Industrial potential of the enzymatic synthesis of nucleoside analogs:

Existing challenges and perspectives
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Nucleoside phosphorylases have progressed from an enzymatic curiosity to a viable synthetic tool. However, despite the recent
advances in nucleoside phosphorylase-catalyzed nucleoside synthesis, the widespread application of these enzymes in
industrial processes is still lacking. We attribute this gap to three key challenges, which are outlined in this short review. To
address these persistent obstacles, we believe that biocatalytic nucleoside synthesis needs to embrace interdisciplinary
partnerships with the fields of organic chemistry, process engineering and flow chemistry.

Introduction

Nucleosides and their phosphorylated counterparts,
nucleotides, are arguably the most versatile class of
biomolecules. Most famously, they represent the backbone
of life by encoding information as DNA and RNA. This code
manages its own transcription, translation, replication, and
proof-reading — an impressive feat for just five nucleosides
and their derivatives. In addition, nucleosides play integral
roles in cellular energy transfer systems and as cofactors for
complex enzymatic transformations. It is therefore
unsurprising that medicinal chemists were quick to recognize
nucleoside analogues as ideal entry points for drug
development campaigns to treat diseases which involve
pathways hinging on the participation of nucleosides or
nucleotides.' The most striking examples of such diseases
include cancers and viral infections, both of which depend
on hijacking the cellular replication machinery for a fast-
paced replication of genomic information.>¢ In many cases,
administration of analogues of the natural nucleosides can
inhibit key kinases or polymerases to either slow down
cancer or viral proliferation, giving the innate immune system
time to catch up. Alternatively, such an interfere in the
replication can introduce excessive mutations, leading to
lower viability or even cell death.”

Given this pivotal role of nucleosides in medicinal and
biological chemistry, it is easy to see why chemical methods
to synthesize these compounds have attracted the interest
of researchers for several decades® and continue to do so in
present times.® However, nucleosides are less than trivial to
make.'® Their relatively high content of heteroatoms makes
many of them poorly soluble in common organic solvents,
while their dense arrangement of functional groups
(particularly on the ribosyl moiety) generally requires
extensive protecting group schemes and demands a high
degree of selectivity in key bond-forming steps. As such,
truly “efficient” nucleoside synthesis is still considered an
unmet challenge in organic chemistry, despite more than
seven decades of research in the field.!

To circumvent many of the challenges encountered during
conventional nucleoside synthesis, increased efforts have
recently been made toward the development of biocatalytic
methods.'? As a result of this trend, the greater enzyme
family of nucleoside phosphorylases'® has witnessed a true
renaissance.''> Natively, these enzymes perform the
phosphorolysis of nucleosides, yielding the corresponding
nucleobase and pentose 1-phosphate (Figure 1). Since this

transformation is fully reversible,’® they can also be
employed for the synthesis of nucleosides, either from the
corresponding sugar phosphate or by transglycosylation
from a sacrificial glycosyl donor. Intriguingly, nucleoside
phosphorylases exhibit perfect regio- and stereoselectivity
over the glycosylation step and permit reactions with
unprotected, readily available starting materials. Recent
work from our group and others has elucidated the principles
of thermodynamic control in these reaction systems'¢-'° and
demonstrated the application of these enzymes in the
synthesis of various pharmaceutically relevant nucleosides,
including the anti-HIV drug islatravir?® and the anti-Covid19
drug molnupiravir,?"-?> among others.2324

Notwithstanding these advances, the widespread
application of nucleoside phosphorylases in industrial
manufacturing processes is still lacking. This stands in stark
contrast to other established classes of enzymes such as
lipases and alcohol dehydrogenases which have become a
common sight in the pharmaceutical industry and beyond.25
We attribute this gap to three key challenges: i) the non-trivial
downstream processing of enzymatic syntheses involving
nucleosides, ii) the difficulties associated with large-scale
preparation of these enzymes and their efficient (re-)use,
and iii) their somewhat limited substrate scopes. This short
review outlines these challenges, briefly discusses recent
important advances, and highlights why future efforts will
require a closer collaboration between traditionally distant
scientific fields.

Downstream processing of enzymatic syntheses

“It does, for example, no good to offer an elegant, difficult
and expensive process to an industrial manufacturing
chemist whose ideal is something to be carried out in a
disused bathtub by a one-armed man who cannot read, the
product being collected continuously through the drain hole
in 100% purity and yield.” — Sir John Cornforth

Synthetic routes developed in academic laboratories are
often at odds with the requirements for an industrial process.
This holds particularly true for biocatalytic syntheses, which
typically give low substrate and product titers (in the 10 mM
range and below), byproduct formation, incomplete
conversion of starting materials and/or high salt
concentrations.?® In the case of biocatalytic nucleoside
synthesis, product mixtures typically contain residual starting



Challenge 1
(More) Efficient downstream
processing of enzymatic syntheses

Y
(0] N
— (O
o H hnuc\sosiide HO\; "'OH
YN o p Oi‘ppgyzasey nucleoside
e _ phosphorylase
o N\j —— G| o .wOPO,? _PLagpnoyase modified pyrimidine and
HO HO purine nucleosides
HO OH HO  OH
o =N
sugar donor (e.g. uridine) pentose 1-phosphate O N
Ry NN
‘ HO o Y
Challenge 2 Challenge 3

