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Experimental information 
 

General information 

All chemicals and solvents were of analytical grade or higher, used without further purification and 

purchased from Sigma-Aldrich (Steinheim, Germany), Carl Roth (Karlsruhe, Germany), TCI 

Deutschland (Eschborn, Germany), Biosynth (Berkshire, UK), or VWR (Darmstadt, Germany). The 

purine nucleoside phosphorylases (PNP N02, E-NP-2002, CAS Number 9030-21-1, and PNP N04, 

E-NP-2004, CAS Number 9030-21-1) and pyrimidine nucleoside phosphorylase (PyNP Y02, E-NP-

1002, CAS Number 9055-35-0) were kindly provided by BioNukleo GmbH (Berlin, Germany). Stock 

solutions with concentrations usually between 1 mM and 5 mM for nucleosides and 50 mM for Rib1P 

were prepared in deionised water (prepared with a Veolia purification system). Nucleosides and 

nucleobases were stored at room temperature (as precipitation routinely occurred at 4 °C), and 

Rib1P was stored at –20 °C to protect from degradation. All raw MS and NMR data, as well as each 

figure's source data (when applicable) from the main manuscript and SI, are freely available 

externally at zenodo.org (ref1). 

 

Bioinformatic and database  

Sequences are available from UniProt (https://www.uniprot.org/) and PDB (https://www.rcsb.org/). 

Alignment was performed using the Clustal2.1 tool. Structural prediction was performed using 

AlphaFold (https://alphafold.ebi.ac.uk/) and superimposition via the PDB structural alignment tool 

(https://www.rcsb.org/alignment, jFATCAT (rigid)). Please see the respective sections in this 

supplementary information for accessions and sequences. 

 

Cloning and transformation 

Guanine deaminase gene of Deinococcus geothermalis (DgGuaD) was synthesised by GeneArt 

(ThermoFisher, Darmstadt, Germany) with BamHI and HindIII restriction sites. We first transformed 

competent cells (E. coli Top10) to amplify the GeneArt plasmid. To introduce an N-terminal His6-tag 

for purification and enable inducible expression under the control of the lac-operon, we cloned the 

gene of interest into an expression vector (a modified pCTUT7, a plasmid map can be found in ref2) 

using the restriction sites BamHI and HindIII.  

All transformations were performed with the following procedure: E. coli pellet of a 10 mL 

culture grown in LB medium for 1 h at 37 °C and 250 rpm was washed in an ice-cold solution of 

50 mM Tris pH 7.5 /0.1 M CaCl2 twice and incubated on ice for 30 min in the first wash and 2 h in 

the second wash step (final volume 600 µL). 100 μL of the chemically competent cells were 

incubated on ice for 30 minutes with 1 μL of either plasmid or ligation mix. The cells were then heat-

shocked at 42 °C for 1 min, and 600 μL of SOC medium was added before shaking the 
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transformation mix at 37 °C for 1 h. Subsequently, the cells harbouring the plasmids were streaked 

on LB plates with 1% ampicillin (the resistance is transferred by the plasmid).  

Plasmid purification: Cells carrying the plasmid were incubated in 5 mL LB for 6 h at 37 °C 

and 250 rpm. The cells were harvested by centrifugation and lysed, and the plasmid was purified 

using the QIAprep® Spin Miniprep Kit.  

Cloning procedure: The obtained plasmids (amplicons of the GeneArt vector) were cut with 

BamHI and HindIII (Cutsmart, 5 μL of plasmid was combined with 5 μL of buffer, 37 μL of water, 

1μL   BamHI and 2 μL of HindIII). The amount of HindIII was twice used, as the enzyme only showed 

50% activity in the buffer, while BamHI showed 100% activity in Cutsmart. The restriction was run at 

37 °C for 1 h. In the last 5 minutes of the restriction, phosphatase was added to prevent the re-

ligation of the insert with the rest of the plasmid. After manufacturing recommendations, the insert 

was isolated via agarose gel electrophoresis (2% agarose) and purified via QIAquick Gel Extraction 

Kit. Next, we cloned the insert into the expression vector by combining the backbone to insert in a 

1:3 ratio. The ligation was performed in a total volume of 50 μL containing 5 μL buffer, 1 μL ligase, 

and 34 μL water for 1.5 h. Following the abovementioned procedure, the plasmid was introduced 

into competent BL21 cells and then plated onto LB agar plates with 100 μg mL-1 ampicillin and 1% 

glucose. Glucose was added to prevent any leaky expression from the plasmid. The sequence of 

the obtained plasmid was verified by Sanger Sequencing (LGC Genomics GmbH). 

 

Expression and purification of the used enzymes 

DgGuaD was expressed in E. coli BL21 (NEB, Frankfurt am Main, Germany) using EnPresso® B 

medium (Enpresso, Berlin, Germany) based on the manufacturer's recommendations and as 

recently described.3,4 Briefly, 50 mL Enpresso B medium supplemented with antibiotic (100 mg L-1 

ampicillin) was inoculated to an initial OD600 of 0.15 in an Ultra Yield flask (250 mL). The resulting 

culture was grown at 30 °C and 200 rpm for 15-18 h before adding Isopropyl-β-D-

thiogalactopyranosid (IPTG) to a final concentration of 0.1 mM. The culture was incubated at 30 °C 

and 250 rpm for 24 h before the cells were harvested by centrifugation (8000 g, 10 min, 4 °C). The 

cell pellet was frozen or used for lysis directly (see below). 

To perform lysis and purification, the cells were subjected to an enzymatic lysis buffer containing 

0.6 μg mL-1 DNA Benzonase (Merck), 1 mg mL-1 Lysozyme (Fluke), and 1 mM MgCl2. The cells were 

incubated with a buffer-to-wet weight ratio of 3 mL per gram at room temperature for 30 min. The 

cells were then disrupted using sonication (10 min at 30% power input and 30 seconds on/off 

intervals). Consequently, the resulting lysate was treated at a temperature of 50 °C for 20-30 minutes 

to precipitate E. coli proteins and cell debris. After that, the precipitated protein was separated by 

centrifugation (8000 g, 20 min, 4°C). Cell-free extracts were then applied to a Ni Sepharose column 

(Jena Bioscience) pre-equilibrated with a binding buffer (50 mM sodium phosphate buffer, 300 mM 

NaCl, 10 mM imidazole). Non-specifically binding proteins were eliminated by a washing buffer (50 
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mM sodium phosphate buffer, 300 mM NaCl, 20 mM imidazole). The protein of interest was finally 

eluted with an elution buffer (50 mM sodium phosphate buffer, 300 mM NaCl, 250 mM imidazole). 

Fractions containing pure target protein (as determined by 12%-SDS PAGE) were combined and 

directly subjected to dialysis against 2 mM K2HPO4 (pH 9). The resulting protein preparations were 

stored at 4 °C. The purity of enzyme preparation was checked via SDS-PAGE (12%). Protein 

concentration was determined by A280 measurements at a ThermoFisher Scientific NanoDrop One 

using the molar extinction coefficient E1% predicted by Protparam. 

 

Enzymatic reactions  

Enzymatic reactions typically were conducted in a volume of 200 µL to 2000 µL. Reactions were 

usually prepared from stock solutions except for reactions containing >5 mM Guo. After adding the 

enzyme, reactions were typically incubated in a water bath (in glass reaction vials, up to 4 mL), 

thermoblock (in reactions up to 2 mL), or PCR cycler (in reactions up to 200 μL), depending on the 

reaction volume. Pictures of the experimental setup can be found in Figure S12. Samples were 

drawn for spectral unmixing, HPLC, or TLC (see below). For detailed information on supplementary 

experiments, see their respective figure descriptions. 

