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Figure S1. Adenylate Cyclase (ADCY)
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Figure S1. Representation of the ribose conformations in the active site of adenylate cyclase, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). Figure A depict the data on a per-ligand (residue name according to PDB file) basis and Figure B on a per-protein (species and gene name) basis. Compounds are labelled as: APC (diphosphomethylphosphonic acid adenosyl ester), CMP (cAMP), ATP, TAT (ATPαS-Rp), DAD (2,3-dideoxy-adenosine-5-triphosphate), 101 (2-deoxy-adenosine 3-monophosphate), 103 (2,5-dideoxy-adenosine-3-monophosphate), ONM (3-O-(N-methylanthraniloyl)-guanosine-5-triphosphate), 128 (spiro(2,4,6-trinitrobenzene[1,2A]-2O,3O-methylene-adenine-triphosphate), ONA (3-O-[2-(methylamino)benzoyl]adenosine 5-(tetrahydrogen triphosphate)), MI3 (3-O-{[2-(methylamino)phenyl]carbonyl}inosine 5-(tetrahydrogen triphosphate)).  

For adenylate cyclase, the search returned human adenylate cyclase 10 and complexes between rat adenylate cyclase 2 and dog adenylate cyclase 5, as shown in Figure S1, A and B. Focusing on the ligands bound to the active site, the puckering values show a distribution between the (S) and (E) conformations. There appears to be no direct interaction pattern involving the ribose ring leading to its restriction to a specific conformation.





Figure S2. Adenosylhomocysteinase (AHCY)
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[bookmark: _Hlk13974290]Figure S2. Representation of the ribose conformations of adenosylhomocysteinase, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). A and B. Data relative to all the compounds bound to the human, mouse and rat structures, depicted on a per-ligand (residue name according to PDB file) (A) and per-protein (species and gene name) basis (B). C and D. Data relative to the nicotinamide-nucleotide (C) and adenine-nucleotide (D) substructures of NAD. E and F. Data relative to the compounds bound to the substrate binding site, depicted on a per-ligand (residue name according to PDB file) (E) and per-protein (species and gene name) basis (F). The compounds are labeled as: NAD (nicotinamide-adenine-dinucleotide, NAD), ADC ((1RS)-9-(2-hydroxy-3-keto-cyclopenten-4-yl)adenine), NOC (3-(6-amino-purin-9-yl)-5-hydroxymethyl-cyclopentane-1,2-diol; neplanocin A in 3-keto form, AFX ((4S,5S)-4-(6-amino-9H-purin-9-yl)-3-fluoro-5-hydroxy-2-(hydroxymethyl)cyclopent-2-en-1-one; Fluoro-neplanocin A in 3-keto form), ADN (adenosine), NAI (1,4-dihydronicotinamide-adenine-dinucleotide, NADH), NRN ((1S,2R,3S,4R)-4-(6-aminopurin-9-yl)cyclopentane-1,2,3-triol; noraristeromycin), ARJ ((2S,3R,5R)-3-(6-amino-9H-purin-9-yl)-2-hydroxy-5-(hydroxymethyl)cyclopentanone; 3-keto-aristeromycin), ADY (3-oxo-adenosine).

[bookmark: _Hlk16521085]The search for nucleosides/nucleotides complexed to adenosylhomocysteinases gave as a result the data plotted in Figure S2, A and B. These graphs include either the conformations of nicotinamide-nucleotide and adenine-nucleotide belonging to NAD, as well as those of ligands bound to the substrate binding site. The nicotinamide-nucleotide portion of NAD assumes a (S) conformation in all the structures (Figure S2C) and the adenine-nucleotide a (S) to (S)-(E) conformation (Figure S2D). Focusing on the substrate binding site (Figure S2, E and F), 75% of the compounds present a pseudorotational phase angle P with the range of 70° to 125°, showing an (E) conformation. Few exceptions are represented by ADC (structure 1A7A) and NOC (structure 1LI4) presenting a (S) conformation, and AFX displaying a (C) conformation: these compounds all share an α,β-unsaturated keto structure that may affect the puckering of the ring. All the ligands complexed with AHCY share a common binding mode which preserves a pattern of hydrogen bonds involving (Figure S3): E156/155 (h,m/r) or D190/189 (h,m/r) with 2-OH, T157/156 (h,m/r) and K186/185 (h,m/r) with 3-OH or 3-keto, H55/54 (h,m/r) and H301/300 (h,m/r) with 5-OH if present. 
[image: ]Figure S3. Adenosylhomocysteinase (AHCY), continued

