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Ribose-1-phosphate (Rib1P) is a key substrate for the synthesis of difficult-to-access nucleoside
analogues by nucleoside phosphorylases. However, its use in preparative synthesis is hampered by
low yields and low selectivity during its preparation by conventional methods. Although biocatalysis
permits straightforward access to Rib1P directly from natural nucleosides, these transformations are
tightly thermodynamically controlled and suffer from low yields and non-trivial work-up procedures.
To address these challenges, we developed a biocatalytic cascade that allows near-total
conversions of natural guanosine into a-anomerically pure Rib1P. The key to this route is a guanine
deaminase, which removes the accumulated guanine byproduct. Under optimised conditions, this
cascade proved readily scalable to the gram scale, delivering isolated yields of up to 79% and a
purity of 94% without any chromatography. Our cascade approach reduced the need for toxic
reagents and purification steps inherent to previous methods, reducing the environmental burden of
the route, as confirmed by CHEM21 Zero Pass and E-factor calculations. Thus, our work will broadly
strengthen the applicability of nucleoside phosphorylase-mediated chemistry.

Introduction

Pentose-1-phosphates (P1Ps), such as ribose-1-phosphate (Rib1P), are central molecules in the
nucleoside salvage pathway. As substrates for nucleoside phosphorylases (NPs), they additionally
serve as valuable starting points for the enzymatic synthesis of nucleoside analogues,*™” one of the
most successful classes of small-molecule drugs to treat viral infections®® or cancer,*'* and which
recently attracted interest as precursors of mRNA vaccines?!® and antibacterial agents.'*!®
Employing P1Ps for the synthesis of nucleoside analogues is especially advantageous when product
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yields are low due to thermodynamic constraints®-° or when suitable donor nucleosides are not
readily available.2%

Despite its potential for the synthesis of important nucleoside analogues, a high-yielding and
sustainable synthesis for P1Ps has not yet been developed. Chemical synthesis routes toward
Rib1P strongly rely on protection/deprotection steps and show only moderate stereoselectivity,
which leads to a mixture of a- and B-anomers.??> Consequently, only low yields are achieved due to
the multi-step synthesis routes and the need for additional purification steps.

Enzymatic and chemoenzymatic approaches using NPs have been developed as a viable
alternative, allowing direct biocatalytic access to a-anomeric pure Rib1P. NPs catalyse the tightly
thermodynamically controlled reversible phosphorolytic cleavage of nucleosides to the
corresponding nucleobases and P1Ps.'®-18 Previous NP-based routes toward Rib1P are mainly
based on natural nucleosides?*-?" or the base-modified 7-methylguanosine (7-Me-Guo).2¢%?° Using
uridine as a substrate for Rib1P synthesis, isolated yields of only 31% and 25% were obtained using
either E. coli UPZ or thermostable pyrimidine NPs?* (Figure 1, Top). The application of 7-Me-Guo
as a substrate offers the advantage of near-irreversible phosphorolysis due to the in situ precipitation
of the nucleobase and its low nucleophilicity. 229

Previous work: enzymatic synthesis of Rib1P (Fateev et al. 2015, Kamel et al. 2018)
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Figure 1. Strategies for the (chemo)enzymatic synthesis of ribose-1-phosphate (Rib1P). Top)
Enzymatic synthesis by Fateev et al. 2015 (ref?®) and Kamel et al. 2018 (ref?*). Middle) GuaD coupled
synthesis as presented in this work. Bottom) Chemoenzymatic synthesis by Varizhuk et al. 2022
(ref?®). Urd = uridine, Guo = guanosine, Gua = guanine.
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Whilst total isolated yields of up to 79% (from guanosine, Guo) were achieved using the approach,
it has the drawback that an upstream chemical step (using toxic and carcinogenic iodomethane) is
required to prepare 7-Me-Guo (Figure 1, Bottom). In addition, 7-Me-Guo is labile to hydrolysis and
has a low shelf life, making it a non-ideal reagent.

An in vitro biocatalytic cascade involving phosphorolysis and product removal could address
these challenges and lead to a high-yielding and sustainable synthesis route of Rib1P. Kalckar had
already envisioned such a strategy in 1947, by coupling the phosphorolysis of inosine with a xanthine
oxidase.?® Although this approach found a recent application,?” xanthine oxidases are unstable
enzymes and are difficult to produce on scale.®*2® As such, this vision has not yet been successfully
translated into a practical, scalable, high-yielding method that starts from cheap and available
substrates and enzymes.