(More) Efficient enzyme producti
and (re-)use in synthesis

on

Expansion of the substrate scope
of nucleoside phosphorylases

Figure 1. Current challenges in nucleoside phosphorylase-catalyzed nucleoside synthesis.

material, excessive water as solvent and buffer salts, in
addition to the desired product. Historically, this has
necessitated extensive chromatographic purification to
obtain the product in sufficient purity, which went hand-in-
hand with significant waste accumulation in the form of
solvent. From a sustainability or efficiency perspective, this
sub-optimal downstream processing of enzymatic reaction
mixtures has thus far prevented nucleoside phosphorylase-
catalyzed transformations from setting themselves apart
from their chemical counterparts.'®

To date, there have been relatively few studies which
include the development of a downstream processing
workflow in a biocatalytic nucleoside synthesis scheme.
Indeed, most studies do not go beyond showing that the
desired product is present in the reaction mixture and
relegate the isolation of the product to potential future scale-
up studies. Notable exceptions to this trend are the
syntheses of islatravir’® and molnupiravir?' reported by
Merck. While islatravir was prepared through a slurry-to-
slurry process going from a suspension of the insoluble
nucleobase to a suspension of the insoluble nucleoside
(which only required filtration), the more soluble key
intermediate of molnupiravir was accessed by an elegant
extraction and recrystallization process. In both processes,
a clever exploitation of solubility properties enabled a
chromatography-free isolation of the product in high purity.
While similar strategies based on the precipitation of purine
nucleosides have been employed in early examples by Zuffi
et al.?” and Ubiali et al.,?® comparable approaches have thus
far been lacking for pyrimidine nucleosides. To fill this gap,
we believe that a closer partnership between biochemists
and chemical engineers will be necessary to weigh the
requirements of the biocatalytic reaction against those of the
overall process, including an efficient downstream
processing strategy.

New approaches for efficient enzyme preparation

“The more we recycle, the less we need to mine.”
— Wilfred Visser

Despite the impressive biocatalytic synthesis routes that
have been developed in recent decades (and that have also

found application in industry), there are still prejudices
against enzymatic catalysts. This is often due to observed or
perceived instabilities (to temperature, pH, cosolvents or
shearing forces), the relatively high price of enzymes, or their
limited reusability compared to organo-catalysts or transition
metals. While the use of thermostable nucleoside
phosphorylases?®30 resolves many of the stability issues
classically associated with enzymes, such as resistance to
high temperatures®' or cosolvent contents,? immobilization
approaches typically grant further stability and enable a
reuse, ultimately resulting in a drastic reduction of overall
cost. In the field of nucleoside biocatalysis, enzymes have
primarily been immobilized by binding to an ion exchange
resin®? or by covalent binding to a solid support.3*35 Indeed,
the use of such classically immobilized nucleoside
phosphorylases in flow reactors has been demonstrated in
several proof-of-concept studies for the synthesis of
pyrimidine and purine nucleosides.?-3 However, due to
persistent drawbacks (primarily costly resins as well as large
losses of enzyme activity by immobilization), several
alternative immobilization techniques have been developed
in recent years. For instance, the covalent but reversible
immobilization of a purine nucleoside phosphorylase on
agarose microbeads activated with thiol groups allowed a
recycling of the resin after the enzyme was inactivated.® In
a different approach, cross-linking based self-
immobilization*® of Escherichia coli uridine phosphorylase
even eliminated the need for an external support.*’

Building on the early advances in enzyme immobilization,
the past decade has seen the emergence of in situ
immobilization as a viable alternative to classical
approaches. In situ immobilization typically provides a much
smoother and simpler purification process and retains higher
activities compared to classical methods. Among the
different approaches (see e.g. the review by Rehm and
colleagues),*? inclusion body-based approaches have
recently attracted the most attention. Although inclusion
bodies are relatively heterogenous in their composition and
typically occur as undesired side products during protein
expression, they can preserve enzymatic activity and act as
biological solid supports. The formation of such catalytically
active inclusion bodies is typically induced by the addition of
specific aggregation-supporting tags to the target protein,
although naturally occurring catalytically active inclusion
bodies may also exist.*® Recently, several suitable tags have
been identified** which induce the formation of such



inclusion bodies and their application to a variety of different
proteins has been shown.*> Notably, a very recent study
from the Krauss group*® demonstrated the robust use of
catalytically active inclusion bodies in flow chemistry which
is an important step towards their wide-spread application.
Although such engineered inclusion bodies have not been
used in the field of nucleoside synthesis so far, we believe
that they offer a valuable alternative to the use of purified or
classically immobilized enzymes. However, their successful
implementation in synthetic processes will require a union of
biochemistry and flow technology.