Kinetic reactions for GuaD dependent on the pH value were performed with 1 mM Gua, 50 mM 

K2HPO4, 50 mM PHB buffer with different pH values, and 10 μL enzyme in a total reaction volume 

of 500 μL. Reactions were drawn and analysed via HPLC. Reactions were carried out at four different 

temperatures to determine how temperature influences activity. The specific activity was determined 

based on the initial reaction velocity, where one unit (U) is one micromole substrate conversion per 

minute. The temperatures investigated were 30 °C, 40 °C, 50 °C and 60 °C. The total reaction 

volume was 400 μL for all measurements, and 50 mM glycine-OH pH 9 (pH was adjusted with KOH 

or NaOH) and 0.2 mM Gua were used. The enzyme concentration was set to 0.08 μg mL-1 at 30 °C 

for two measurements and halved with increasing temperature. This means that 0.04 μg mL-1 was 

used at 40 °C, 0.02 μg mL-1 at 50 °C and 0.01 μg mL-1 at 60 °C. 70 μL samples were taken after 1, 

2 and 3 min and quenched in 140 μL 200 mM NaOH for analysis via spectral unmixing. Based upon 

this, we calculated the observed rate constant (kobs) as the degree of conversion (mol per second) 

per mol enzyme applied (using the molar extinction coefficient as predicted by Protpram). All kinetic 

experiments were conducted in triplicates.  

To investigate whether DgGuaD also reacts with other nucleobases, reactions were prepared 

with a volume of 200 μL containing 50 mM glycine-OH pH 9, 1 μg mL-1 of the enzyme and 0.2 mM 

of the respective nucleobase. These reactions were incubated for 20 min at 40 °C. The absorbance 

was then measured between 250 and 350 nm and compared with a reference sample of the 

respective nucleoside. 

To develop the biocatalytic cascades, the first screening reactions were performed in a volume 

of 200 μL containing 5 mM Guo with various concentrations of phosphate and enzyme concentration 
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(see main manuscript). Next, substrate-increased reactions (>5 mM) were performed in glass 

reaction vials with a magnetic stirrer in a volume of 2 mL and placed in a heated water bath at 50 °C. 

The same setup was applied for the pre-run of the gram synthesis under optimal conditions. Samples 

were typically analysed via TLC and HPLC.  

Direct glycosylations with halogenated pyrimidine bases were performed with 2 mM Rib1P, 

2 mM halogenated nucleobase, 50 mM glycine-OH pH 9, 0.1 mg mL-1 PyNP Y02 (BioNukleo GmbH, 

Berlin, Germany) in a total volume of 200 μL. Reactions were heated at 50 °C, and samples were 

drawn until they reached equilibrium as determined by HPLC.  

Thermodynamic calculations were performed using the publicly available Excel sheet published 

in ref5. The readers are referred to the mentioned publication for the principles and background of 

those calculations.  

 

Thermal shift assay 

The melting temperature of DgGuaD was measured using a thermal shift assay. Therefore, 

100 μg mL-1 DgGuaD was buffered in glycine-OH pH 9 (200 mM/50 mM) and MOPS pH 7 

(200 mM/50 mM). The enzyme solutions were then heated to 50 °C for 30 seconds in a Biorad 

CFX96 Real-Time System. The temperature was increased in 0.5 °C increments every 5 s until a 

final temperature of 95 °C was reached. Fluorescence was measured during each 0.5 °C interval 

(λex = 470 nm, λem = 570 nm). The melting temperature was determined as the inflexion point of 

fluorescence versus temperature. 

 

Spectral unmixing  

This UV/Vis spectroscopy-based method uses differences in UV absorption spectra of nucleosides 

and nucleobases after alkaline quenching to estimate their ratio based on spectral shape by fitting.6 

Samples for spectral unmixing were quenched with 2 equivalents (eq) NaOH, and UV absorption 

spectra volumes were recorded on a BioTek PowerWave HT plate reader using UV/Vis-transparent 

96-well plates (UV-STAR F-Bottom #655801, Greiner Bio-One). Calculations were performed as 

previously shown.7 The code is publicly available at https://gitlab.com/rgiessmann/data_toolbox. 

 

High-performance liquid chromatography (HPLC) 

For HPLC analysis, samples were stopped with 1 eq. ice-cooled MeOH. After centrifugation 

(21000 g, 25 min, 4 °C) to remove the enzyme, samples were analysed either on an Agilent 1200 or 

Agilent 1260 system. Here, we applied our previously published method4,8 for separating reaction 

mixtures containing Rib1P, Gua, Guo, Xan, and Xao. The column temperature was set to 25 °C and 

separation was achieved on the Kinetex EVO C18 column (250 × 4.6 mm, Phenomenex) by applying 

a 1 mL min-1 flow with water (A) and MeCN (B) as eluent. The elution method consisted of a linear 
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gradient from 3–40% MeCN over 10 min, followed by 4 min re-equilibration at 3% MeCN. 

Chromatograms were extracted at 260 nm.  

 

Optimised protocol for the gram-scale synthesis of Rib1P 

After establishing a suitable method to produce Rib1P, two g-scale reactions were carried out 

according to the following scheme (Figure S12A):  

i. The activity was validated using different PNP batches. This ensures that the reactions can be 

stopped at the highest conversion towards Rib1P and that the competing side reaction (Xao 

synthesis) can be kept at a minimum.  

ii. Subsequently, a test synthesis was carried out on a 2 mL scale to estimate the optimal time to 

stop the reaction. Therefore, 25 mM Guo (1.06 g, 3.74 mmol) were reacted with 30 mM HPO4
2- (1.2 

eq., 4.5 mmol) and PNP N04 and DgGuaD with the beforehand determined optimal enzyme 

concentration (0.049 mg mL-1 PNP N04 and 0.016 mg mL-1 DgGuaD for the first run and 0.04 mg mL-

1  PNP N04, 0.016 mg mL-1 DgGuaD for the second run), at 50 °C. The reactions turned clear after 

~15 min and reached ~88% conversion after 30-35 min.  

iii. This was followed by the synthesis of Rib1P on a 150 mL scale (performed in round-bottom flasks) 

using the same reaction conditions as for the 2 mL reactions. Both batches’ reactions were stopped 

after 30–35 min with 88% conversion. The reactions were stopped by freezing (–20 °C) in pre-cooled 

centrifugation tubes.  

iv. Finally, purification was carried out by precipitation of nucleoside/base and phosphate. Rib1P 

was then precipitated as a barium salt. A detailed description of the purification can be found below.  

While the first batch was used to optimize the workflow, the second batch served for the validation 

of our method. In the first batch, for example, the separation of the Rib1P precipitate by filtration or 

centrifugation was compared (Batch 1A and Batch 1B). Here, it was shown that centrifugation is 

more suitable but requires thorough drying to remove the EtOH. The data presented in the main 

manuscript are based on the results obtained for the second batch (Batch 2) unless stated otherwise. 

 

Purification of Rib1P  

For the purification of Rib1P, we modified our previously presented method.9 After the enzymatic 

synthesis, the frozen reaction mixture was thawed, and the precipitated enzyme was removed by 

filtration through a cellulose nitrate filter (0.4 μm). All subsequent steps were performed on ice, and 

incubation steps were performed at 4 °C to protect Rib1P from degradation and facilitate 

precipitation. Next, the remaining nucleosides/nucleobases were precipitated by lowering the pH 

with HCl to ~7 (the measured value before was ~9.4–5). After incubation for 1 h, the reaction was 

filtered (cellulose nitrate filter, 0.4 μm). To raise the pH value again, an amount of aqueous ammonia 

solution (25% w/v) that corresponded to 1/3 of the volume of the reaction mixture was added. 

