5 (d, *Jc s = 17.4 Hz, C-4), 156.1 (d, *Jer = 214.1 Hz, C-2) ppm. F{*H} NMR (471 MHz,
DMSO-dg): 6 =—51.7 ppm.

6-chloro-2-fluoropurine-2’-deoxyriboside: 6-chloro-2-fluoropurine (216 mg, 1.3 mmol) was mixed
with thymidine (606 mg, 2.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added
and the reaction took place for 3 h at 40 °C. The total yield was 80 % which was dried in vacuo: ‘H
NMR (500 MHz, DMSO-d): & = 2.37 (ddd, J = 13.5 Hz, *J = 6.4 Hz, *J = 4.2 Hz, 1H, H-2’A), 2.71 (ddd, ¥
=13.5Hz,% = 6.3 Hz, > = 6.3 Hz, 1H, H-2’B), 3.53 (dd, ¥ = 11.8 Hz, *J = 4.5 Hz, 1H, H-5’A), 3.61 (dd, & =
11.8 Hz, *J = 4.5 Hz, 1H, H-5'B), 3.89 (ddd, */ = 4.3 Hz, *J = 4.3 Hz, ®J = 3.7 Hz, 1H, H-4’), 4.43 (ddd, *J =
5.7 Hz, ®J = 3.9 Hz, ) = 3.9 Hz, 1H, H-3’), 4.94 (br s, 1H, 5’-OH), 5.37 (br s, 1H, 3’-OH), 6.36 (dd, >/ = 6.4
Hz, *J = 6.4 Hz, 1H, H-1’), 8.89 (s, 1H, H-8) ppm. *C{*H} NMR (126 MHz, DMSO-d): & = 39.3 (C-2’),
61.1 (C-5’), 70.1 (C-3’), 84.3 (C-1’), 88.1 (C-4’), 130.5 (d, “Jcr = 5.0 Hz, C-5), 146.5 (d, °Jcr = 2.9 Hz, C-8),
150.6 (d, *Jcr = 18.5 Hz, C-6), 153.5 (d, *Jcr = 17.4 Hz, C-4), 156.1 (d, "Jer = 214.2 Hz, C-2) ppm. “F{*H}
NMR (471 MHz, DMSO-dg): 6 = —51.7 ppm.

2,6-dichloropurine riboside: 2,6-dichoropurine (236 mg, 1.2 mmol) was mixed with uridine (610 mg,
2.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and the reaction took
place for 24 h at 60 °C. The total yield was 60 % which was dried in vacuo: *H NMR (500 MHz, DMSO-
de): 8 =3.59 (ddd, & = 12.0 Hz, ®) = 5.4 Hz, */ = 4.0 Hz, 1H, H-5’A), 3.71 (ddd, %/ = 12.0 Hz, /) = 4.6 Hz, *J
= 4.6 Hz, 1H, H-5'B), 3.99 (ddd, ®/ = 4.1 Hz, ®J = 3.9 Hz, *J = 3.9 Hz, 1H, H-4), 4.18 (ddd, >/ = 4.9 Hz, *J) =
4.9 Hz, ®J = 4.9 Hz, 1H, H-3’), 4.52 (ddd, *J = 5.3 Hz, *J = 5.1 Hz, *J = 5.1 Hz, 1H, H-2’), 5.08 (dd, */ = 5.4
Hz, 3/ = 5.4 Hz, 1H, 5’-OH), 5.25 (d, *J = 5.4 Hz, 1H, 3’-OH), 5.59 (d, */ = 5.7 Hz, 1H, 2’-OH), 5.97 (d, */ =
4.9 Hz, 1H, H-1’), 8.98 (s, 1H, H-8) ppm. **C{"H} NMR (126 MHz, DMSO-dg): 6 = 60.7 (C-5'), 69.8 (C-3'),
74.0 (C-2’), 85.7 (C-4’), 88.3 (C-1’), 131.0 (C-5), 146.4 (C-8), 149.8 (C-6), 151.1 (C-2), 153.1 (C-4) ppm.
2,6-dichloropurine-2’-deoxyriboside: 2,6-dichloropurine (236 mg, 1.3 mmol) was mixed with
thymidine (606 mg, 2.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and
the reaction took place for 3 h at 40 °C. The total yield was 75 % which was dried in vacuo: *H NMR
(500 MHz, DMSO-d): & = 2.38 (ddd, %/ = 13.5 Hz,J = 6.4 Hz, 3/ = 4.2 Hz, 1H, H-2'A), 2.71 (ddd, %/ = 13.5
Hz,3J = 6.2 Hz, *J = 6.2 Hz, 1H, H-2'B), 3.54 (ddd, %J = 11.8 Hz, ®/ = 5.0 Hz, 3/ = 5.0 Hz, 1H, H-5’A), 3.62
(ddd, %/ = 11.8 Hz, 3/ = 5.0 Hz, *J = 5.0 Hz, 1H, H-5’B), 3.89 (ddd, ®J = 4.3 Hz, ®J = 4.3 Hz, *J = 3.8 Hz, 1H,
H-4’), 4.43 (m,, 1H, H-3"), 4.93 (dd, 3/ = 5.5 Hz, *J = 5.5 Hz, 1H, 5’-OH), 5.36 (d, 3/ = 4.4 Hz, 1H, 3’-OH),
6.39 (dd, ®/ = 6.4 Hz, *J) = 6.4 Hz, 1H, H-1"), 8.92 (s, 1H, H-8) ppm. *C{*H} NMR (126 MHz, DMSO-d¢): &
=39.4 (C-2’), 61.1 (C-5’), 70.1 (C-3’), 84.3 (C-1’), 88.2 (C-4’), 131.0 (C-5), 146.5 (C-8), 149.7 (C-6), 151.0
(C-2), 152.8 (C-4) ppm.