Expanding the substrate spectrum of nucleoside
phosphorylases

“We’re seeing a move toward making things that either
chemistry cannot make or can’t make efficiently but biology
does.” — Dr. Frances Arnold

In principle, wild-type nucleoside phosphorylases are
relatively promiscuous, enabling the preparation of
nucleoside analogs that are otherwise challenging to access
with chemical methods.*” Indeed, the literature harbors a
range of examples, including the pharmaceutically relevant
nucleosides cladribine, ribavirine,*849 vidarabine®” and
nelarabine.®® This inherent promiscuity may explain why
comparably few studies exist which describe the engineering
of nucleoside phosphorylases to broaden their substrate
spectrum. In fact, structure-function studies on the human
nucleoside  phosphorylases (predominantly  showing
decreases in activity) currently account for the majority of
literature examples.5°-%* However, the limits of this natural
promiscuity have thus far prevented these enzymes from
becoming the go-to option for nucleoside synthesis. As such,
accessing nucleoside targets outside the natural substrate
spectrum currently requires either an extensive engineering
campaign (as pursued by Merck in their synthesis of
islatravir)?®® or the serendipitous discovery of active
homologs by screening (as exemplified by our work on the
diversification of 4'-methylated nucleosides)."® Since the
three-dimensional structure of nucleoside phosphorylases
as well as all active site residues are highly conserved,'® it is
typically very challenging to rationalize which amino acid
exchanges could yield improved activities. As a result,
engineering efforts of nucleoside phosphorylases currently
rely on random mutations introduced by error-prone PCR or
extensive screening of single-site mutation libraries. For
instance, Nannemann et al.’s% engineering of the human
purine nucleoside phosphorylase for the synthesis of
dideoxy nucleosides provided a more than ten-fold improved
variant over four rounds of semi-rational engineering and
evolution. In the impressive examples mentioned above,
Merck achieved an 80-fold improvement of activity of E. coli
uridine phosphorylase for the production of 5-isobutyryl
uridine en route to molnupiravir?! and a approx. 1000-fold
improvement of activity of E. coli purine nucleoside
phosphorylase for the synthesis of islatravir.?® In both
studies, extensive screening of single-site mutation libraries
and their combination provided highly active enzyme
variants over four to five rounds of evolution. While it is
unclear if similar engineering campaigns could expand the
promiscuity of nucleoside phosphorylases to provide true
“generalists”, we expect that recent advances in sequencing
technology®® and the advent of reliable computational
methods for enzyme design®” will accelerate the expansion
of the substrate scope of these enzymes.

Concluding remarks

“If you want to go fast, go alone, if you want to go far, go
together.” — African proverb

As outlined above, we believe that biocatalytic nucleoside
synthesis stands to profit immensely by embracing
interdisciplinary science. This holds particularly true for the
combination of biocatalysis and organic chemistry. While
either discipline by itself has, thus far, fallen short of
achieving “efficient” nucleoside synthesis, we are convinced
that a union of the two fields will be well equipped to
overcome the existing challenges. Impressive
demonstrations of such efforts have recently made
headlines in various subfields of chemistry,58 and we expect
nucleoside synthesis to follow these developments soon.
Indeed, the recent work of Benkovics et al.%° provides an
inspirational example to this end. In their synthesis of the
cyclic dinucleotide MK-1454, the combination of
organocatalytic fluorination and thiophosphorylation with
enzymatic triphosphorylation and cyclization provided the
tools for a highly selective synthesis of an enormously
challenging target on the process scale.

In our opinion, the key value of biocatalysis for
nucleoside/nucleotide preparation lies in the preparation of
moderately modified core structures, which can be
subsequently elaborated by chemical means. For instance,
the biocatalytic synthesis of nucleosides bearing reactive
handles (e.g. halogen or alkyne substituents) can serve as a
springboard for the rapid introduction of further molecular
complexity, e.g. by crosscoupling.?%8' Such approaches
could also benefit from other upcoming disciplines such as
artificial intelligence and big data management as this
facilitates rational reaction optimization in both biocatalysis
and synthetic chemistry.62 Thus, we believe that the field of
nucleoside biocatalysis currently stands at a turning point
where the rapid progress in adjacent fields will act as a
catalyst for innovation.

Acknowledgements

F.K. gratefully acknowledges funding by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation), project number 492196858. Additionally, this
work was supported by ZIM funding (FKZ 16KN073266) to
S.K.

Conflict of Interest

A.K. is CEO of the biotech company BioNukleo GmbH. S.W.
is a scientist at BioNukleo GmbH and P.N. is a member of
the advisory board.

Author Information

Corresponding Authors

Dr. Felix Kaspar,

felix.kaspar@web.de / felix.kaspar@tu-bs.de,
orcid.org/0000-0001-6391-043X

Dr. Anke Kurreck,
anke.kurreck@bionukleo.com,
orcid.org/0000-0001-6919-725X

Other Authors
Sarah Westarp, orcid.org/0000-0001-6498-8810
Dr. Peter Neubauer, orcid.org/0000-0002-1214-9713



References

(1)

(11)

(13)

Jordheim, L. P.; Durantel, D.; Zoulim, F.; Dumontet, (14)
C. Advances in the Development of Nucleoside and
Nucleotide Analogues for Cancer and Viral (15)

Diseases. Nat. Rev. Drug Discov. 2013, 12, 447—
464. https://doi.org/10.1038/nrd4010.