Phosphate was precipitated with a solution of MgCl2 and NH4Cl and was applied in a 1.5 eq. 
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concentration to the calculated remaining phosphate of the respective conversion. The solution was 

incubated for 3 h or overnight (16 h) and filtered (cellulose nitrate filter, 0.4 μm). Samples were drawn 

for TLC to verify phosphate precipitation. The filtrate was then used directly for barium precipitation. 

Barium acetate was added to the filtrate at an equimolar concentration (added in a 50 mL solution) 

compared to the nucleoside substrate, followed by 600 mL absolute ethanol addition. The barium 

salts of Rib1P were precipitated at 4 °C overnight (16–20 h). We compared filtration and 

centrifugation in the first synthesis, and these are annotated as Batch 1A and Batch 1B (Figure 12D). 

Batch 2 originated from the second synthesis. The precipitated salts were collected by centrifugation 

at 8000 g for 10 min and filtrated samples with ethanol-compatible filters (>0.2 μM). The collected 

pellets were washed 2–3 times with absolute ethanol (>99.8%) and dried at 50 °C. The relative yield 

of Rib1P-Ba salts compared to the starting concentration of the substrate was calculated as the ratio 

of Rib1P concentration (mmol) to substrate concentration (Guo, mmol). Using standard curves, the 

purity of UV-active compounds was tested via HPLC at 260 nm. Overall purity was determined by 

quantitative 1H measurements (see NMR spectroscopy). All yield and purity data are collected in 

Figure S12. Intactness was verified in direct glycosylations with halogenated uridine bases (see 

enzymatic reactions). A detailed description of the method can also be found in the greenness 

evaluation part. 

 

Thin layer chromatography (TLC) 

TLC analysis was performed as we recently described.9 Briefly, reaction mixtures were spotted on 

silica plates (Merck) to the desired final concentration. A solvent mixture of n-propanol, ammonia, 

and H2O was then used in a ratio of 11:2:7 for separating Rib1P reactions. Nucleoside and base 

signals were detected by UV light. Rib1P was detected colourimetrically by heating the TLC plates 

at 110 °C for 5–15 min after treatment with a p-anisaldehyde-sulphuric acid solution (p-anisaldehyde, 

concentrated H2SO4 and 96% ethanol at a ratio of 1:1:18) (Figure 12B). Inorganic phosphate was 

detected using the Hanes reagent.10 

 

NMR spectroscopy   
1H and 31P NMR spectra were recorded in D2O on a Bruker Avance III 700 MHz or 500 MHz 

instrument. Chemical shifts are reported in parts per million (ppm) relative to TMS and are referenced 

to the residual solvent resonance (1H NMR: δ = 2.50 ppm for DMSO-d5 and δ = 4.79 ppm for HDO).11 
31P NMR spectra are referenced in compliance with the unified scale relative to H3PO4.12 

For the quantitative determination of impurities, a 1H spectrum with a recycle time between the 

pulses of 58 s was used to allow full relaxation of the nuclear spins. Two methods were used to 

determine the integrals: the fitting of the signal shapes with the decon tool of topspin and a careful 

"normal" integration in topspin. 
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H,H-NOESY spectra were measured to determine the configuration at the anomeric position. 

The anomeric alpha configuration of ribose-1-phosphate was concluded from the NOE of hydrogen 

1 to hydrogen 3 and a lack of an NOE from hydrogen 1 to hydrogen 4. An authentic sample of Rib1P 

(BioNukleo GmbH, Berlin, Germany) was used to measure the NOESY. Due to the identical chemical 

shift, this Rib1P must have the identical anomeric centrum as the products from the enzymatic 

synthesis developed in this paper. 

 

Greenness evaluation 

To evaluate our presented method against other state-of-the-art chemo-enzymatic methods, we 

followed the recommendation of the CHEM21 zero-pass tool.13 The tool allows a rapid comparison 

of different methods by creating categories and assigning flags. Therefore, it is advantageous in the 

early development of synthesis routes by spotting significant flaws within them. However, we 

changed the colours to make it more accessible for colour-deficient people.14 The greenness 

evaluation part of the supplementary experimental information describes the calculation used for the 

green metrics.  

Finally, we expanded our analysis by the E-factor, which calculates waste production (by dividing 

the total mass of materials used by the mass of generated product)15,16 and has proven insightful for 

comparing nucleoside synthesis routes.17 For the calculations, we followed a procedure similar to 

what was recently reported.17 Briefly, experimental details were taken from the original reports or 

detailed information was provided: quantities (g, mol) of all starting materials, reaction solvents (L, 

g), and extraction solvents (L, g), and amount of product (yield, g, mol). Quantities were sorted into 

the following categories: reagents and organic compounds, inorganics and salts, solvents and water. 

We calculated the simple E-factor (sEF, considering only reagents and starting materials) and 

complete E-factor (cEF, further including inorganics, organic solvents, and water) using this raw data. 

In multistep synthesis routes, the E-factor was extended by the E-factor of the previous steps (by 

multiplying the mass with the respective E-factor).  

If a range of quantities is provided for a given step, we assumed the median value (e.g., if the 

protocol states 4-6 volumes are needed, we assumed 5). When no data is provided, we assume the 

values as recommended.17 All assumed data are marked in italics and clearly marked as that. The 

values were rounded to the nearest plausible gram, with no more than three decimal places. 
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Supplementary data 
Sequences  
 
The added his-tag is marked blue and is encoded on the expression vector.  
 
>DgGuaD (WP_011525960.1, UniProt: Q1J394) 
 
MRGSHHHHHHGSTTGQVTLYRATFMHTPASPFTAPDTLQIQEDGALLVEDGRILAGGPYAQVRA
AQPRAEVVDLRGGVLLPGFIDTHVHYPQVRVLGGLGMGLLEWLDRNTLPEEARLSDPVYARAVA
REFLSALASNGTTTALVFGSHYASAMDVFFEEAARTGLRVVAGQVVSDRLLRPELHTTPERAYAE
GKALIERWHGVGRALYAVTPRFALSASEGILDACGALMRECEGVRFTSHINENPREIETVLQLFPG
ARDYLDPYERAGLVTRRSVLAHNVHPTDRELSVMAAHHCSAAHCPCSNAALGSGLFPLRRHLQA
GVHVSLGTDVGGGTGFSMLKEGLQAYFMQQLLGSAGAVLGPAELLYLATRAGAEALDLQDLTGD
FGVGKAFDAVYLRPPEGTTLATVLRHADSSARVLAALFTLGTGQDVAQVWVGGDSVYRRASSAQ
EVRL 
 
 
 
Sequences used for alignment. 
>P76641|guanine deaminase|EC 3.5.4.3|Escherichia coli (strain K12)|Swiss-Prot|EcGuaD 
 
