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Figure S1. Comparison of total energy between AM1-BCC+gaff molecular mechanics (MM) and quantum 
mechanics (QM) calculations. The total MM energy was calculated using the standard gaff force field 
parameters. The total QM energy was calculated at the MP2 level using the cc-PvDZ basis set. The total 
sample included 47,596 structures, i.e. an average 1983 structures per configuration (1–24). The black 
dashed line indicates a 1:1 linear relationship between the two data sets.  

 

Figure S2. Comparison of total energy between IPolQ+sugar_mod molecular mechanics (MM) and quantum 
mechanics (QM) calculations. The total MM energy was calculated using the fitted parameters calculated 
by mdgx, referred to as the sugar_mod force field parameters. The total QM energy was calculated at the 
MP2 level using the cc-PvDZ basis set. The total sample included 47,596 structures, i.e. an average 1983 
structures per configuration (1–24). The black dashed line indicates a 1:1 linear relationship between the 
two data sets.  



 

Figure S3. Energy profiles with sugar heavy atoms frozen at different puckering phase angles (P). Quantum 
mechanical energies were calculated at the MP2 level using the cc-PvDZ basis set and are shown as black 
diamonds. The molecular mechanical energies shown in this figure represent the statistical average for each 
P value during a 20 ns simulation (i.e. a total simulation time of 400 ns for each test structure). The results 
for the gaff and sugar_mod force fields are shown as green squares and blue circles, respectively.  



 
Figure S4. Partial charge calculation and torsion angle reparameterization workflow. (left) Workflow 
used to calculate implicitly polarized and gas-phase partial charge sets for each molecule, and, (right) 
workflow used to generate the sugar_mod frcmod file containing the reparameterization of 𝑉  and 𝛾 for 
the dihedrals of interest. 



Table S1. List of all torsions identified by the parmchk2 utility. 

Torsion parameters 
c3-c3-c3-c3   cc-cd-nd-cc   h1-c3-c3-na   h4-cc-na-cc 
c3-c3-c3-f  cd-cc-na-c3  h1-c3-c3-oh  h4-cd-nd-cc 
c3-c3-c3-h1  cd-cc-na-cc  h1-c3-c3-os  h5-cc-na-c3 
c3-c3-c3-h2  f-c3-c3-f  h1-c3-n3-c3  h5-cc-na-cc 
c3-c3-c3-hc  f-c3-c3-h1  h1-c3-n3-hn  h5-cc-nd-cd 
c3-c3-c3-n3  f-c3-c3-h2  h1-c3-oh-ho  hc-c3-c3-na 
c3-c3-c3-na  f-c3-c3-hc  h1-c3-os-c3  hc-c3-c3-oh 
c3-c3-c3-oh  f-c3-c3-na  h2-c3-c3-hc  hc-c3-c3-os 
c3-c3-c3-os  f-c3-c3-oh  h2-c3-c3-oh  n3-c3-c3-os 
c3-c3-n3-c3  f-c3-c3-os  h2-c3-na-cc  na-c3-c3-oh 
c3-c3-n3-hn  h1-c3-c3-h1  h2-c3-os-c3  na-c3-os-c3 
c3-c3-na-cc  h1-c3-c3-h2  h4-cc-cd-h4  na-cc-cd-h4 
c3-c3-oh-ho  h1-c3-c3-hc  h4-cc-cd-nd  na-cc-cd-nd 
c3-c3-os-c3  h1-c3-c3-n3  h4-cc-na-c3  na-cc-nd-cd 
nd-cc-na-cc  oh-c3-c3-oh  oh-c3-c3-os  nd-cc-na-c3 
os-c3-na-cc             

 

 
 
Table S2. List of all angles identified by the parmchk2 utility.  

Angle parameters 

c3-c3-c3   c3-oh-ho   h1-c3-os 
c3-c3-f  c3-os-c3  h2-c3-na 
c3-c3-h1  cc-cd-h4  h2-c3-os 
c3-c3-h2  cc-cd-nd  h4-cc-na 
c3-c3-hc  cc-na-cc  h4-cd-nd 
c3-c3-n3  cc-nd-cd  h5-cc-na 
c3-c3-na  cd-cc-h4  h5-cc-nd 
c3-c3-oh  cd-cc-na  hc-c3-hc 
c3-c3-os  f-c3-h1  na-c3-os 
c3-n3-c3  h1-c3-h1  na-cc-nd 
c3-n3-hn  h1-c3-n3  h1-c3-oh 
c3-na-cc         

 
 
 
 
 



Table S3. Refined set of torsional parameters used to calculate the potential energy of mono, di-, and 
gem-fluorinated nucleosides in combination with the AMBER General Force Field (gaff). For further 
information on term usage refer to Section 14.1.4 of the AMBER 18 user manual. 
 