Borbone, N.; Piccialli, G.; Roviello, G. N.; Oliviero,

G. Nucleoside Analogs and Nucleoside Precursors (16)
as Drugs in the Fight against SARS-CoV-2 and

Other Coronaviruses. Molecules 2021, 26 (4).
https://doi.org/10.3390/molecules26040986.

Jordan, P. C.; Stevens, S. K.; Deval, J. Nucleosides

for the Treatment of Respiratory RNA Virus (17)
Infections. Antivir. Chem. Chemother. 2018, 26,
2040206618764483.
https://doi.org/10.1177/2040206618764483.

De Jonghe, S.; Herdewijn, P. An Overview of

Marketed Nucleoside and Nucleotide Analogs.

Curr. Protoc. 2022, 2 (3), e376. (18)
https://doi.org/https://doi.org/10.1002/cpz1.376.

Macheret, M.; Halazonetis, T. D. DNA Replication
Stress as a Hallmark of Cancer. Annu. Rev. Pathol.
Mech. Dis. 2015, 10 (1), 425-448.
https://doi.org/10.1146/annurev-pathol-012414-
040424.

Koonin, E. V; Dolja, V. V. A Virocentric Perspective
on the Evolution of Life. Curr. Opin. Virol. 2013, 3
(5), 546-557.
https://doi.org/https://doi.org/10.1016/j.coviro.2013.
06.008.

Eastman, R. T.; Roth, J. S.; Brimacombe, K. R.;

Simeonov, A.; Shen, M.; Patnaik, S.; Hall, M. D. (19)
Remdesivir: A Review of Its Discovery and

Development Leading to Emergency Use

Authorization for Treatment of COVID-19. ACS

Cent. Sci. 2020, 6 (5), 672—683.
https://doi.org/10.1021/acscentsci.0c00489.

Vorbriiggen, H.; Ruh-Pohlenz, C. Synthesis Of (20)
Nucleosides. Org. React. 2004, 1-630.
https://doi.org/10.1002/0471264180.0r055.01.

McKenzie, L. K.; El-Khoury, R.; Thorpe, J. D;

Damha, M. J.; Hollenstein, M. Recent Progress in

Non-Native Nucleic Acid Modifications. Chem. Soc.

Rev. 2021, 50 (8), 5126-5164.
https://doi.org/10.1039/D0CS01430C.

Kaspar, F.; Stone, M. R. L.; Neubauer, P.; Kurreck,
A. Route Efficiency Assessment and Review of the
Synthesis of B-Nucleosides via N-Glycosylation of
Nucleobases. Green Chem. 2021, 23, 37-50.
https://doi.org/10.1039/D0GC02665D.

This assessment of over 80 published routes for
nucleoside synthesis (from unprotected commercial
materials to the final product) revealed persisting
bottlenecks and outlines route length as the key
factor for their overall efficiency.

Meanwell, M.; Silverman, S. M.; Lehmann, J.;
Adluri, B.; Wang, Y.; Cohen, R.; Campeau, L.-C.; (21)
Britton, R. A Short de Novo Synthesis of
Nucleoside Analogs. Science 2020, 369 (6504),
725-730. https://doi.org/10.1126/science.abb3231.
Cosgrove, S. C.; Miller, G. J. Advances in
Biocatalytic and Chemoenzymatic Synthesis of
Nucleoside Analogues. Expert Opin. Drug Discov.
2022, 17 (4), 355-364.
https://doi.org/10.1080/17460441.2022.2039620.
Pugmire, M. J.; Ealick, S. E. Structural Analyses
Reveal Two Distinct Families of Nucleoside
Phosphorylases. Biochem. J. 2002, 361 (Pt 1), 1—

25. https://doi.org/10.1042/0264-6021:3610001.

Kalckar, H. M. The Enzymatic Synthesis of Purine
Ribosides. J. Biol. Chem. 1947, 167 (2), 477-486.

Friedkin, M.; Kalckar, H. M.; Hoff-Jorgensen, E.
Enzymatic Synthesis of Desoxyribose Nucleoside
with Desoxyribose Phosphate Ester. J. Biol. Chem.
1949, 178 (1), 527.

Kaspar, F.; Giessmann, R. T.; Neubauer, P.;
Wagner, A.; Gimpel, M. Thermodynamic Reaction
Control of Nucleoside Phosphorolysis. Adv. Synth.
Catal. 2020, 362 (4), 867-876.
https://doi.org/10.1002/adsc.201901230.

Kaspar, F.; Giessmann, R. T.; Hellendahl, K. F.;
Neubauer, P.; Wagner, A.; Gimpel, M. General
Principles for Yield Optimization of Nucleoside
Phosphorylase-Catalyzed Transglycosylations.
ChemBioChem 2020, 21, 1428-1432.
https://doi.org/10.1002/cbic.201900740.