MMSGEHTLKAVRGSFIDVTRTIDNPEEIASALRFIEDGLLLIKQGKVEWFGEWENGKHQIPDTIRVR
DYRGKLIVPGFVDTHIHYPQSEMVGAYGEQLLEWLNKHTFPTERRYEDLEYAREMSAFFIKQLLRN
GTTTALVFGTVHPQSVDALFEAASHINMRMIAGKVMMDRNAPDYLLDTAESSYHQSKELIERWHK
NGRLLYAITPRFAPTSSPEQMAMAQRLKEEYPDTWVHTHLCENKDEIAWVKSLYPDHDGYLDVYH
QYGLTGKNCVFAHCVHLEEKEWDRLSETKSSIAFCPTSNLYLGSGLFNLKKAWQKKVKVGMGTDI
GAGTTFNMLQTLNEAYKVLQLQGYRLSAYEAFYLATLGGAKSLGLDDLIGNFLPGKEADFVVMEP
TATPLQQLRYDNSVSLVDKLFVMMTLGDDRSIYRTYVDGRLVYERN 
 
>Q07729|guanine deaminase|EC 3.5.4.3|Saccharomyces cerevisiae (strain ATCC 204508 / 
S288c)|Swiss-Prot|ScGuaD 
MTKSDLLFDKFNDKHGKFLVFFGTFVDTPKLGELRIREKTSVGVLNGIIRFVNRNSLDPVKDCLDHD
SSLSPEDVTVVDIIGKDKTRNNSFYFPGFVDTHNHVSQYPNVGVFGNSTLLDWLEKYTFPIEAALA
NENIAREVYNKVISKTLSHGTTTVAYYNTIDLKSTKLLAQLSSLLGQRVLVGKVCMDTNGPEYYIED
TKTSFESTVKVVKYIRETICDPLVNPIVTPRFAPSCSRELMQQLSKLVKDENIHVQTHLSENKEEIQ
WVQDLFPECESYTDVYDKYGLLTEKTVLAHCIHLTDAEARVIKQRRCGISHCPISNSSLTSGECRV
RWLLDQGIKVGLGTDVSAGHSCSILTTGRQAFAVSRHLAMRETDHAKLSVSECLFLATMGGAQVL
RMDETLGTFDVGKQFDAQMIDTNAPGSNVDMFHWQLKEKDQMQEQEQEQGQDPYKNPPLLTN
EDIIAKWFFNGDDRNTTKVWVAGQQVYQI 
 
>Q9Y2T3|guanine deaminase|EC 3.5.4.3|Homo sapiens|Swiss-Prot|HsGuaD 
MCAAQMPPLAHIFRGTFVHSTWTCPMEVLRDHLLGVSDSGKIVFLEEASQQEKLAKEWCFKPCEI
RELSHHEFFMPGLVDTHIHASQYSFAGSSIDLPLLEWLTKYTFPAEHRFQNIDFAEEVYTRVVRRTL
KNGTTTACYFATIHTDSSLLLADITDKFGQRAFVGKVCMDLNDTFPEYKETTEESIKETERFVSEML
QKNYSRVKPIVTPRFSLSCSETLMGELGNIAKTRDLHIQSHISENRDEVEAVKNLYPSYKNYTSVYD
KNNLLTNKTVMAHGCYLSAEELNVFHERGASIAHCPNSNLSLSSGFLNVLEVLKHEVKIGLGTDVA
GGYSYSMLDAIRRAVMVSNILLINKVNEKSLTLKEVFRLATLGGSQALGLDGEIGNFEVGKEFDAILI
NPKASDSPIDLFYGDFFGDISEAVIQKFLYLGDDRNIEEVYVGGKQVVPFSSSV 
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>2OOD_1|Chain A|Blr3880 protein|Bradyrhizobium japonicum (224911)|BjGuaD 
MSLTTVGIRGTFFDFVDDPWKHIGNEQAAARFHQDGLMVVTDGVIKAFGPYEKIAAAHPGVEITHI
KDRIIVPGFIDGHIHLPQTRVLGAYGEQLLPWLQKSIYPEEIKYKDRNYAREGVKRFLDALLAAGTTT
CQAFTSSSPVATEELFEEASRRNMRVIAGLTGIDRNAPAEFIDTPENFYRDSKRLIAQYHDKGRNL
YAITPRFAFGASPELLKACQRLKHEHPDCWVNTHISENPAECSGVLVEHPDCQDYLGVYEKFDLV
GPKFSGGHGVYLSNNEFRRMSKKGAAVVFCPCSNLFLGSGLFRLGRATDPEHRVKMSFGTDVG
GGNRFSMISVLDDAYKVGMCNNTLLDGSIDPSRKDLAEAERNKLSPYRGFWSVTLGGAEGLYIDD
KLGNFEPGKEADFVALDPNGGQLAQPWHQSLIADGAGPRTVDEAASMLFAVMMVGDDRCVDET
WVMGKRLYKKSEGHHHHHH 
  



12 
 

Genome mining and characterisation of a thermostable GuaD 
 

Thermostability is considered one of the most critical factors for applying enzymes in 

bioindustry.18,19 As such, most NP-mediated chemistry is with thermostable NPs.3,4,20,21 Therefore, 

we re-analysed the genomic space of well-described thermophilic bacteria (Deinococcus 

geothermalis, Parageobacillus thermoglucosidasius, Thermus thermophilus and Thermotoga 

maritima) for annotated GuaDs. Surprisingly, we only found a guanine deaminase for D. 

geothermalis. Hence, we decided to study both GuaD from D. geothermalis and the well-known E. 

coli GuaD. As re-cloning of the guaD into the expression plasmid failed for the E. coli enzyme, we 

only proceeded with DgGuaD. We expressed it in E. coli BL21 as an N-terminal his-tagged version, 

allowing the recombinant protein to be efficiently purified (Figure S2).  

There are two classes of GuaD: i) the cytidine and ii) the amidohydrolase superfamily groups, 

including DgGuaD. Sequence alignments revealed low amino acid identity to the E. coli, 

Bradyrhizobium japonicum, Saccharomyces cerevisiae and Homo sapiens GuaD, with 39%, 38%, 

31%, and 31%, respectively (Figure S3, S4). Despite sharing low identity, AlphaFold prediction22,23 

shows the highly conserved TIM barrel tertiary structure with high structural similarity to the GuaD 

from E. coli (EcGuaD, 6OHB) (Figure S1A). 

We were first interested in exploring whether DgGuaD discriminates between Gua and Guo, as 

other annotated GuaDs have also been shown to accept Guo,24,25 and this would make the 

application in our coupled system impossible. Initial reactions with Gua and Guo revealed that only 

Gua serves as a substrate, with complete conversion of Gua to Xan (Figure S1B, see Figure S6 for 

time course experiment). To date, little is known about the structure-specificity relationship of 

aminohydrolase-like guanine deaminases. However, for the structurally well-characterised NE0047 

from Nitrosomonas europaea,26,27 (belonging to the cytidine superfamily), which also strictly accepts 

Gua, it was described that the C-terminal loop controls the substrate specificity. The function of this 

loop is supposed to slide over the catalytic centre like a lid after ligand binding. This conformational 

change also limits the size of the possible ligands, disallowing the deamination of the bulkier 

nucleosides. 

Curious if other (modified-)nucleobases would also be accepted, we screened a wide panel of 

nucleobases (including both pyrimidines and purines), none of which were substrates for DgGuaD 

(Figure S7). 

Next, we sought to determine the catalytic activity of DgGuaD. Depending on the pH, kinetic 

experiments determined a single optimum at pH 6-7 (Figure S1C). This is comparable with other 

described GuaDs with single pH optima between 6.8 and 9.4.28–30 Notably, with a maximum of more 

than 1400 U mg-1 at pH 6 (Figure S8), this is the highest measured specific activity of a GuaD to the 

best of our knowledge. Since the optimal growth temperature of D. geothermalis is between 45 °C 

and 50 °C,31 we wanted to explore whether DgGuaD is a thermostable enzyme. After determining 
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the melting temperature (Tm = 75 °C, Figure S9), we further explored the 30–60 °C activity range. 

