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(a) hCA I (2FW4) / ⍺-10a 

 
(b) hCA I (2FW4) / β-10a 

 
Figure S1. RMSD trajectory analysis for the hCA I complexes. Time-dependent evolution of 
the Root Mean Square Deviation (RMSD). Plots were generated with CPPTraj and Gnuplot. 
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(a) hCA II (3F8E) / ⍺-10a 

 
(b) hCA II (3F8E) / β-10a 

Figure S2. RMSD trajectory analysis for the hCA II complexes. Time-dependent evolution of 
the Root Mean Square Deviation (RMSD). Plots were generated with CPPTraj and Gnuplot. 
*Although some discontinuities are visible in the profiles (e.g., around 95 ns), these were identified as periodic 
boundary condition (PBC) artifacts and do not impact the subsequent MM-GBSA energy calculations. 
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(a) hCA IX (6Y74) / ⍺-10a 

 
(b) hCA IX (6Y74) / β-10a 

Figure S3. RMSD trajectory analysis for the hCA IX complexes. Time-dependent evolution of 
the Root Mean Square Deviation (RMSD). Plots were generated with CPPTraj and Gnuplot. 
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(a) hCA XII (9FN7) / ⍺-10a 

 
(b) hCA XII (9FN7) / β-10a 

Figure S4. RMSD trajectory analysis for the hCA XII complexes. Time-dependent evolution of 
the Root Mean Square Deviation (RMSD). Plots were generated with CPPTraj and Gnuplot. 
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(a) 

 

(b) 

 

Figure S5. Representative binding modes of the 10a anomers within the (a) hCA I and (b) hCA 
XII active sites. Structural superposition of the last frame extracted from the MD trajectories. 
The α-10a is shown in cyan, while the β-10a is represented in pink. The protein backbone and 
key catalytic residues are shown as ribbons/sticks, and the catalytic Zinc ion is depicted as a 
gray sphere.   
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Figure S6. Multiple sequence alignment for the hCAs using CLUSTAL W (1.83) and image 
generated with Seaview 5.0.5. 

 

  



S9 
 

 

 

Figure S7. Structural reorganization of the α-10a anomer within the hCA I active site. Overlay 
comparing the initial docking pose (gray) and the final snapshot extracted from the molecular 
dynamics (MD) production trajectory (cyan). The ligand exhibits a significant rotation during 
the simulation to reach its equilibrated binding mode. The protein backbone is shown in light 
green ribbons, with key active site residues and the catalytic Zinc ion (sphere) highlighted. 
Image generated with PyMOL. 
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Figure S8. 1H NMR spectra of 3-O-(2H-chromene-2-one-3-yl-methyl)-1,2:5,6-di-O-
isopropylidine-α-D-glucofuranose (7a). 
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Figure S9. 13C NMR spectra of 3-O-(2H-chromene-2-one-3-yl-methyl)-1,2:5,6-di-O-
isopropylidine-α-D-glucofuranose (7a). 
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Figure S10. 1H NMR spectra of 1-O-[2H-chromene-2-one-3-yl-methyl]-β-D-glucopyranoside 
(7b). 
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Figure S11. 13C NMR spectra of 1-O-[2H-chromene-2-one-3-yl-methyl]-β-D-glucopyranoside 
(7b). 
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Figure S12. 1H NMR spectra of 6-O-(2H-chromene-2-one-3-yl-methyl)-1,2:3,4-di-O-
isopropylidene-α-D-galactopyranose (8a). 
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Figure S13. 13C NMR spectra of 6-O-(2H-chromene-2-one-3-yl-methyl)-1,2:3,4-di-O-
isopropylidene-α-D-galactopyranose (8a). 
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Figure S14. 1H NMR spectra of 1-O-[2H-chromene-2-one-3-yl-methyl]-β-D-galactopyranoside 
(8b). 
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Figure S15. 13C NMR spectra of 1-O-[2H-chromene-2-one-3-yl-methyl]-β-D-
galactopyranoside (8b). 
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Figure S16. 1H NMR spectra of 3-O-(2H-chromene-2-one-3-yl-methyl)-D-glucopyranose (9a).  
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Figure S17. 13C NMR spectra of 3-O-(2H-chromene-2-one-3-yl-methyl)-D-glucopyranose (9a). 
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Figure S18. 1H NMR spectra of 6-O-(2H-chromene-2-one-3-yl-methyl)-D-galactopyranose 
(10a).  
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Figure S19. 13C NMR spectra of 6-O-(2H-chromene-2-one-3-yl-methyl)-D-galactopyranose 
(10a). 
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Residue – Interaction % 
THR200-VdWContact 98.1 
HIS201-VdWContact 94.1 
HIS201-HBAcceptor 85.4 
THR200-HBAcceptor 85.1 
HIS95-VdWContact 81.2 
HIS65-VdWContact 81.2 