Motivated by these initial efforts, we have developed an enzymatic cascade for the synthesis of
Rib1P centred around a guanine deaminase (GuaD). Using Guo as a substrate for NP-catalysed
phosphorolysis permits almost full nucleoside cleavage in the presence of Deinococcus
geothermalis GuaD (DgGuaD), which converts the accumulating guanine (Gua) to xanthine (Xan,
Figure 1, Middle). We herein describe how the application of the thermostable DgGuaD in
combination with thermostable NPs allowed the development of a scalable synthesis of Rib1P from
Guo in one pot with isolated yields of up to 79%. These processes benefitted from streamlined
purification procedures and led to a strongly reduced need for solvents or hazardous chemicals,
which was well reflected by improved values of CHEM21 Zero Pass calculations compared to other
(chemo)enzymatic approaches. Thus, our work paves the way for a sustainable synthesis of Rib1P
and its derivatives, further strengthening the feasibility of biocatalytic nucleoside chemistry.

Results and Discussion

Development of a two-enzyme cascade for Rib1P synthesis

The ideal biocatalytic cascade for Rib1P synthesis uses cheap and commercially available starting
materials, achieves full conversion of an otherwise thermodynamically controlled reaction, requires
only a short reaction time and can be integrated smoothly into downstream processing for product
isolation. For these reasons, we envisioned that a cascade starting from Guo would offer the best
combination of these traits when a deaminase converts the liberated nucleobase Gua to poorly
soluble Xan.

Thus, we began our studies searching for a Gua-specific, thermostable guanine deaminase
(GuaD, EC 3.5.4.3). Thermostability is considered one of the most critical traits for biocatalysts,3¢-4°
but previously described narrow-spectrum GuaDs lacked significant stability.**=2 To this end, we
screened genomes of well-described thermophilic organisms for guanine deaminases. We selected
GuaD of D. geothermalis (DgGuaD) as a promising candidate and heterologously expressed the
protein in E. coli. A preliminary characterisation of the enzyme revealed that DgGuaD showed a
narrow substrate spectrum (only Gua is accepted), a high specific enzyme activity (1400 U mg),
and a moderate thermostability (detailed information on enzyme mining and characterisation is
provided in Figures S1-9, Table S1).

With the specific and thermostable GuaD in hand, we screened reaction conditions for optimal
Rib1P synthesis. Since Guo is a natural substrate for purine NPs (PNPs, EC 2.4.2.1), we decided
to use commercially available PNPs from thermophilic microorganisms. Indeed, in coupled reactions
of NO4 and DgGuabD in the presence of 0.9 equivalents (eq.) of phosphate, we observed up to 80%
Guo cleavage. Under the same conditions but without GuaD, only 16% conversion is expected
based on thermodynamic calculations (K = 0.04 for Guo at 50 °C).'® Hence, byproduct removal led
to a significant increase in Guo conversion. Gua was immediately converted to Xan in our cascade
reactions and never accumulated.
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Characterisation of the coupled enzymatic reactions
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Figure 2. GuaD coupled synthesis of Rib1P. A) Representative HPLC chromatograms (recorded at
A =260 nm) show the time course of the PNP NO4 and DgDuaD biocatalytic cascade. Please note
the different extinction coefficients of the nucleosides and nucleobases (Figure S11). B) Time course
of the conversion of Guo to Xan and the byproducts N9-Xao and N7-Xao. C-F) Optimization of the
PNP/GuaD cascade by varying DgGuaD concentrations (C), NO4 concentrations (D), phosphate

concentrations (E) and Guo concentration (F). Full-marked points represent the best conditions used
for further experiments.
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Despite DgGuaD's high selectivity, this cascade proved to be under kinetic control due to a low
degree of promiscuity of PNPs. As such, we observed additional byproducts in addition to Xan
arising from the glycosylation of Xan to give either N9-Xao or, as recently discovered, N7-Xao.*
Although NO4 proved to be the most Guo-selective enzyme among those we screened, minor
amounts of byproduct formation (Xan glycosides) were unavoidable (Figure S10-11). Therefore, we
decided to stop the reactions at the maximum Xan concentration (the highest conversion point to
Rib1P). This is crucial as the final reaction equilibrium forms between Xan and Xao, thereby
minimising available Rib1P levels (Figure 2B).