Surprisingly, there was no strong dependence of activity on temperature (Figure S1D). An 

explanation might be found in the catalytic mechanism. GuaDs catalyse the deamination in three 

steps, the activation energies of the last two intermediate steps being in the same order of 

magnitude.32 Therefore, the first rate-determining step may change due to the increasing 

temperature. This change would cause the activity to decrease but would be offset by the increased 

activity due to the increased temperature. 

 

 
Figure S1. Characterisation of the thermostable DgGuaD. A) Structural alignment of alpha fold 

prediction of DgGuaD and EcGuaD (PDB id: 6OHB) B) The HPLC traces show reactions employing 

DgGuaD with Gua or Guo as substrates. The top lane is an authentic Xan standard. C & D) The 

relative activity of DgGuaD depends on pH and temperature. Measurements were repeated in 

triplicates. The highest activity was set to 100%. 
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Figure S2. Representative SDS-PAGE of DgGuaD purification. S = lysate sample, W = wash 

fractions, M = marker (kDa), E = elution fraction containing DgGuaD at 40-50 kDa (estimated size is 

48 kDa).  
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DgGuaD              ----------MTTGQ--VTLYRATFMHTPASPFTAP----DTLQIQEDGALLVED-GRIL 43 
EcGuaD              ----------MMSGEHTLKAVRGSFIDVTRT-IDNPEEIASALRFIEDGLLLIKQ-GKVE 48 
BjGuaD              -------------MSLTTVGIRGTFFDFVDDPWKHIGNEQAAARFHQDGLMVVTD-GVIK 46 
ScGuaD              MTKSDLLFDKFNDKHGKFLVFFGTFVDTP---KLGE------LRIREKTSVGVL-NGIIR 50 
HsGuaD              MCAA--------QMPPLAHIFRGTFVHST---WTCP------MEVLRDHLLGVSDSGKIV 43 
                                          .:*..                .. ..  : :   * :  
 
DgGuaD              AGGPYA---------QVRAAQP-RAEVVDLR-------GGVLLPGFIDTHVHYPQVRVLG 86 
EcGuaD              WFGEWE---------NGKHQIPDTIRVRDYR-------GKLIVPGFVDTHIHYPQSEMVG 92 
BjGuaD              AFGPYE---------KIAAAHP-GVEITHIK-------DRIIVPGFIDGHIHLPQTRVLG 89 
ScGuaD              FVNRNSLDPVKDCLDHDSSLSPEDVTVVDIIGKDKTRNNSFYFPGFVDTHNHVSQYPNVG 110 
HsGuaD              FLEEASQ---QEKLAKEWCFKP--------CEIRELSHHEFFMPGLVDTHIHASQYSFAG 92 
                                   :     *                  . .**::* * *  *    * 
 
DgGuaD              GLGM-GLLEWLDRNTLPEEARLSDPVYARAVAREFLSALASNGTTTALVFGSHYASAMDV 145 
EcGuaD              AYGE-QLLEWLNKHTFPTERRYEDLEYAREMSAFFIKQLLRNGTTTALVFGTVHPQSVDA 151 
BjGuaD              AYGE-QLLPWLQKSIYPEEIKYKDRNYAREGVKRFLDALLAAGTTTCQAFTSSSPVATEE 148 
ScGuaD              VFGNSTLLDWLEKYTFPIEAALANENIAREVYNKVISKTLSHGTTTVAYYNTIDLKSTKL 170 
HsGuaD              SSIDLPLLEWLTKYTFPAEHRFQNIDFAEEVYTRVVRRTLKNGTTTACYFATIHTDSSLL 152 
                          ** ** :   * *    :   *.     .:      ****   : :    :    
 
DgGuaD              FFEEAARTGLRVVAGQVVSDRLLRPE-LHTTPERAYAEGKAL---IERWH--GVGRALYA 199 
EcGuaD              LFEAASHINMRMIAGKVMMDRNAPDY-LLDTAESSYHQSKEL---IERWH--KNGRLLYA 205 
BjGuaD              LFEEASRRNMRVIAGLTGIDRNAPAE-FIDTPENFYRDSKRL---IAQYH--DKGRNLYA 202 
ScGuaD              LAQLSSLLGQRVLVGKVCMDTNGPEY-YIEDTKTSFESTVKVVKYIRETI--CDPLVNPI 227 
HsGuaD              LADITDKFGQRAFVGKVCMDLNDTFPEYKETTEESIKET---ERFVSEMLQKNYSRVKPI 209 
                    : : :   . * ..* .  *            :    .       : .             
 
DgGuaD              VTPRFALSASEGILDACGALMRECEGVRFTSHINENPREIETVLQLFPGARDYLDPYERA 259 
EcGuaD              ITPRFAPTSSPEQMAMAQRLKEEYPDTWVHTHLCENKDEIAWVKSLYPDHDGYLDVYHQY 265 
BjGuaD              ITPRFAFGASPELLKACQRLKHEHPDCWVNTHISENPAECSGVLVEHPDCQDYLGVYEKF 262 
ScGuaD              VTPRFAPSCSRELMQQLSKLVK-DENIHVQTHLSENKEEIQWVQDLFPECESYTDVYDKY 286 
HsGuaD              VTPRFSLSCSETLMGELGNIAK-TRDLHIQSHISENRDEVEAVKNLYPSYKNYTSVYDKN 268 
                    :****:  .*   :     : .   .  . :*: **  *   *   .*   .* . *.:  
 
DgGuaD              GLVTRRSVLAHNVHPTDRELSVMAAHHCSAAHCPCSNAALGSGLFPLRRHLQ--AGVHVS 317 
EcGuaD              GLTGKNCVFAHCVHLEEKEWDRLSETKSSIAFCPTSNLYLGSGLFNLKKAWQ--KKVKVG 323 
BjGuaD              DLVGPKFSGGHGVYLSNNEFRRMSKKGAAVVFCPCSNLFLGSGLFRLGRATDPEHRVKMS 322 
ScGuaD              GLLTEKTVLAHCIHLTDAEARVIKQRRCGISHCPISNSSLTSGECRVRWLLD--QGIKVG 344 
HsGuaD              NLLTNKTVMAHGCYLSAEELNVFHERGASIAHCPNSNLSLSSGFLNVLEVLK--HEVKIG 326 
                    .*   .   .*  :    *   :    ..  .** **  * **   :    .    :::. 
 