HIS201-Hydrophobic 80.0 
LEU199-VdWContact 77.5 
HIS68-Hydrophobic 75.9 
HIS95-Hydrophobic 69.7 

PRO202-VdWContact 60.0 
HIS65-HBAcceptor 48.1 

GLN93-VdWContact 40.0 
VAL63-VdWContact 39.2 
SER66-VdWContact 35.8 

PRO203-VdWContact 34.9 
HIS68-VdWContact 32.4 
GLN93-Hydrophobic 25.9 
HIS97-VdWContact 21.7 
PHE92-Hydrophobic 19.2 
TRP6-VdWContact 18.0 

PHE92-VdWContact 17.3 
LEU199-Hydrophobic 14.2 
LEU132-VdWContact 9.2 
TRP210-VdWContact 7.6 
ALA136-VdWContact 5.9 

HIS65-HBDonor 5.4 
Table S1a. Protein–ligand interaction fingerprints for the hCA I–α-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif.  
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Residue – Interaction % 
GLN93-VdWContact 100.0 
GLN93-HBAcceptor 99.5 
PHE92-Hydrophobic 96.8 
HIS95-VdWContact 92.6 

PRO202-VdWContact 92.6 
PRO202-HBDonor 88.4 

HIS201-VdWContact 86.8 
TRP6-VdWContact 85.8 
HIS68-VdWContact 78.4 
HIS65-VdWContact 74.5 
TRP6-HBAcceptor 71.9 
HIS65-HBAcceptor 66.8 
HIS68-HBAcceptor 63.5 

PRO203-VdWContact 51.4 
LEU199-VdWContact 50.3 
PHE92-VdWContact 49.9 
TYR205-Hydrophobic 41.5 
LEU132-Hydrophobic 28.5 
ALA136-VdWContact 21.4 
LEU142-VdWContact 20.4 
ALA122-VdWContact 19.4 
VAL63-VdWContact 19.1 

LEU132-VdWContact 7.2 
TYR205-VdWContact 5.7 

Table S1b. Protein–ligand interaction fingerprints for the hCA I–β-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
HIS64-VdWContact 99.8 

THR199-VdWContact 99.2 
PHE130-Hydrophobic 98.3 
GLN92-Hydrophobic 98.0 
THR199-HBAcceptor 97.0 
HIS64-HBAcceptor 96.3 

ASN62-VdWContact 87.1 
GLN92-VdWContact 87.0 
GLU69-VdWContact 84.3 

GLU69-HBDonor 83.9 
GLN92-HBAcceptor 79.9 
HIS94-VdWContact 74.7 
ASN62-HBAcceptor 64.2 

PHE130-VdWContact 46.0 
ASN67-VdWContact 45.3 
VAL121-Hydrophobic 41.6 
LEU60-VdWContact 28.9 
VAL121-VdWContact 27.3 
LEU197-VdWContact 19.2 
TRP5-VdWContact 9.0 
ILE91-Hydrophobic 5.5 

Table S2a. Protein–ligand interaction fingerprints for the hCA II–α-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
GLN92-VdWContact 98.3 
THR199-VdWContact 95.6 
THR199-HBAcceptor 95.3 
THR198-VdWContact 94.9 
LEU197-Hydrophobic 94.4 
GLN92-HBAcceptor 93.9 
ASN62-VdWContact 89.5 
LEU197-VdWContact 87.8 
ASN67-VdWContact 82.9 
PHE130-Hydrophobic 81.2 

THR199-HBDonor 80.6 
THR198-HBAcceptor 78.0 

ASN67-HBDonor 65.4 
ASN62-HBAcceptor 57.4 

PRO200-VdWContact 55.0 
HIS94-VdWContact 49.2 

PRO201-VdWContact 20.6 
PHE130-VdWContact 16.9 

PRO200-HBDonor 9.8 
Table S2b. Protein–ligand interaction fingerprints for the hCA II–β-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
THR333-VdWContact 100.0 
THR333-HBAcceptor 100.0 
LEU331-Hydrophobic 98.3 
HIS226-VdWContact 91.0 
LEU331-VdWContact 84.5 
ASN198-VdWContact 83.2 
HIS200-VdWContact 75.1 
THR332-VdWContact 67.3 
PRO334-VdWContact 66.5 
ASN198-HBAcceptor 55.5 