2-aminoadenosine: 2-aminoadenine (113 mg, 0.8 mmol) was mixed with uridine (366 mg, 1.5 mmol)
in 2 mM potassium phosphate buffer pH=7. Enzymes were added and the reaction took place for 3 h
at 60 °C. The total yield was 75 % which was dried in vacuo: *H NMR (500 MHz, DMSO-dg): 6 = 3.53
(ddd, %= 12.1 Hz, ) = 5.8 Hz, 3/ = 3.7 Hz, 1H, H-5'A), 3.64 (ddd, 2/ = 12.1 Hz, 3/ = 3.1 Hz, > = 3.1 Hz, 1H,
H-5'B), 3.90 (ddd, *J = 3.5 Hz, 3/ = 3.2 Hz, *) = 3.2 Hz, 1H, H-4’), 4.09 (dd, ®/ = 4.7 Hz, ) = 3.1 Hz, 1H, H-
3’), 4.51 (dd, *J = 5.5 Hz, *J = 5.5 Hz,1H, H-2), 5.09 (br s, 1H, 3’-OH), 5.35 (br s, 1H, 2’-OH), 5.43 (br s,
1H, 5’-OH), 5.71 (d, */ = 6.2 Hz, 1H, H-1’), 5.71 (br s, 2H, 2-NH,), 6.76 (br s, 2H, 6-NH,), 7.91 (s, 1H, H-8)
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ppm. C{*H} NMR (126 MHz, DMSO-d): & = 61.7 (C-5’), 70.7 (C-3’), 73.2 (C-2’), 85.5 (C-4’), 87.0 (C-1’),
113.6 (C-5), 136.2 (C-8), 151.4 (C-4), 156.2 (C-2), 160.0 (C-6) ppm.

2-amino-2’-deoxyadenosine: 2-aminoadenine (113 mg, 0.8 mmol) was mixed with thymidine (363
mg, 1.5 mmol) in 2 mM potassium phosphate buffer pH=7. Enzymes were added and the reaction
took place for 5 h at 40 °C. The total yield was 85 % which was dried in vacuo: *H NMR (500 MHz,
DMSO-d): & = 2.19 (ddd, % = 13.1 Hz, *J = 6.0 Hz, *J = 2.8 Hz, 1H, H-2’A), 2.58 (ddd, %/ = 13.1 Hz, %/ =
8.0 Hz, ®/ = 5.7 Hz, 1H, H-2’B), 3.51 (dd, J = 11.8 Hz, */ = 4.2 Hz, 1H, H-5’A), 3.58 (dd, %/ = 11.8 Hz, > =
4.5 Hz, 1H, H-5'B), 3.84 (ddd, ®/ = 4.2 Hz, *J = 4.2 Hz, ®/ = 2.5 Hz, 1H, H-4’), 4.35 (m,, 1H, H-3’), 5.27 (d,
3J = 3.4 Hz, 1H, 3’-OH), 6.16 (dd, *J = 8.0 Hz, *J = 6.0 Hz, 1H, H-1’), 6.18 (br s, 2H, 2-NH,), 7.25 (br s, 2H,
6-NH,), 8.00 (s, 1H, H-8) ppm. 5’-OH not observed. *c{'H} NMR (126 MHz, DMSO-d): & = 39.4 (C-2’),
61.8 (C-5'), 70.9 (C-3’), 83.1 (C-1'), 87.7 (C-4’), 112.9 (C-5), 136.6 (C-8), 151.0 (C-4), 154.7 (C-2), 158.1
(C-6) ppm.
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