DgGuaD              LGTDVGGGTGFSMLKEGLQAYFMQQ----------------LLGSAGAVLGPAELLYLAT 361 
EcGuaD              MGTDIGAGTTFNMLQTLNEAYKVLQ-------------------LQGYRLSAYEAFYLAT 364 
BjGuaD              FGTDVGGGNRFSMISVLDDAYKVGMCNNTLLDGSIDPSRKDLAEAERNKLSPYRGFWSVT 382 
ScGuaD              LGTDVSAGHSCSILTTGRQAFAVSRH-------------LAMRETDHAKLSVSECLFLAT 391 
HsGuaD              LGTDVAGGYSYSMLDAIRRAVMVSNI-------------LLINKVNEKSLTLKEVFRLAT 373 
                    :***:..*   .::     *  :                          *   . :  .* 
 
DgGuaD              RAGAEALDLQDLTGDFGVGKAFDAVYLRPPEGTTLATV-L-------------------- 400 
EcGuaD              LGGAKSLGLDDLIGNFLPGKEADFVVMEPTATPLQQLR-YDN------------------ 405 
BjGuaD              LGGAEGLYIDDKLGNFEPGKEADFVALDPNGGQLAQPW-HQSLIA----------DGA-- 429 
ScGuaD              MGGAQVLRMDETLGTFDVGKQFDAQMIDTNAPGSNVDMFHWQLKEKDQMQEQEQEQGQDP 451 
HsGuaD              LGGSQALGLDGEIGNFEVGKEFDAILINPKASDSPIDLFYGDFFG--------------- 418 
                     .*:: * ::   * *  **  *   :                                  
 
DgGuaD              ---RHADSSARVLAALFTLGTGQDVAQVWVGGDSVYRRASSAQEVRL 444 
EcGuaD              -----SVSLVDKLFVMMTLGDDRSIYRTYVDGRLVYERN-------- 439 
BjGuaD              -GPRTVDEAASMLFAVMMVGDDRCVDETWVMGKRLYKKSEGHHHHHH 475 
ScGuaD              YKNPPLLTNEDIIAKWFFNGDDRNTTKVWVAGQQVYQI--------- 489 
HsGuaD              ------DISEAVIQKFLYLGDDRNIEEVYVGGKQVVPFSSSV----- 454 
                                :   :  * .:   ..:* *  :             

 
Figure S3. Sequence alignment of well-described GuaDs created by Clustal2.1. GuaD originate 

from different organisms: DgGuaD = Deinococcus geothermalis, EcGuaD = Escherichia coli, 

BjGuaD = Bradyrhizobium japonicum, ScGuaD = Saccharomyces cerevisiae, HsGuaD = Homo 

sapiens. 

  



16 
 

 
     1: DgGuaD          100.00   38.84   37.87   31.31   31.34 
     2: EcGuaD           38.84  100.00   43.22   32.24   34.13 
     3: BjGuaD           37.87   43.22  100.00   27.95   28.81 
     4: ScGuaD           31.31   32.24   27.95  100.00   40.13 
     5: HsGuaD           31.34   34.13   28.81   40.13  100.00 
 

Figure S4. Percent Identity Matrix of the above-shown sequence alignment created by Clustal2.1. 

DgGuaD = Deinococcus geothermalis, EcGuaD = Escherichia coli, BjGuaD = Bradyrhizobium 

japonicum, ScGuaD = Saccharomyces cerevisiae, HsGuaD = Homo sapiens. 
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Figure S5. AlphaFold22,23 prediction of DgGuaD. Accession code is AF-Q1J394-F1. This prediction 

was used for the structural alignment in Figure S1 and Table S1.  
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Table S1. Structural alignment of DgGuaD AlphaFold prediction (AF-Q1J394-F1) and EcGuaD 

(6OHB). 

 

Even though they share 38% amino acid identity, the structural alignment shows high structural 

similarity (RMSD = 1.58 Å). The alignment was performed using the PDB tool (access at 

https://www.rcsb.org/alignment, jFATCAT (rigid)). 
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Figure S6. Time course deamination of guanine (Gua) to xanthine (Xan). Reaction conditions were: 

40 °C, 50 mM glycine-OH pH 9, 0.2 mM Gua, 0.1 μg mL-1 DgGuaD. Samples were analysed via 

spectral unmixing. 
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Figure S7. The substrate scope of DgGuaD. Reactions contained 50 mM glycine-OH pH 9, 0.2 mM 

nucleobase, 1 µg mL-1 DgGuaD and were incubated at 40 °C for 20 min. Data was generated by 

spectral unmixing. 
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Figure S8. Unnormalised kinetic data in dependence on the pH value. Reactions were performed 

with 1 mM Gua, 50 mM K2HPO4, 50 mM PHB buffer in different pH values, and 10 μL enzyme in a 

total reaction volume of 500 μL. Reactions were analysed via HPLC. To our knowledge, a specific 

activity of over 1400 U mg-1 for Gua is the highest measured activity compared to other GuaDs. 
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Figure S9. Melting temperature of DgGuaD. Melting temperature was determined in different buffers 

(MOPS pH 7/glycine-OH pH 9) and concentration (50/200 mM) with 100 µg mL-1 DgGuaD.  
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Figure S10. N7-xanthosine formation with PNP N02 and PNP N04. A) The reaction conditions 

contained 50 mM Na-borate buffer pH 9, ~1 mM Xan, 1.25 mM Rib1P, 10 mM phosphate, and 

0.075 mg mL-1 PNP N02 or PNP N04. The reactions were incubated for 30 min at 50 °C. B) The 

corresponding HPLC analysis of those reactions. The top lane is an authentic N7-Xao standard. 

Under the given conditions (50°C, excess phosphate and borate buffer) PNP 04 does not produce 

N7-xanthosine. It was therefore selected for cascade reactions with DgGuaD. The differences 

between PNP N02 and PNP N04 are probably due to different reaction rates at 50°C: while PNP 

N02 has an optimum temperature of 50°C, that of PNP N04 is around 80°C. 
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Figure S11. Different UV spectra observed in the biocatalytic cascade reactions. Spectra recorded 

from an authentic 1 mM standard via HPLC (pH 5). A) N9-Xao, B) Guo, C) N7-Xao. All these spectra 

were also detected in the biocatalytic cascades and were used to observe the reaction course. D) 

Different UV spectra were observed from a representative biocatalytic cascade reaction involving 

PNP N04. The HPLC chromatogram shows the point of highest conversion to Rib1P before the 

equilibrium shifts toward Xao formation. 
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Figure S12. Gram-scale synthesis of Rib1P. A) Experimental workflow for the upscaled syntheses. 

Batch 1 was separated into Batch 1A and Batch 1B to compare filtration and centrifugation. B) 

Validation of the purification process for batches 1A and 1B by TLC. A: UV light exposure, B: Staining 

with Hanes reagent, C: Staining with Anisaldehyde solution. 1 = Guo, 2 = K2HPO4, 3 = N9-Xao, 

4 = Xan, 5 = N7-Xao, 6 = Rib1P standard, 7 = 150 mL reaction after enzyme addition (t0), 8 = 150 

mL reaction after 30 min (t1), 9 = Solution at pH 7, 10 = Solution after nucleoside precipitation, 11 & 

12 = phosphate precipitation, 13 = Solution after precipitation as barium salt, 14 = Rib1P after 
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filtration, 15 = Rib1P after centrifugation. Solvent: n-PrOH: NH3:H2O = 11:2:7. C) HPLC 

chromatograms. "pH 9.5" corresponds to the reaction mixture before nucleobase precipitation and 

"pH 7" afterwards. D) Purity determined by quantitative 1H-NMR measurements. Percentage values 

are molar ratios of the substances visible in the 1H spectrum.  
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α-D-ribose-1-phosphate  

O

HO OH

O
HO

P

O

O

O

 

1H NMR (700 MHz, D2O): δ = 3.73 (dd, 2J = 12.3 Hz, 3J = 5.4 Hz, 1H, H-5A), 3.86 (dd, 2J = 12.4 

Hz, 3J = 3.4 Hz, 1H, H-5B), 4.15 (dd, 3J = 6.1 Hz, 3J = 3.9 Hz, 1H, H-3), 4.21 (t, 3J = 4.8 Hz 1H, H-

2), 4.31 (mc, 1H, H-4), 5.69 (dd, 3J = 6.4 Hz, 3J = 4.1 Hz, 1H, H-1) ppm. 31P NMR (202 MHz, D2O): 

δ = 2.35 ppm. HRMS for C5H11O8P calculated [M+H]-: 229.0108, found 229.0108. 