PRO334-HBDonor 44.9 
TRP141-VdWContact 41.9 
SER201-VdWContact 36.1 

HIS226-HBDonor 35.1 
GLN224-VdWContact 34.4 
THR332-HBAcceptor 33.1 

THR333-HBDonor 29.5 
HIS228-VdWContact 21.9 
PRO335-VdWContact 19.3 
GLN203-VdWContact 18.1 

GLN203-HBDonor 16.1 
GLN224-HBAcceptor 15.3 
VAL253-VdWContact 11.6 

HIS200-HBDonor 9.7 
TYR143-VdWContact 7.9 

Table S3a. Protein–ligand interaction fingerprints for the hCA IX–α-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
THR333-VdWContact 100.0 
THR333-HBAcceptor 100.0 
GLN224-VdWContact 99.6 
GLN224-HBAcceptor 97.9 
ASN198-VdWContact 97.0 
LEU331-Hydrophobic 95.8 
ASN198-HBAcceptor 93.7 
HIS226-VdWContact 86.3 
THR332-VdWContact 81.5 
LEU331-VdWContact 79.6 
TYR143-VdWContact 60.4 
GLN203-VdWContact 60.2 
HIS228-VdWContact 55.8 

TYR143-HBDonor 54.1 
GLN203-HBDonor 51.8 

SER201-VdWContact 49.7 
THR332-HBAcceptor 46.5 
HIS200-VdWContact 43.2 
THR333-HBDonor 17.9 
SER201-HBDonor 17.7 

SER201-HBAcceptor 16.6 
VAL253-VdWContact 12.0 
VAL262-VdWContact 11.0 
GLN203-HBAcceptor 5.9 

Table S3b. Protein–ligand interaction fingerprints for the hCA IX–β-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
THR227-VdWContact 100.0 
THR227-HBAcceptor 99.3 
GLN117-VdWContact 98.9 
LEU225-Hydrophobic 95.3 
GLN117-HBAcceptor 95.1 
THR226-VdWContact 90.2 
LEU225-VdWContact 88.1 
HIS119-VdWContact 78.1 
THR226-HBAcceptor 77.0 

THR227-HBDonor 75.8 
ASN92-VdWContact 47.7 
HIS94-VdWContact 36.7 
SER95-VdWContact 34.9 
LYS97-VdWContact 31.1 
ASN92-HBAcceptor 27.3 

SER161-VdWContact 14.3 
TRP32-VdWContact 12.3 

SER158-VdWContact 8.9 
ALA157-VdWContact 7.8 

ASN92-HBDonor 7.6 
LYS97-HBAcceptor 5.6 
GLN117-HBDonor 5.6 

Table S4a. Protein–ligand interaction fingerprints for the hCA XII–α-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 
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Residue – Interaction % 
THR227-HBAcceptor 100.0 
THR227-VdWContact 100.0 
GLN117-VdWContact 99.5 
LEU225-Hydrophobic 98.5 
TYR34-VdWContact 95.7 
GLN117-HBAcceptor 93.3 
LEU225-VdWContact 90.4 
TYR34-HBAcceptor 84.2 
HIS119-VdWContact 83.3 
HIS121-VdWContact 66.4 
HIS94-VdWContact 65.6 

THR226-VdWContact 64.7 
SER95-VdWContact 51.3 

HIS94-HBDonor 46.6 
THR227-HBDonor 35.3 

ASN92-VdWContact 28.7 
THR226-HBAcceptor 21.0 
SER158-VdWContact 17.4 
ALA157-VdWContact 16.4 
ASN92-HBAcceptor 12.9 

ASN92-HBDonor 11.2 
TYR34-HBDonor 8.8 

LEU167-VdWContact 7.7 
TRP32-VdWContact 5.9 

SER161-VdWContact 5.7 
Table S4b. Protein–ligand interaction fingerprints for the hCA XII–β-10a complex. Lists the 
residues exhibiting the highest interaction occupancy (%) during the molecular dynamics 
trajectory. Interactions were categorized as van der Waals (vdW) contacts, hydrogen bond 
acceptors (HBA), and hydrophobic interactions. Only contacts with an occupancy >5% are 
highlighted. This analysis was done with Prolif. 

 

 