Dihedral Definition Divider Barrier term 
(𝑽𝒏) 

Phase (𝜸) Periodicity (𝒏) 

c3-c3-c3-os 1 0.070 180.000 -3.000 
c3-c3-c3-os 1 0.031 180.000 -2.000 
c3-c3-c3-os 1 0.008 180.000 1.000 
h1-c3-c3-os 1 0.237 180.000 -3.000 
h1-c3-c3-os 1 0.427 180.000 -2.000 
h1-c3-c3-os 1 0.042  0.000 1.000 
c3-c3-c3-c3 1 0.148 180.000 -3.000 
c3-c3-c3-c3 1 0.137  0.000 -2.000 
c3-c3-c3-c3 1 0.159 180.000 1.000 
c3-c3-c3-hc 1 0.449  0.000 -3.000 
c3-c3-c3-hc 1 0.679 180.000 -2.000 
c3-c3-c3-hc 1 0.598 180.000 1.000 
c3-c3-os-c3 1 0.145 180.000 -3.000 
c3-c3-os-c3 1 0.298  0.000 -2.000 
c3-c3-os-c3 1 0.212  0.000 1.000 
c3-c3-c3-h1 1 0.648  0.000 -3.000 
c3-c3-c3-h1 1 0.434 180.000 -2.000 
c3-c3-c3-h1 1 0.397  0.000 1.000 
h1-c3-c3-h1 1 0.393  0.000 -3.000 
h1-c3-c3-h1 1 0.150 180.000 -2.000 
h1-c3-c3-h1 1 0.414 180.000 1.000 
h2-c3-os-c3 1 0.307  0.000 -3.000 
h2-c3-os-c3 1 0.347 180.000 -2.000 
h2-c3-os-c3 1 0.108  0.000 1.000 
na-c3-os-c3 1 0.461 180.000 -3.000 
na-c3-os-c3 1 0.248  0.000 -2.000 
na-c3-os-c3 1 0.058 180.000 1.000 
c3-c3-c3-h2 1 0.842 180.000 -3.000 
c3-c3-c3-h2 1 0.651  0.000 -2.000 
c3-c3-c3-h2 1 0.215 180.000 1.000 
c3-c3-c3-na 1 0.667 180.000 -3.000 
c3-c3-c3-na 1 0.127  0.000 -2.000 
c3-c3-c3-na 1 0.104  0.000 1.000 
hc-c3-c3-os 1 0.100  0.000 -3.000 
hc-c3-c3-os 1 0.032  0.000 -2.000 
hc-c3-c3-os 1 0.945 180.000 1.000 
h2-c3-c3-hc 1 0.153 180.000 -3.000 
h2-c3-c3-hc 1 0.603  0.000 -2.000 
h2-c3-c3-hc 1 0.644  0.000 1.000 
hc-c3-c3-na 1 0.742  0.000 -3.000 