For the assignment (2D and NOE) and the coupling information, an authentic Rib1P sample 

(BioNukleo GmbH, Berlin, Germany) was used due to the broad lines in the spectrum of the Rib1P 

obtained from the enzyme cascade (see 1H spectrum). The broad lines are possibly caused by the 

complexation of the barium ions. The Rib1P sample used for the assignment had the same 1H 

chemical shifts and should therefore contain both Rib1P. 

 

 

Figure S13. 1H-NMR of Rib1P 
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Figure S14. 31P-NMR of Rib1P. 
  



29 
 

 

Figure S15. 1H-selective NOESY NMR of Rib1P. The anomeric alpha configuration of ribose-1-

phosphate was concluded from the NOE of hydrogen 1 to hydrogen 3 and a lack of an NOE from 

hydrogen 1 to hydrogen 4. 
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Green metric calculations 

 

The calculation for Kamel et al. (2018)9 

 

 

 

This description is based on the publication by Kamel et al. (2018)9. However, as the information in 

the manuscript was not sufficient for the calculation, we used a protocol based on the publication 

provided by Sarah Kamel. For synthesis, uridine (14.8 g, 200 mM, 60.6 mmol) was reacted with the 

thermostable PyNP Y02 (0.115 mg mL-1, 0.036 g with 3.5 g water, = 1.00 g cm-3, with an assumed 

stock concentration of 10 g L-1) with KP puffer (150 mL, 126.5 g with  = 1.00 g cm-3, 1 M (500 mM 

in the final reaction) with potassium phosphate dibasic (MW: 174.18 g mol-1 14 g and potassium 

phosphate monobasic 9.5 g (MW: 136.09 g mol-1)) and water (146.5 mL, 146.5 g, with  = 1.00 g cm-

3). After 24 h, the reaction was cooled and filtered, and ammonia was added (100 mL 25%, 90.3 g, 

= 0.903 g cm-3). The remaining free phosphates were precipitated with ammonium chloride and 

magnesium chloride (81 g NH4Cl (6 M, MW: 53.491 g mol-1), 31 g MgCl2 (1.3 M, MW: 95.211 g mol-

1) in 138 g with  = 1.00 g cm-3 water). After cooling and filtration, the solution was concentrated to 

300 mL, and ammonia was added (30 mL 25%, 27.1 g, = 0.903 g cm-3). Rib1P was precipitated 

with barium acetate (16 g, 1.8 M, MW: 255.415 g mol-1 with 34 g water, = 1.00 g cm-3) and ethanol 

(600 mL, 481.8 g with  = 0.803 g cm-3) for 24 h at 4 °C. Finally, Rib1P salts were collected by 

centrifugation in centrifugation tubes (we assumed 6 tubes) and washed three times in ethanol 

(25 mL * 6 (tubes) * 3 = 450 mL, 357.3 g with = 0.794 g cm-3) before drying at 40 °C provided 5.5 g 

product (25% yield, 15 mmol). 

 

E-Factor calculations 

Thus, the preparation of Rib1P by Kamel et al. had a sEF of 8.9, calculated as 

 

sEF =
14.8 + 0.036 + 14 + 9.5 + 16 − 5.5

5.5
 

and a cEF of 285 calculated as  
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cEF =

14.8 + 0.036 + 3.5 + 126.5 + 14 + 9.5 + 146.5 + 90.3 + 81 + 31 + 138 + 27.1 + 16 +
34 + 481.8 + 357.3 − 5.5

5.5
  

with contributions from reagents (9.6), inorganics (20.1), organic solvents (173.6) and water (81.3). 

 

CHEM21 Zero Pass calculations 

Selectivity was calculated as, 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑌𝑖𝑒𝑙𝑑

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
∗ 100 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
25

40
∗ 100 =  63% 

 

and atom economy (AE) as  

𝐴𝑡𝑜𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 (𝐴𝐸) =
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
∗ 100 

 

𝐴𝐸 =
366.9 (Rip1P)

96 (Phosphate) + 244.2 (Urd) + 137.3 (Barium)
∗ 100 = 77%  

 

resulting in 63% selectivity and 77% atom economy for the method. 
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The calculation for Fateev et al. (2015)33 

 

 

This protocol is based on the publication by Fateev et al. (2015).33 Uridine (4 g, 16.4 mmol) was 

dissolved in a 0.1 M potassium phosphate buffer (330 mL, pH 7.0, thus we assume potassium 

phosphate dibasic (MW: 174.18 g mol-1 3.1 g and potassium phosphate monobasic 2.1 g (MW: 

136.09 g mol-1)) and water (324.8 mL, 324.8 g, with  = 1.00 g cm-3) and reacted with EcUP (25 µL, 

56 U, 0.001 g, in 0.024 g water with  = 1.00 g cm-3 ). The reaction mixture was incubated at 50°C 

for three days and then cooled to room temperature before the precipitated uracil was filtered off. To 

the filtrate, a concentrated ammonia solution (25%, 110 mL, 99.3 g, = 0.903 g cm-3) was added, 

followed by a solution containing ammonium chloride (17.5 g, 325 mmol, 25 M, MW: 53.491 g mol-

1) and magnesium chloride decahydrate (10.1 g, 36.7 mmol, 2.9 M, MW: 275.36 g mol-1) in 80 mL 

water (52.4 g, with  = 1.00 g cm-3). This mixture was stored at 4°C overnight and subsequently 

filtered. The filtrate was evaporated to a volume of 300 mL, then concentrated ammonia (30 mL, we 

assume 25%, 27.1 g, = 0.903 g cm-3), an aqueous solution of barium acetate (20 mL, 4.3 g, 16.8 

mmol, 0.3 M, MW: 255.415 g mol-1 with 15.7 g water, = 1.00 g cm-3), and ethanol (300 mL, we 

assume 240.9 g with  = 0.803 g cm-3) was added. After standing for one day at 4 °C, the 

precipitated Rib1P (barium salt) was filtered off, washed with ethanol (amount not stated; we thus 

assume an equal amount to the before filtered solution, 350 mL with 261.1 g,  = 0.803 g cm-3) and 

dried under vacuum over P2O5. Yield: 1.86 g (5.1 mmol, 31%). 

 

E-Factor calculations 

Thus, the preparation of Rib1P by Fateev et al. had a sEF of 5.1, calculated as 

 

sEF =
4 + 3.1 + 2.1 + 0.0006 + 4.3 − 1.86

1.86
 

and a cEF of 570 calculated as  

 

cEF =

4 + 3.1 + 2.1 + 324.8 + 0.001 +  0.024 + 99.3 + 17.5 + 10.1 + 52.4 + 27.1 + 4.3 +
15.7 + 240.9 + 261.1 − 1.86

1.86
  

with contributions from reagents (7), inorganics (14.6), organic solvents (337.6) and water (211). 
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CHEM21 Zero Pass calculations 

 

Selectivity was calculated as, 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
31

34
∗ 100 =  92% 

 

and AE as  

 

𝐴𝐸 =
366.9 (Rip1P)

96 (Phosphate) + 244.2 (Urd) + 137.3 (Barium)
∗ 100 = 77%  

 

resulting in 92% selectivity and 77% atom economy for the method. 
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The calculation for the method presented in Kulikova et al. 201934 and Varizhuk et al.35 

 

 

 

This method is based on Kulikova et al. 201934. However, the group posted a follow-up paper 202235 

providing a step-by-step protocol for the synthesis on which this calculation is performed. Guanosine 

dihydrate (5 g, 15.6 mmol) was reacted with iodomethane (4.4 mL, 10.03 g with  = 2.28 g cm-3, 