Figure S3. Superposition of the chain A of ADN-bound hAHCY (4PFJ, orange), ADY-bound rAHCY (1KY5, cyan); AFX-bound hAHCY (3NJ4, purple); ADC-bound hAHCY (1A7A, lime). ADN and ADY are representative of the high-frequent (E) conformation; AFX, with its α,β-unstaturated 3-keto, displays a (C) conformation; ADC, which also presents an α,β-unstaturated 3-keto structure, shows a (S) conformation.



Figure S4. Adenylate Kinases (AKs)
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Figure S4. Representation of the ribose conformations of adenylate kinase, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). The plots on the left and on the right depict the data on a per-ligand (residue name according to PDB file) and per-protein (species and gene name) basis. A and B. Data relative to all the compounds bound to the human AKs (1, 2, 4, 5, 6) C and D. Data relative to the compounds bound in proximity to AMP of structure 2BWJ. E and F. Data relative to the compounds and nucleosidic-substructures bound in proximity to ADP of structure 3IIJ. The compounds are labeled as: AP5 (bis(adenosine)-5-pentaphosphate), B4P (bis(adenosine)-5-tetraphosphate), GP5 (diguanosine-pentaphosphate), AMP (adenosine-monophosphate), ADP (adenosine-diphosphate), DAT (2-deoxyadenosine-5-diphosphate).

Many of the compounds in the analyzed structures (AP5, B4P, GP5) present two nucleosidic moieties. For this reason, we decided to deconvolute the data (Figure S4, A and B) according to proximity of the nucleosidic-moieties to AMP or ADP bound to structures 2BWJ and 3IIJ, respectively. Focusing on the first set (Figure S4, C and D), AMP presents a (C) or (W)-close-to-(C) conformation in the three chains of human AK5 in crystal structure 2BWJ, where it assumes slightly different conformation and is not stabilized by particular protein interactions. Nucleotides and nucleotidic moieties bound in proximity to 3IIJ-ADP-site (Figure S4, E and F) appear in a (S) conformation, although these structures lack direct enzyme interactions with the ribose to stabilize a specific puckering form. The second nucleotidic moiety of compounds AP5, B4P, GP5 (remaining data of plots S4, A and B, after subtraction of plots S4, C-E and D-F, respectively) assumes prevalently a (N) conformation when bound to human AK1 and AK2, and a (W) conformation in the case of human AK4.