Kaspar, F.; Seeger, M.; Westarp, S.; Kéllmann, C.;
Lehmann, A.; Pausch, P.; Kemper, S.; Neubauer,
P.; Bange, G.; Schallmey, A.; Werz, D. B.; Kurreck,
A. Diversification of 4'-Methylated Nucleosides by
Nucleoside Phosphorylases. ACS Catal. 2021, 11
(17), 10830-10835.
https://doi.org/10.1021/acscatal.1c02589.

This is the first report on thermodynamic reaction
control of phosphorolysis reactions with non-ribosyl
nucleosides. In addition, this work outlines a
general roadmap for the characterization of
nucleoside phosphorolysis and transglycosylation
systems.

Alexeev, C. S.; Kulikova, I. V; Gavryushov, S.;
Tararov, V. |.; Mikhailov, S. N. Quantitative
Prediction of Yield in Transglycosylation Reaction
Catalyzed by Nucleoside Phosphorylases. Adv.
Synth. Catal. 2018, 360 (16), 3090-3096.
https://doi.org/10.1002/adsc.201800411.

Huffman, M. A.; Fryszkowska, A.; Alvizo, O.; Borra-
Garske, M.; Campos, K. R.; Canada, K. A.; Devine,
P. N.; Duan, D.; Forstater, J. H.; Grosser, S. T.;
Halsey, H. M.; Hughes, G. J.; Jo, J.; Joyce, L. A;;
Kolev, J. N.; Liang, J.; Maloney, K. M.; Mann, B. F;
Marshall, N. M.; McLaughlin, M.; Moore, J. C;
Murphy, G. S.; Nawrat, C. C.; Nazor, J.; Novick, S.;
Patel, N. R.; Rodriguez-Granillo, A.; Robaire, S. A.;
Sherer, E. C.; Truppo, M. D.; Whittaker, A. M;
Verma, D.; Xiao, L.; Xu, Y.; Yang, H. Design of an
in Vitro Biocatalytic Cascade for the Manufacture of
Islatravir. Science 2019, 366 (6470), 1255-1259.
https://doi.org/10.1126/science.aay8484.

This landmark paper describes the 5-step
biocatalytic synthesis of a pharmaceutical agent
through de novo construction of the ribosyl moiety
and its coupling to purine nucleobase — an
impressive effort combining enzyme engineering,
synthetic chemistry and process development.
Mclintosh, J. A.; Benkovics, T.; Silverman, S. M.;
Huffman, M. A.; Kong, J.; Maligres, P. E.; ltoh, T;
Yang, H.; Verma, D.; Pan, W.; Ho, H.-l.; Vroom, J;
Knight, A. M.; Hurtak, J. A.; Klapars, A.;
Fryszkowska, A.; Morris, W. J.; Strotman, N. A,;
Murphy, G. S.; Maloney, K. M.; Fier, P. S.
Engineered Ribosyl-1-Kinase Enables Concise
Synthesis of Molnupiravir, an Antiviral for COVID-
19. ACS Cent. Sci. 2021, 7 (12), 1980-1985.
https://doi.org/10.1021/acscentsci.1c00608.
Engineering enzymes combined with a creative
phosphate recycling system allowed the efficient



(25)

(26)

(28)

chemoenzymatic synthesis of molnupiravir from
simple commodity chemicals.

Burke, A. J.; Birmingham, W. R.; Zhuo, Y.; Thorpe,
T. W.; Zucoloto da Costa, B.; Crawshaw, R.;
Rowles, I.; Finnigan, J. D.; Young, C.; Holgate, G.
M.; Muldowney, M. P.; Charnock, S. J.; Lovelock,
S. L.; Turner, N. J.; Green, A. P. An Engineered
Cytidine Deaminase for Biocatalytic Production of a
Key Intermediate of the Covid-19 Antiviral
Molnupiravir. J. Am. Chem. Soc. 2022, 144 (9),
3761-3765. https://doi.org/10.1021/jacs.1c11048.

This study demonstrates how a simple and efficient
product purification by in situ crystallization at low
reaction temperatures enabled the synthesis of a
key intermediate of molnupiravir with an
engineered deaminase.

Rabuffetti, M.; Bavaro, T.; Semproli, R.; Cattaneo,
G.; Massone, M.; Morelli, F. C.; Speranza, G.;
Ubiali, D. Synthesis of Ribavirin, Tecadenoson, and
Cladribine by Enzymatic Transglycosylation.
Catalysts 2019, 9 (4), 355.
https://doi.org/10.3390/catal9040355.

Robescu, M. S.; Serra, |.; Terreni, M.; Ubiali, D.;
Bavaro, T. A Multi-Enzymatic Cascade Reaction for
the Synthesis of Vidarabine 5'-Monophosphate.
Catalysts 2020, 10 (1).
https://doi.org/10.3390/catal10010060.

Simi¢, S.; Zuki¢, E.; Schmermund, L.; Faber, K.;
Winkler, C. K.; Kroutil, W. Shortening Synthetic
Routes to Small Molecule Active Pharmaceutical
Ingredients Employing Biocatalytic Methods. Chem.
Rev. 2022, 122 (1), 1052-1126.
https://doi.org/10.1021/acs.chemrev.1c00574.