70.5 mmol) in DMF (100 mL, 95 g with  = 0.95 g cm-3) for 25 h. The mixture was filtered and washed 

twice with 10 mL DMF (20 mL, 19 g with  = 0.95 g cm-3) before adding CH2Cl2 (1.1 L, 1463 g with 

= 1.33 g cm-3) to precipitate the methylated nucleoside over 16 h. The precipitate was filtered off, 

washed with diethyl ether (50 mL, 35.5 g with  = 0.71 g cm-3) and CH2Cl2 (100 mL, 133 g with 

 = 1.33 g cm-3) and dried for 1 h to provide pure 7-methylguanosine hydroiodide in 84% yield 

(5.6 g). Preparation of Rib1P was subsequently performed with 200 mg methylguanosine 

hydroiodide. Therefore, 7-methylguanosine (0.2 g, 0.47 mmol) dissolved in Tris-HCl buffer (90 mL, 

50 mM, 0.71 g with MW: 121.14 g mol-1 and 89.3 g water with  = 1.00 g cm-3) and was reacted with 

2 U EcPNP (commercially available from Merck, has an activity of 10 U per mg protein typically, we 

thus assume 0.002 g) and potassium phosphate buffer solution (9.9 mL, 50 mM, pH 7.5, with 0.064 g 

potassium phosphate dibasic (MW: 174.18 g mol-1) and 0.018 g potassium phosphate monobasic 

(MW: 136.09 g mol-1) and 9.8 g water, with  = 1.00 g cm-3) for 6 h. The reaction mixture was filtered, 

and the aqueous layer was extracted twice with n-butanol (200 mL, 162 g, with   = 0.81 g cm-3). 

0.126 g barium acetate was dissolved in water (2 mL, 2 g, = 1.00 g cm-3) and 0.9 mL ammonia 

(25%, 0.82 g with  = 0.903 g cm-3) and added to the extracted layer overnight. After filtration, the 

reaction was concentrated to 20 mL. EtOH was added (4−6 volumes are mentioned in the protocol. 

Thus, we assumed 5 = 100 mL EtOH, 80.3 g with  = 0.803 g cm-3) and incubated overnight at 4 °C. 

Precipitants were collected by centrifugation (we here assume 6 * 50 mL tubes) and washed with 

EtOH (6 * 5 mL, 30 mL, 24.1 g with  = 0.803 g cm-3) and diethyl ether (6 * 5 mL, 30 mL, 21.4 g with 

 = 0.713 g cm-3) before drying under vacuum yielded 0.161 g (94% from 7-methylguanosine and 

79% from guanosine (0.94 * 0.84), 0.44 mmol). 

 

E-Factor calculations 

Thus, the preparation of Rib1P had sEF of 3.7 considering the sEF of the starting material 7-

methylguanosine as 1.7, calculated as 
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sEF (7 − methylguanosine) =
5 + 10.03 − 5.6

5.6
  

 

sEF (Rib1P) =
0.2 + 0.2 ∗ 1.7 + 0.002 + 0.064 + 0.018 + 0.126 − 0.161

0.161
 

 

and a cEF of 2816, considering the cEF of 7-methylguanosine as 313.4 calculated as  

 

cEF (7 − methylguanosine) =
5 + 10.03 + 95 + 19 + 1463 + 35.5 + 133 − 5.6

5.6
 

 

cEF (Rib1P) =

0.2 + 0.2 ∗ 313.4 + 0.002 + 0.71 + 89.3 + 0.064 + 0.018 + 9.8 + 162 + 0.126 
2 + 0.82 + 80.3 + 24.1 + 21.4 − 0.161

0.161
 

 

with contributions from reagents (391.6), inorganics (4.2), organic solvents (1792.4) and water 

(627.7). 

 

CHEM21 Zero Pass calculations 

Selectivity was calculated as, 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
79

99
∗ 100 = 80% 

 

considering the total yield from guanosine as 79% and the conversion as 99% (100% conversion in 

the first synthesis step and 99% in the second), 

 

and AE for the multistep synthesis as,  

 

𝐴𝐸 =
366.9 (Rip1P)

141.9 (Mel) + 283.2 (Guo) + 96 (Phosphate) + 137.3 (Barium)
∗ 100 = 56% 

 

resulting in 79% selectivity and 56% atom economy for the presented method. 
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The calculation for the method presented in this paper  

 

 

The method is described already in the experimental section. Specific concentrations were taken 

from the second synthesis and purification run. Guanosine (1.06 g, 25 mM, 3.74 mmol) was reacted 

with K2HPO4 (30 mM, 0.024 g in 4476.6  mL, 4.48 g water  = 1.00 g cm-3) enzymes PNP N04 (final 

conc. 0.04 mg mL-1, 0.006 g with 8.82 g water ( = 1.00 g cm-3) from an 0.68 mg mL-1 stock 

concentration) and DgGuaD (final conc. 0.016 mg mL-1, 0.002 g with 1.41 g water from a 1.7 mg mL-

1 stock concentration, with  = 1.00 g cm-3) in a total volume of 150 mL (135.3 g water,  = 1.00 g cm-

3) for 35 min at 50 °C. After freeze-thawing, the reaction mixture was filtered and buffered to pH 7 (a 

few drops conc. HCl) to precipitate free nucleobases and nucleosides at 4 °C. Ammonia was added 

(50 mL, 25%, 45.2 g with  = 0.903 g cm-3), and phosphates were precipitated with a solution of 

MgCl2 (0.37 g MgCl2 (31.1 mM, MW: 95.211 g mol-1), and NH4Cl (0.096 g, 14.5 mM, 

MW: 53.491 g mol-1) in 124.5 g water,  = 1.00 g cm-3). The solution was incubated overnight (16 h) 

and filtered. The filtrate was used directly for barium precipitation with barium acetate (1 g, 78.3 mM, 

MW: 255.415 g mol-1) with 49 g water,  = 1.00 g cm-3), followed by ethanol addition (600 mL, 

481.8 g with = 0.803 g cm-3). The barium salts of Rib1P were precipitated at 4 °C overnight (16-

20 h). The precipitated salts were collected by centrifugation and were washed 2−3 times with 

absolute ethanol (>99.8%, 6 tubes, a total of 90 mL (6 * 3 * 5 (mL per wash step)), 71.2 g, with 

 = 0.791 g cm-3) and dried at 50 °C. The protocol yielded 1.09 g (79%, 2.97 mmol) isolated yield. 

 

E-Factor calculations 

Thus, the preparation of Rib1P had a sEF of 0.9, calculated as 

 

sEF =
1.06 + 0.024 + 0.006 + 0.002 + 1 − 1.09

1.09
  

 

and a cEF of 847 calculated as  

 

cEF =

1.06 + 0.024 + 4.48 + 0.006 + 8.82 + 0.002 + 1.41 + 135.3 + 45.2 + 0.37 + 0.096 +  124.5
1 + 49 + 481.8 + 71.2 − 1.09

1.09
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with contributions from reagents (1.6), inorganics (0.2), organic solvents (548.5) and water (296.5). 

 

CHEM21 Zero Pass calculations 

Selectivity was calculated as, 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
79

88
∗ 100 = 90% 

 

and AE as,  

 

𝐴𝐸 =
366.9 (Rib1P) 

96 (Phosphate) + 283.2 (Guo) + 137.3 (Barium)
∗ 100 = 71%  

 

resulting in 90% selectivity and 71% atom economy for the presented method. 
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