Figure S5. ADP-Ribosyl Cyclase/Cyclic ADP-Ribose Hydrolase (CD38)
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Figure S5. Representation of the ribose conformations of ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). A. Data of all the 1,2-dideoxy-5-phosphate-ribose substructures. B. and C. Data relative to the 1,2-dideoxy-5-phosphate-ribose substructures in the active site of the enzyme, depicted on a per-ligand (residue name according to PDB file) (B) and per-protein (species and gene name) basis (C). The compounds are labeled as: CXR (cyclic ADP-ribose), NMN (beta-nicotinamide ribose monophosphate), NAD (nicotinamide-adenine-dinucleotide), 50A (2-deoxy-2-fluoro-5-O-phosphono-alpha-D-ribofuranose, covalent bound through C1), N1C (N1-cyclic inosine 5-diphosphoribose), RGT ((Ribose-5-phosphate)-(guanosine-5-triphosphate)), APR (adenosine-5-diphosphoribose), RF5 (2-deoxy-2-fluoro-5-O-phosphono-alpha-D-arabinofuranose, covalent bound through C1), AVU (arabinosyl-2-F-deoxy-adenosine diphosphate ribose; ara-2F-ADPR, covalent bound through C1), G1R (guanosine-5-diphosphoribose), G2R ( guanosine-5-diphosphoribose intermediate), 48Z (2-deoxy-2-fluoro-5-O-thiophosphono-alpha-D-arabinofuranose, covalent bound through C1), HSX (5-O-phosphono-alpha-D-ribofuranose, covalent bound through O1), NA7 (adenosine-2-phosphate-5-diphosphate-ribose, covalent bound through C1), C8R (8-amino-N1-cyclic inosine 5-diphosphoribose), JS2 (8-NH2-hypoxanthine-N9-butyl diphosphate ribose), CVR (cyclic adenosine 5-diphosphocarbocyclic ribose), DVN (adenosine-2-phosphate-5-diphosphate-ribose), DN4 (nicotinic acid adenine dinucleotide phosphate), AVW (ribosyl-2-F-deoxy-adenosine diphosphate ribose; ribo-2F-ADPR, covalent bound through C1), NGD (nicotinamide guanine dinucleotide), 27C (5-O-[(S)-butoxy(hydroxy)phosphoryl]-2-deoxy-2-fluoro-alpha-D-arabinofuranose, covalent bound through C1), CGR (cyclic-GDP-ribose).

In the case of CD38 (human), most of the ligands include multiple ribose rings, which are not necessarily bound to a nitrogen base, since they may be analogous to the product and substrate cyclic ADP-ribose and to the product ADP-ribose. Thus, for this case we have broadened the script’s substructure search capability to include all ribose rings: specifically a 1,2-dideoxy-5-phospho-ribose was searched using the SMARTS [P]~[O]~[C]~[C]1~[O,C]~[C](~[C](~[C]~1~[O])). The collected puckering data do not indicate a specific trend (Figure S5A), which is compatible with the observation that the binding mode of the nucleosidic portion of the ligands is disordered and not regularly conserved among the structures. The ribose-like moieties in the enzyme active site interact with the protein through a H-bonding pattern involving 2-OH with E146, and 3-OH with W125 and E226 (Figure S6); data relative to these substructures are distributed in the (S) semicircle of the pseudorotational wheel, spanning from (E) to (W), and with few (C) examples (Figure S5, B and C). A number of compounds appear with a (N) puckering: RF5 (structures 3DZG and 3DZF) and AVU (structure 3OFS), having an arabinosyl instead of a ribosyl moiety (even if they are not the unique examples), and CVR (structure 3U41), where O4 is substituted by a C atom. The N1-attached-ribose in the natural substrate cyclic-ADP ribose (CXR) presents a (N) conformation in structures 2O3Q, 2O3R and 2O3S, where it is not positioned deeply in the active site.


Figure S6. ADP-Ribosyl Cyclase/Cyclic ADP-Ribose Hydrolase (CD38), continued
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Figure S6. Adenosine-diphosphoribose (APR, orange) bound to CD38, chain B, structure 2I67. The compound, in the (S) conformation, interacts with W125, E146 and E226.



Figure S7. Phosphodiesterases (PDEs)
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[bookmark: structureTitle2]Figure S7. Representation of the ribose conformations of ligands bound to the active site of the catalytic domain of human PDEs, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). Figure A depict the data on a per-ligand (residue name according to PDB file) basis and Figure B on a per-protein (species and gene name) basis. Compounds are labelled as: 8BR (8-Br-AMP), AMP, CMP (cAMP), 5GP (GMP), 35G (cGMP). Most of the compounds are characterized by a (N) (or (N)-(E)) puckering, even if they may assume different conformations within the binding site.