Ni, Y.; Holtmann, D.; Hollmann, F. How Green Is
Biocatalysis? To Calculate Is To Know.
ChemCatChem 2014, 6 (4), 930-943.
https://doi.org/10.1002/cctc.201300976.

Zuffi, G.; Ghisotti, D.; Oliva, I.; Capra, E.; Frascotti,
G.; Tonon, G.; Orsini, G. Immobilized Biocatalysts
for the Production of Nucleosides and Nucleoside
Analogues by Enzymatic Transglycosylation
Reactions. Biocatal. Biotransformation 2004, 22
(1), 25-33.
https://doi.org/10.1080/10242420310001648551.
Ubiali, D.; Rocchietti, S.; Scaramozzino, F.; Terreni,
M.; Albertini, A. M.; Fernandez-Lafuente, R;
Guisan, J. M.; Pregnolato, M. Synthesis of 2'-
Deoxynucleosides by Transglycosylation with New
Immobilized and Stabilized Uridine Phosphorylase
and Purine Nucleoside Phosphorylase. Adv. Synth.
Catal. 2004, 346 (11), 1361-1366.
https://doi.org/10.1002/adsc.200404019.

Kamel, S.; Thiele, I.; Neubauer, P.; Wagner, A.
Thermophilic Nucleoside Phosphorylases: Their
Properties, Characteristics and Applications.
Biochim. Biophys. Acta - Proteins Proteomics 2020,
1868 (2), 140304.
https://doi.org/10.1016/j.bbapap.2019.140304.

Bagarolo, M. L.; Porcelli, M.; Martino, E.; Feller, G.;
Cacciapuoti, G. Multiple Disulfide Bridges Modulate
Conformational Stability and Flexibility in
Hyperthermophilic Archaeal Purine Nucleoside
Phosphorylase. Biochim. Biophys. Acta - Proteins
Proteomics 2015, 1854 (10, Part A), 1458-1465.
https://doi.org/10.1016/j.bbapap.2015.06.010.
Almendros, M.; Berenguer, J.; Sinisterra, J.-V.
Thermus Thermophilus Nucleoside Phosphorylases
Active in the Synthesis of Nucleoside Analogues.

(33)

(34)

(36)

(38)

(40)

Appl. Environ. Microbiol. 2012, 78 (9), 3128-3135.
https://doi.org/10.1128/AEM.07605-11.

Kaspar, F.; Neubauer, P.; Kurreck, A. The Peculiar
Case of the Hyperthermostable Pyrimidine
Nucleoside Phosphorylase from Thermus
Thermophilus. ChemBioChem 2020, 22 (8), 1385—
1390. https://doi.org/10.1002/cbic.202000679.

Hori, N.; Watanabe, M.; Sunagawa, K.; Uehara, K;
Mikami, Y. Production of 5-Methyluridine by
Immobilized Thermostable Purine Nucleoside
Phosphorylase and Pyrimidine Nucleoside
Phosphorylase from Bacillus Stearothermophilus
JTS 859. J. Biotechnol. 1991, 17 (2), 121-131.
https://doi.org/10.1016/0168-1656(91)90003-E.

Zhou, X.; Mikhailopulo, I. A.; Cruz Bournazou, M.
N.; Neubauer, P. Immobilization of Thermostable
Nucleoside Phosphorylases on MagReSyn®
Epoxide Microspheres and Their Application for the
Synthesis of 2,6-Dihalogenated Purine
Nucleosides. J. Mol. Catal. B Enzym. 2015, 115,
119-127.
https://doi.org/10.1016/j.molcatb.2015.02.009.
Serra, |.; Ubiali, D.; Piskur, J.; Christoffersen, S.;
Lewkowicz, E. S.; Iribarren, A. M.; Albertini, A. M.;
Terreni, M. Developing a Collection of Immobilized
Nucleoside Phosphorylases for the Preparation of
Nucleoside Analogues: Enzymatic Synthesis of
Arabinosyladenine and 2',3'-Dideoxyinosine.
Chempluschem 2013, 78 (2), 157-165.
https://doi.org/10.1002/cplu.201200278.

Rinaldi, F.; Fernandez-Lucas, J.; de la Fuente, D.;
Zheng, C.; Bavaro, T.; Peters, B.; Massolini, G.;
Annunziata, F.; Conti, P.; de la Mata, |.; Terreni, M.;
Calleri, E. Immobilized Enzyme Reactors Based on
Nucleoside Phosphorylases and 2'-
Deoxyribosyltransferase for the in-Flow Synthesis
of Pharmaceutically Relevant Nucleoside
Analogues. Bioresour. Technol. 2020, 307, 123258.
https://doi.org/10.1016/j.biortech.2020.123258.

Tamborini, L.; Previtali, C.; Annunziata, F.; Bavaro,
T.; Terreni, M.; Calleri, E.; Rinaldi, F.; Pinto, A.;
Speranza, G.; Ubiali, D.; Conti, P. An Enzymatic
Flow-Based Preparative Route to Vidarabine.
Molecules 2020, 25 (5).
https://doi.org/10.3390/molecules25051223.
Calleri, E.; Ubiali, D.; Serra, |.; Temporini, C.;
Cattaneo, G.; Speranza, G.; Morelli, C. F;
Massolini, G. Immobilized Purine Nucleoside
Phosphorylase from Aeromonas Hydrophila as an
On-Line Enzyme Reactor for Biocatalytic
Applications. J. Chromatogr. B 2014, 968, 79-86.
https://doi.org/10.1016/j.jchromb.2013.12.031.