Based on these preliminary results, we optimised the reaction conditions to generate maximum
Rib1P concentrations. We determined the optimum ratio of the two enzymes under cascade
reactions. This involved directly reducing the DgGuaD concentration while maintaining a fixed NO4
concentration (with 5 mM Guo and 0.9 eq. HPO.?%). The process was then repeated with the optimum
DgGuaD concentration but with varying NO4 catalyst loads (Figure 2C-D). To further improve Guo
cleavage, we studied the impact of increasing phosphate eq. on the enzymatic cascade. To achieve
near-full Guo cleavage of >98%, only 1.2 eq. of phosphate was required (Figure 2E). For
comparison, the phosphorolysis of Guo would require 1150 eq. of phosphate for 98% conversion
(with a K =0.04 of Guo at 50 °C). Since phosphate removal is one of the most critical steps in the
production of Rib1P,?* this is a significant improvement over the available enzymatic production
methods based on natural substrates. Finally, we determined the maximum Guo loading in the
reactions. Reactions with Guo concentrations >40 mM never completely dissolved (data not shown),
and maximum Guo conversion significantly decreased (Figure 2F). Therefore, 25 mM Guo was
applied for further experiments as all reactants fully dissolved within 15 min (data not shown).
Intriguingly, the apparent solubility of Guo and Xan up to 30 mM was drastically higher than that in
enzyme-free systems (the experimentally determined solubilities were 3.6 mM for Guo and 0.2 mM
for Xan at 50 °C in H>O). These differences might be explained by the higher pH applied in enzymatic
reactions (Xan solubility is highly pH-dependent*) or the formation of soluble oligomers, as
discussed for Gua.*®

Production of ribose-1-P at the gram scale
Following optimisation, we aimed to produce Rib1P as a barium salt at the gram scale. Therefore,
we performed a test run on a 2 mL scale (Figure S12) to determine when to terminate the reaction
and then upscaled the reaction volume to 150 mL. After the up-scaled reaction was stopped at a
conversion of 88%, the enzyme was removed by freezing and thawing the reaction mixture
(Figure 4A). Taking advantage of the pH-dependent solubility, free Xan was precipitated by shifting
the pH to =7 (Figure 4A-B). At this step, approximately 2% of the initial Xan remained in the mixture,
but N9-Xao was only slightly affected by the pH shift (as determined by HPLC). Further purification
was based on our previously published method.?* Phosphate was precipitated using NH4Cl and
MgCl.. Due to the low phosphate concentration, the need for phosphate-precipitating compounds
has been significantly minimised, which reduced the co-precipitation (and therefore loss) of Rib1P.
Finally, after confirming phosphate precipitation (Figure S13), Rib1P was precipitated as its Ba-salt
by the addition of ethanol and barium acetate. For the collection of the precipitated Rib1P, we
compared filtration and centrifugation. Although centrifugation was more prone to residual ethanol
contamination, it yielded more Rib1P and was the preferred method due to handling benefits (Figure
S14, Table S2). Using centrifugation, Rib1P was obtained with an isolated yield of up to 79% (1.1 g)
and a purity of 94% (as determined by quantitative *H-NMR, see Sl for NMR data). The main
impurities were acetate, ethanol and N9-Xao (Table S2). Although the pH shift did not strongly
impact the N9-Xao concentration, its precipitation occurred progressively during the purification
process due to incubation steps at low temperatures (Figure 4B), resulting in values less than 1% in
the final Rib1P stock (Table S2).

To validate the compatibility of the Rib1P obtained via this cascade, we used the produced
material in three enzymatic glycosylation reactions with different halogenated uridine bases (5-F-

-5-
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Ura, 5-Br-Ura, 5-1-Ura). Conversions were between 65 and 75% with an equimolar concentration of
Rib1P compared to the halogenated nucleobases and matched well with calculated conversions
based on the available equilibrium constants (Figure 4C).X® This demonstrates that our Rib1P can
be used to synthesise modified nucleoside analogues and can be envisioned as being applied to
difficult-to-access products, as recently shown for 5-ethynyluridine.’

Upscaling and purification

A

1) Enzyme- pHto7 I1) After nucleobase | NH<CI/MgCl: [ 1) After phosphate Ba(OAc),, EtOH -
free Solution = | precipitation | precipitation -> Rib1P-Ba salt

B C M calculated
Bl experimental
Xan e——— N
C =
o
Rib1P — T ﬁl\
K o — Br. NH
i S I — h | Py
1) T ’1-‘,'—& . N ©
) ——
I IH I 1 T T T T |_ 1
2 4 6 8 0 20 40 60 80 100
Time [min] Conversion [%]

Figure 3. Purification and gram-scale synthesis of Rib1P. A) Purification process B) Corresponding
HPLC chromatograms for the purification steps (recorded at A = 260 nm). Please note the different
extinction coefficients of the nucleosides and -bases (Figure S11). C) Experimental validation of
Rib1P identity via direct glycosylation of halogenated pyrimidines. The calculated values were taken
from the ref'®.