We focused on the ligands bound to the active site of the catalytic domain of PDE. Phosphodiesterases [1] (human PDE4B, human PDE4D, human PDE10A) evidently prefer a (N) conformation (trending toward the (E) region) of bound purine nucleotides, i.e. AMP and cAMP and analogues (Figure S7, A and B). However, the ribose portion of the bound nucleotides is not involved in any direct interaction pattern with the enzyme able to stabilize the preponderant (N) conformation. 



[bookmark: _Hlk13979802]Figure S8. Purine Nucleoside Phosphorylase (PNP)
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Figure S8. Representation of the ribose conformations of ligands bound to the active site of the catalytic domain of the human purine nucleoside phosphorylase, shown on the pseudorotational cycle (P on polar axes, max on x and y axes). Figure A depict the data on a per-ligand (residue name according to PDB file) basis and Figure B on a per-protein (species and gene name) basis. Compounds are labelled as: IMH (1,4-dideoxy-4-aza-1-(S)-(9-deazahypoxanthin-9-yl)-D-ribitol; immucillin-H), NOS (inosine), GMP (guanosine), 2DI (2,3-dideoxyinosine), 3DG (3-deoxyguanosine), MSG (7-methyl-6-thio-guanosine), 2FD (2-fluoro-2-deoxyadenosine)


The analysis of the enzyme that catalyzes nucleobase removal from purine nucleosides, purine nucleoside phosphorylase (PNP), shows that most of the ligands present a νmax lower than 20° (Figure S8, A and B), with a corresponding (C) conformation characterized by a flat sugar moiety. Most of the compounds sharing this puckering behavior interact with M219 through 2-OH and with H257 (if not mutated) through 5-OH (Figure S9). Immucillin-H binds the H257F-mutated PNP of X-ray structure 2ON6 assuming an (E) ring conformation and a different binding mode. Other deviations from the (C) puckering are represented by: 3-deoxyguanosine (3DG, in structure 1V45), which deviates slightly from a (C) conformation with a νmax value of approximately 25°, and 2-fluoro-2-deoxyadenosine (2FD) in structure 3GGS, chain B, which is (S) and assumes a different conformation if compared to the other compounds. 

[image: ]Figure S9. Purine Nucleoside Phosphorylase (PNP), continued






[bookmark: __DdeLink__267_644753231]Figure S9. Superposition of human PNP bound to IMH (1RR6, orange), NOS (1RCT, cyan), GMP (1RFG, purple), 2DI (1V3Q, lime), MSG (1YRY, pink). The compounds are all (C).



Figure S10. cAMP-Dependent Protein Kinase or Protein Kinase A (PRKA)

[image: ][image: ]A								B






Figure S10. Representation of the ribose conformations of ligands bound to the regulatory subunit cAMP binding sites of protein kinase A (cAMP-dependent protein kinase, human and rat), shown on the pseudorotational cycle (P on polar axes, max on x and y axes). Figure A depict the data on a per-ligand (residue name according to PDB file) basis and Figure B on a per-protein (species and gene name) basis. Compounds are labelled as: CMP (cAMP), PCG (cGMP), 1OR ((2R,4aR,6R,7R,7aS)-6-[6-(dipropylamino)-9H-purin-9-yl]tetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinine-2,7-diol 2-oxide; HE33).