Benitez-Mateos, A. |.; Paradisi, F. Sustainable
Flow-Synthesis of (Bulky) Nucleoside Drugs by a
Novel and Highly Stable Nucleoside Phosphorylase
Immobilized on Reusable Supports.
ChemSusChem 2022, 15 (1), e202102030.
https://doi.org/10.1002/cssc.202102030.

Roessl, U.; Nahalka, J.; Nidetzky, B. Carrier-Free
Immobilized Enzymes for Biocatalysis. Biotechnol.
Lett. 2010, 32 (3), 341-350.
https://doi.org/10.1007/s10529-009-0173-4.

Visser, D. F.; Hennessy, F.; Rashamuse, J.;
Pletschke, B.; Brady, D. Stabilization of Escherichia
Coli Uridine Phosphorylase by Evolution and
Immobilization. J. Mol. Catal. B Enzym. 2011, 68
(3), 279-285.
https://doi.org/10.1016/j.molcatb.2010.11.018.



(44)

(46)

(48)

(51)

(52)

Rehm, F. B. H.; Chen, S.; Rehm, B. H. A.

Bioengineering toward Direct Production of

Immobilized Enzymes: A Paradigm Shift in

Biocatalyst Design. Bioengineered 2018, 9 (1), 6—

11. 53
https://doi.org/10.1080/21655979.2017.1325040. (53)
Kamel, S.; Walczak, C.; Kaspar, F.; Westarp, S.;

Neubauer, P.; Wagner, A. Thermostable Adenosine
5'-Monophosphate Phosphorylase from

Thermococcus Kodakarensis Forms Catalytically

Active Inclusion Bodies. Sci. Rep. 2021, 11, 16880.
https://doi.org/10.1038/s41598-021-9607 3-5. (54)
Krauss, U.; Jager, V. D.; Diener, M.; Pohl, M.;

Jaeger, K.-E. Catalytically-Active Inclusion
Bodies—Carrier-Free Protein Immobilizates for

Application in Biotechnology and Biomedicine. J.

Biotechnol. 2017, 258, 136—147.
https://doi.org/10.1016/j.jbiotec.2017.04.033.

Jéger, V. D.; Lamm, R.; Kiisters, K.; Olgiicii, G.; (55)
Oldiges, M.; Jaeger, K.-E.; Blchs, J.; Krauss, U.
Catalytically-Active Inclusion Bodies for
Biotechnology—General Concepts, Optimization,

and Application. Appl. Microbiol. Biotechnol. 2020,

104 (17), 7313-7329. (56)
https://doi.org/10.1007/s00253-020-10760-3.

Olciicli, G.; Baumer, B.; Kiisters, K.; Méllenhoff, K.;

Oldiges, M.; Pietruszka, J.; Jaeger, K.-E.; Krauss,

U. Catalytically Active Inclusion

Bodies—Benchmarking and Application in Flow (57)
Chemistry. ACS Synth. Biol. 2022, 11 (5), 1881—

1896. https://doi.org/10.1021/acssynbio.2c00035.

This is the first direct comparison of different

strategies for the formation of catalytically active

inclusion bodies and their use in flow systems — (58)
important steps toward a more widespread

application of these immobilized biocatalysts.

Yehia, H.; Kamel, S.; Paulick, K.; Wagner, A.;

Neubauer, P. Substrate Spectra of Nucleoside (59)
Phosphorylases and Their Potential in the

Production of Pharmaceutically Active Compounds.

Curr. Pharm. Des. 2017, 23 (45), 6913-6935.
https://doi.org/10.2174/1381612823666171024 155

811.

Liu, G.; Cheng, T.; Chu, J.; Li, S.; He, B. Efficient

Synthesis of Purine Nucleoside Analogs by a New

Trimeric Purine Nucleoside Phosphorylase from
Aneurinibacillus Migulanus AM007. Molecules .

2020. https://doi.org/10.3390/molecules25010100.

Zhurilo, N. I.; Chudinov, M. V; Matveev, A. V;

Smirnova, O. S.; Konstantinova, I. D.; Miroshnikov,

A. |.; Prutkov, A. N.; Grebenkina, L. E.; Pulkova, N.

V; Shvets, V. |. Isosteric Ribavirin Analogues:

Synthesis and Antiviral Activities. Bioorg. Med.