hc-c3-c3-na 1 0.675  0.000 -2.000 
hc-c3-c3-na 1 2.274  0.000 1.000 
h1-c3-c3-hc 1 0.320  0.000 -3.000 
h1-c3-c3-hc 1 0.291 180.000 -2.000 
h1-c3-c3-hc 1 1.364  0.000 1.000 
h1-c3-os-c3 1 0.031 180.000 -3.000 
h1-c3-os-c3 1 0.050  0.000 -2.000 
h1-c3-os-c3 1 0.083 180.000 1.000 
c3-c3-c3-f 1 0.280 180.000 -3.000 
c3-c3-c3-f 1 0.521  0.000 -2.000 
c3-c3-c3-f 1 1.821 180.000 1.000 
f-c3-c3-h1 1 0.936  0.000 -3.000 
f-c3-c3-h1 1 0.616 180.000 -2.000 
f-c3-c3-h1 1 1.237  0.000 1.000 
f-c3-c3-f 1 0.634 180.000 -3.000 
f-c3-c3-f 1 1.502  0.000 -2.000 
f-c3-c3-f 1 3.450 180.000 1.000 
f-c3-c3-os 1 0.174  0.000 -3.000 
f-c3-c3-os 1 0.800  0.000 -2.000 
f-c3-c3-os 1 0.655 180.000 1.000 
f-c3-c3-h2 1 0.134 180.000 -3.000 
f-c3-c3-h2 1 0.837  0.000 -2.000 
f-c3-c3-h2 1 0.357 180.000 1.000 
f-c3-c3-na 1 0.552 180.000 -3.000 
f-c3-c3-na 1 0.003  0.000 -2.000 
f-c3-c3-na 1 0.199  0.000 1.000 
h1-c3-c3-h2 1 1.598  0.000 -3.000 
h1-c3-c3-h2 1 0.089  0.000 -2.000 
h1-c3-c3-h2 1 0.080  0.000 1.000 
h1-c3-c3-na 1 1.801  0.000 -3.000 
h1-c3-c3-na 1 0.597 180.000 -2.000 
h1-c3-c3-na 1 0.762  0.000 1.000 
c3-c3-c3-oh 1 0.051 180.000 -3.000 
c3-c3-c3-oh 1 0.732  0.000 -2.000 
c3-c3-c3-oh 1 1.871 180.000 1.000 
c3-c3-oh-ho 1 0.190  0.000 -3.000 
c3-c3-oh-ho 1 1.535  0.000 -2.000 
c3-c3-oh-ho 1 3.043  0.000 1.000 
h1-c3-c3-oh 1 0.938  0.000 -3.000 
h1-c3-c3-oh 1 0.346 180.000 -2.000 
h1-c3-c3-oh 1 1.109  0.000 1.000 
f-c3-c3-oh 1 0.825 180.000 -3.000 
f-c3-c3-oh 1 1.170  0.000 -2.000 
f-c3-c3-oh 1 3.564 180.000 1.000 
oh-c3-c3-os 1 0.108  0.000 -3.000 
oh-c3-c3-os 1 0.715  0.000 -2.000 
oh-c3-c3-os 1 0.543 180.000 1.000 
h1-c3-oh-ho 1 0.001  0.000 -3.000 



h1-c3-oh-ho 1 1.079  0.000 -2.000 
h1-c3-oh-ho 1 2.921  0.000 1.000 
h2-c3-c3-oh 1 0.212 180.000 -3.000 
h2-c3-c3-oh 1 0.553  0.000 -2.000 
h2-c3-c3-oh 1 0.094  0.000 1.000 
na-c3-c3-oh 1 0.080 180.000 -3.000 
na-c3-c3-oh 1 0.398 180.000 -2.000 
na-c3-c3-oh 1 0.152  0.000 1.000 
oh-c3-c3-oh 1 0.983 180.000 -3.000 
oh-c3-c3-oh 1 0.985  0.000 -2.000 
oh-c3-c3-oh 1 3.435 180.000 1.000 
f-c3-c3-hc 1 0.047 180.000 -3.000 
f-c3-c3-hc 1 0.002  0.000 -2.000 
f-c3-c3-hc 1 0.723 180.000 1.000 
hc-c3-c3-oh 1 0.074 180.000 -3.000 
hc-c3-c3-oh 1 0.086  0.000 -2.000 
hc-c3-c3-oh 1 1.331 180.000 1.00 

 
  



 
 

Figure S5. Set of 24 test furanose ring structures used to derive partial charges and parameterize torsional 
varaibles. Numbers in bold indicate the index number assigned to each molecule. The prepi files in Tables 
S4–S27 correspond to each of the molecules 1–24. 

  



Table S4. prepi file for test molecule 1. 

 



Table S5. prepi file for test molecule 2. 

 



Table S6. prepi file for test molecule 3. 

 



Table S7. prepi file for test molecule 4. 

 
 



Table S8. prepi file for test molecule 5. 

 
 



Table S9. prepi file for test molecule 6. 

 
 



Table S10. prepi file for test molecule 7. 

 
 



Table S11. prepi file for test molecule 8. 

 
 



Table S12. prepi file for test molecule 9. 

 
 



Table S13. prepi file for test molecule 10. 

 
 



Table S14. prepi file for test molecule 11. 

 
 



Table S15. prepi file for test molecule 12. 

 
 



Table S16. prepi file for test molecule 13. 

 
 



Table S17. prepi file for test molecule 14. 

 
 



Table S18. prepi file for test molecule 15. 

 
 



Table S19. prepi file for test molecule 16. 

 
 



Table S20. prepi file for test molecule 17. 

 
 



Table S21. prepi file for test molecule 18. 

 
 



Table S22. prepi file for test molecule 19. 

 
 



Table S23. prepi file for test molecule 20. 

 
 



Table S24. prepi file for test molecule 21. 

 
 



Table S25. prepi file for test molecule 22. 

 
 



Table S26. prepi file for test molecule 23. 

 
 



Table S27. prepi file for test molecule 24. 

 