We focused on ligand binding at the regulatory subunit cAMP sites, disregarding the enzyme’s catalytic subunit. In particular, all the examined structures contain cAMP-binding site B, but only structures 1CX4 and 4JVA (PRKAR2B of rat) present a cAMP-binding site A. All the ligands assume a (N)-(E) conformation (Figure S10, A and B), which is compatible with the following H-bonding patterns (Figure S11): 
cAMP-binding site B: 2-OH with G325/349 (hPRKAR1A/rPRKAR2B) and E326/350 (hPRKAR1A/rPRKAR2B) and the phosphate group with A328/352 (hPRKAR1A/rPRKAR2B), R335/R359 (hPRKAR1A/rPRKAR2B) and A336/A360 (hPRKAR1A/rPRKAR2B).
cAMP-binding site A: 2-OH with G220 and E221 and the phosphate group with A223, R230 and A231. 
[image: ]Figure S11. cAMP-Dependent Protein Kinase or Protein Kinase A (PRKA), continued








Figure S11. Superposition of cAMP-dependent protein kinase type I-alpha regulatory subunit (hPRKAR1A) bound to cAMP (5KJX, orange; 5KJY, cyan), to cGMP (5KJZ, purple), rPRKAR2B bound to cAMP (1CX4, lime) and rPRKAR2B bound to HE33 (4JVA, pink). The ligands in cAMP-binding site B are shown. The compounds are all (N)-(E). Ribbon from E316/250 to A328/352 was omitted for clarity.


Figure S12. Rap Guanine Nucleotide Exchange Factors (RAPGEFs)
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Figure S12. Representation of the ribose conformations of ligands bound to the active site of mouse RAPGEF4 (Epac2), shown on the pseudorotational cycle (P on polar axes, max on x and y axes). Figure A depict the data on a per-ligand (residue name according to PDB file) basis and Figure B on a per-protein (species and gene name) basis. Compounds are labelled as: CMP (cAMP), H07 ((2S,4aR,6R,7R,7aR)-6-{6-amino-8-[(4-chlorophenyl)sulfanyl]-9H-purin-9-yl}-7-methoxytetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinin-2-ol 2-oxide), HR6 ((2S,4aR,6R,7R,7aS)-6-[6-amino-8-(benzylsulfanyl)-9H-purin-9-yl]-2-sulfanyltetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinin-7-ol 2-oxide), HR4 ((2S,4aR,6R,7R,7aS)-6-{6-amino-8-[(4-fluorobenzyl)sulfanyl]-9H-purin-9-yl}-2-sulfanyltetrahydro-4H-furo[3,2-d][1,3,2]dioxaphosphinin-7-ol 2-oxide).

The search for RAPGEF through the PDB web-site resulted only in structures of RAPGEF4 (mouse), also called Epac2. Focusing on ligands bound to the enzyme active site, all the compounds, bearing a cAMP-like structure, assume a (N) or (N)-(E) puckering conformation of the ribose ring (Figure S12, A and B): this conformation enables ligands to form hydrogen bonds with G404 (through 2-OH) and with A407 and R414 (through the phosphate group) (Figure S13).
[image: ]Figure S13. Rap Guanine Nucleotide Exchange Factors (RAPGEFs), continued

Figure S13. Superposition of mouse RAPGEF4 (Epac2) bound to AMP (chain E 4MGI, orange; chain E 4MGK, cyan), H07 (chain E 4MGY, purple), HR6 (chain E 4MGZ, lime) and HR4 (chain E 4MH0, pink). The compounds are all (N) or (N)-(E). Ribbon from L406 to A407 was omitted for clarity.



Additional files available:
[bookmark: _GoBack]Script:  geneToPDB_puckering.txt
Results file:  SI_results.txt
[bookmark: _Hlk13967174]It presents in different columns: a progressive counter of the number of nucleosidic/nucleotidic moieties identified in the same compound, the gene name, the UniProt code, the PDB ID, the chain (in the PDB file), the residue name (in the PDB file), the residue number (in the PDB file), P, max, 0, 1, 2, 3, 4. 