Chem. Lett. 2018, 28 (1), 11-14.
https://doi.org/10.1016/j.bmcl.2017.11.029. (60)
Erion, M. D.; Takabayashi, K.; Smith, H. B.; Kessi,

J.; Wagner, S.; Honger, S.; Shames, S. L.; Ealick,

S. E. Purine Nucleoside Phosphorylase. 1.

Structure—Function Studies. Biochemistry 1997, 36

(39), 11725-11734.

https://doi.org/10.1021/bi961969w. (61)
Nufez, S.; Wing, C.; Antoniou, D.; Schramm, V. L,;

Schwartz, S. D. Insight into Catalytically Relevant

Correlated Motions in Human Purine Nucleoside
Phosphorylase. J. Phys. Chem. A 2006, 110 (2), (62)
463-472. https://doi.org/10.1021/jp051277u.

Murkin, A. S.; Birck, M. R.; Rinaldo-Matthis, A.; Shi,

W.; Taylor, E. A.; Schramm, V. L. Neighboring

Group Participation in the Transition State of
Human Purine Nucleoside Phosphorylase.
Biochemistry 2007, 46 (17), 5038-5049.
https://doi.org/10.1021/bi700147b.

Mitsiki, E.; Papageorgiou, A. C.; lyer, S.;
Thiyagarajan, N.; Prior, S. H.; Sleep, D.; Finnis, C;
Acharya, K. R. Structures of Native Human
Thymidine Phosphorylase and in Complex with 5-
lodouracil. Biochem. Biophys. Res. Commun. 2009,
386 (4), 666-670.
https://doi.org/10.1016/j.bbrc.2009.06.104.

Tran, T. H.; Christoffersen, S.; Allan, P. W.; Parker,
W. B.; Piskur, J.; Serra, |.; Terreni, M.; Ealick, S. E.
The Crystal Structure of Streptococcus Pyogenes
Uridine Phosphorylase Reveals a Distinct
Subfamily of Nucleoside Phosphorylases.
Biochemistry 2011, 50 (30), 6549-6558.
https://doi.org/10.1021/bi200707z.

Nannemann, D. P.; Kaufmann, K. W.; Meiler, J.;
Bachmann, B. O. Design and Directed Evolution of
a Dideoxy Purine Nucleoside Phosphorylase.
Protein Eng. Des. Sel. 2010, 23 (8), 607-616.
https://doi.org/10.1093/protein/gzq033.

Wittmann, B. J.; Johnston, K. E.; Aimhjell, P. J.;
Arnold, F. H. EvSeq: Cost-Effective Amplicon
Sequencing of Every Variant in a Protein Library.
ACS Synth. Biol. 2022, 11 (3), 1313-1324.
https://doi.org/10.1021/acssynbio.1c00592.

Lovelock, S. L.; Crawshaw, R.; Basler, S.; Levy, C.;
Baker, D.; Hilvert, D.; Green, A. P. The Road to
Fully Programmable Protein Catalysis. Nature
2022, 606 (7912), 49-58.
https://doi.org/10.1038/s41586-022-04456-z.

Kaspar, F.; Schallmey, A. Strategic Enzymatic
Transformations in Modern Natural Product
Synthesis. ChemRxiv 2022, preprint.
https://doi.org/10.26434/chemrxiv-2022-nvjkx.
Benkovics, T.; Peng, F.; Phillips, E. M.; An, C.;
Bade, R. S.; Chung, C. K.; Dance, Z. E. X.; Fier, P.
S.; Forstater, J. H.; Liu, Z.; Liu, Z.; Maligres, P. E.;
Marshall, N. M.; Salehi Marzijarani, N.; McIntosh, J.
A.; Miller, S. P.; Moore, J. C.; Neel, A. J.;
Obligacion, J. V; Pan, W.; Pirnot, M. T.; Poirier, M.;
Reibarkh, M.; Sherry, B. D.; Song, Z. J.; Tan, L;
Turnbull, B. W. H.; Verma, D.; Waldman, J. H.;
Wang, L.; Wang, T.; Winston, M. S.; Xu, F. Diverse
Catalytic Reactions for the Stereoselective
Synthesis of Cyclic Dinucleotide MK-1454. J. Am.
Chem. Soc. 2022, 144 (13), 5855-5863.
https://doi.org/10.1021/jacs.1¢c12106.

This impressive interdisciplinary effort
demonstrates the immense value of organo- and
biocatalysis for the synthesis of complex targets
such as highly modified cyclic dinucleotides.
Perkins, J. J.; Shurtleff, V. W.; Johnson, A. M.; El
Marrouni, A. Synthesis of C6-Substituted Purine
Nucleoside Analogues via Late-Stage
Photoredox/Nickel Dual Catalytic Cross-Coupling.
ACS Med. Chem. Lett. 2021, 12 (4), 662—-666.
https://doi.org/10.1021/acsmedchemlett.0c00673.
Chacko, A.-M.; Qu, W.; Kung, H. F. Synthesis of 5-
Fluoroalkylated Pyrimidine Nucleosides via Negishi
Cross-Coupling. J. Org. Chem. 2008, 73 (13),
4874-4881. https://doi.org/10.1021/jo800444y.

Yi, D.; Bayer, T.; Badenhorst, C. P. S.; Wu, S;
Doerr, M.; Héhne, M.; Bornscheuer, U. T. Recent
Trends in Biocatalysis. Chem. Soc. Rev. 2021, 50
(14), 8003-8049.



https://doi.org/10.1039/D0CS01575J.