Environmental impact of ribose-1-P synthesis routes

To estimate the environmental burden of (chemo)enzymatic Rib1P synthesis routes, we compared
our cascade approach with other published methods that are i) NP-based, ii) use available substrates
and enzymes, and iii) give straightforward access to crystalline Rib1P-salts. Hence, the methods
described by Kamel et al.** and Fateev et al.?® (enzymatic approach starting from uridine) and by
Varizhuk et al.?® (chemoenzymatic method starting from 7-Me-Guo) were selected. Both the
CHEMZ21 Zero Pass tool*” and E-factor calculations**-° were applied. CHEM21 Zero Pass allows
for a simple evaluation of reactions with a flag system and can thereby evaluate reactions in early
development. To different categories, the following flags are assigned: i) green flag (good to go,
>89%), ii) amber flag (acceptable, some issues, 70-89%), and iii) red flag (indicate the
discontinuation of the method, <70%). To make the table more accessible for people with colour
deficiencies,® the colours were changed from green, yellow, and red to , , and red,
respectively. However, as the stoichiometry, yield, and solvent do not impact the atom economy (AE)
included in the CHEM21 Zero Pass tool, we were further interested in comparing the different
methods by the E-factor. Here, the amount of waste is calculated per weight unit of product produced
(simple E-factor, sEF), which can be expanded by considering solvents and water consumption
(complete E-factor, cEF).
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When analysing the three published methods with the CHEM21 tool, they created a red flag
because of either low yields (Kamel et al. and Fateev et al.) or the need for toxic chemicals (Varizhuk
et al.) (Table 1). Indeed, dichloromethane, dimethylformamide, and diethyl ether are listed as highly
avoidable solvents,** and iodomethane causes severe environmental concerns (H410). In contrast,
the biocatalytic cascade reported herein did not generate red flags for any categories.

E-factor calculations for all four methods (detailed information is provided in the Sl) demonstrated
that our cascade approach showed the lowest sEF (0.9 vs 3.7, 8.9 and 5.1). In contrast, the cEF of
our method was by factors of ~3.0 and ~1.5 higher compared to the methods described by Kamel et
al. and Fateev et al. (Table 1). However, a ~3.3-fold reduction in the cEF was obtained compared to
the other high-yielding chemoenzymatic approach described by Varizhuk et al.. Solvents for
purification and isolation of Rib1P had by far the most significant impact on the cEF values, as is
typical for workup procedures.>® Therefore, future studies should focus on reducing the use of
solvents (including water), e.g., by optimising the downstream processing or achieving even higher
substrate loadings (e.g., by running slurry-to-slurry reactions).

Table 1. Evaluation of the biocatalytic cascade for synthesising ribose-1-phosphate.

Chem21 tool Waste production

Health &
Yield [%] Conv. [%] S [%] AE [%] Solvents  Safety sEF cEF

51 570
Fateev et al.?3 92 77 no flag no flag

8.9 285
Kamel et al.?* no flag no flag
This work 79 88 90 71 no flag no flag 0.9 847

Conv. = conversion, S =selectivity, AE =atom economy, EtOH =ethanol, DMF = N,N-
dimethylformamide, DCM = dichloromethane, Et,O = diethyl ether, Mel = iodomethane. sEF = simple
E-factor, cEF = complete E-factor. The colours of the Chem21 tool were changed for accessibility.

Conclusion

In conclusion, we present an improved biocatalytic process for the one-pot synthesis of Rib1P. By
coupling a selective guanine deaminase to the NP-catalysed Guo cleavage, Gua was efficiently
deaminated to Xan, hence shifting the reaction towards almost complete Guo cleavage. We
demonstrate that this biocatalytic approach decreases the need for toxic reagents and purification
steps, reducing the overall environmental burden of Rib1P synthesis. Due to the wide substrate
spectrum of NPs, our approach offers the opportunity to produce a wide range of P1Ps. We expect
our work to facilitate biocatalytic access to many sought-after nucleoside analogues by providing
straightforward access to P1Ps as springboard synthons.
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