Additional notes:
[bookmark: _Hlk13925970]The method we have developed enables an automatic search and computation of puckering parameters of the ribose and ribose-like rings of nucleosides/nucleotides bound to protein of interest in the Protein Data Bank. Being the procedure automatic, some anomalies may appear in the results. The user should be aware of this and carefully analyze the results. Here, we reveal all the modifications that we applied to the output of the script in our analysis.
Adenosine Deaminase (ADA)
Human ADA1 gene is stored also with the name of ADA in UniProt. The mouse and rat enzymes are only present in the form of ADA in the database. We preferred to maintain the name ADA1 for the human homologue to distinguish it from the human ADA2 isoform. The search made by the script gave a duplicate of the (single) human result naming it ADA and ADA1 in the output, so we deleted the ADA duplicate. 
Adenylate Cyclase (ADCY)
Data were cleaned from compounds bound to chain C (guanine-nucleotide binding protein) in complex with rat adenylate cyclase 2 and dog adenylate cyclase 5, in structures: 1AZS, 1CJK, 1CJT, 1CJU, 1CJV, 1CS4, 1CUL, 1TL7, 1U0H, 2GVD, 2GVZ, 3C14, 3C15, 3C16, 3G82, 3MAA. Data were also cleaned from compounds bound far from the active site, in particular:  compound APC of structure 5IV3, compound CMP, with residue number 1473, of structure 4CLP, and compound CMP, with residue number 1472, of structure 4CLT. 
Adenylate Kinase (AK)
AK3 was identified as UniProt code P27144, which corresponds to AK4. AK3 was thus redundant and was deleted from the output.
ADP-Ribosyl Cyclase/Cyclic ADP-Ribose Hydrolase 1 (CD38)
Data were restricted to the ribose moieties in the active site, so just the first 60 lines of the CD38 section in the SI_results.txt file were analyzed and shown in the graphs. 
Ectonucleotide Pyrophosphatase/Phosphodiesterases (ENPPs)
Some mouse ENPP1 structures (PDB ID: 4GTW, 4GTX, 4GTY, 4GTZ) are also associated to the UniProt code of mouse ENPP2 (Q9R1E6) in the PDB web site, because in these cases ENPP1 was crystallized as a fusion protein with the SMB1 domain (residues 51-59) of mouse ENPP2. For this reason, the script output duplicates the results relative to structures 4GTW, 4GTX, 4GTY, 4GTZ associating them both to ENPP1 (m) and ENPP2 (m). Being more appropriate to consider these results as part of the ENPP1 (m) case, we removed the duplicates in the ENPP2 (m) form. 
The output data were furtherly edited focusing the analysis just to the ligands bound to the nucleotide-binding pocket of ENPPs. In this way, the following data were disregarded: compound G of structure 6AEK, the first nucleosidic moiety of compound 4BW in structure 6AEL, and the second nucleosidic moieties of compound B4P of structure 6F2Y in both chains A and B.
Phosphodiesterases (PDEs)
Data were cleaned from compounds bound to the GAF domain (structures 1MC0 and 2ZMF) and from compounds bound far from the active site (compounds 35G, residue number 779 and 780, of structure 2OUU).
Purine Nucleoside Phosphorylase (PNP)
Compounds were restricted to the enzyme active site, resulting in the elimination of compound 2FD (residue number 301) of 3GGS structure.
cAMP-Dependent Protein Kinase or Protein Kinase A (PRKA)
We retained just the ligands bound to the regulatory subunit. For this reason, we removed structures: 4DIN, 3TNQ, 4WBB, 3IDB, 3IDC.
Rap Guanine Nucleotide Exchange Factors (RAPGEFs)
Data for the ligands bound far from the binding site were removed from the analysis: CMP (residue number 1002), HR6 (residue number 1002) and HR4 (residue number 1002) from structures 4MGI, 4MGZ and 4MH0.

Reference:
[1] Azevedo, M. F.; Faucz, F. R.; Bimpaki, E.; Horvath, A.; Levy, I.; de Alexandre, R. B.; Ahmad, F.; Manganiello, V.; Stratakis, C. A. Clinical and molecular genetics of the phosphodiesterases (PDEs). Endocr. Rev. 2014, 35, 195-233. doi: 10.1210/er.2013-1053.
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