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Fig. S1. In the sulfur-substitution case described with the OL15 force field, a) the comparison between 

dimensionless SD profiles and overlap profile in nonequilibrium stratification, b) the convergence behavior 

of free energy profiles from nonequilibrium stratification on the sample size, and c) the time-evolution of 

state-specified SD. The standard deviation in the ith state is the sum of the components contributed by 

samples initiated from that state, namely 
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  . In b), the initial sample size is 5 

and in each iteration further 5 samples are added to the dataset. There are small differences between the 5-

sample PMF and the later ones. Since the 10th iteration, the fluctuation of the PMF is small. Thus, we define 

this sample size (50 samples) as the minimum sample size required for convergence. 

  

 



 

 

  



Fig. S2. Under the force field of bsc1, the convergence behavior of free energy profiles constructed from 

equilibrium umbrella sampling simulations with vFEP reweighting in a-b) the wild-type GC base-paired 

case and c-d) the thioguanine substituted case. The lengths of time blocks are 2 ns and 4 ns. 

 

 

 

  



Fig. S3. In the wild-type case described with the bsc1 force field, a) the comparison between dimensionless 

SD profiles and overlap profile in nonequilibrium stratification, b) the convergence behavior of free energy 

profiles from nonequilibrium stratification on the sample size, and c) the time-evolution of state-specified 

SD. The standard deviation in the ith state is the sum of the components contributed by samples initiated 

from that state, namely 
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  . In b), the initial sample size is 5 and in each 

iteration further 5 samples are added to the dataset. There are small differences between the 5-sample PMF 

and the later ones. Since the 10th iteration, the fluctuation of the PMF is small. Thus, we define this sample 

size (50 samples) as the minimum sample size required for convergence.  

 



 

 

 

 

 

 

 

  



Fig. S4. In the sulfur-substitution case described with the bsc1 force field, a) the comparison between SD 

profiles and overlap profile in nonequilibrium stratification, b) the convergence behavior of free energy 

profiles from nonequilibrium stratification on the sample size, and c) the time-evolution of state-specified 

SD. The standard deviation in the ith state is the sum of the components contributed by samples initiated 

from that state, namely 
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  . In b), the initial sample size is 5 and in each 

iteration further 5 samples are added to the dataset. There are small differences between the 5-sample PMF 

and the later ones. Since the 10th iteration, the fluctuation of the PMF is small. Thus, we define this sample 

size (50 samples) as the minimum sample size required for convergence.  

 

 



 

 

  



Fig. S5. Under the bsc1 force field, comparison between the free energy profiles of a) the wild-type GC base-

paired system and b) the sulfur-substituted mutation constructed from nonequilibrium stratification and 

equilibrium umbrella sampling with vFEP reweighting. 

  

  



Fig. S6. Under the force field of bsc0, the convergence behavior of free energy profiles constructed from 

equilibrium umbrella sampling simulations with vFEP reweighting in a) the wild-type GC base-paired case 

and b) the thioguanine case. The length of time blocks is 4 ns. 

  

 

 

 

 

 

  



Fig. S7. The unbiased probability distribution of the flipping dihedral a) in the first sulfur-substitution 

induced base flipping case and b) in the S6G-C and S6G-T case. 

    



Fig. S8. Under the force field of bsc1 and the ion concentration of 0.1 M, the convergence behavior of free 

energy profiles constructed from equilibrium umbrella sampling simulations with vFEP reweighting in a) 

the wild-type GC base-paired case and b) the thioguanine case. The length of time blocks is 4 ns. c) 

Comparison between free energy profiles under the ion concentration of 0.1 M and those with the zero ion 

concentration.  

 

 

  



Fig. S9. The number of hydrogen bonds formed between G7-C20 and that in the mutation. The hydrogen 

bonds are calculated under different cutoff for defining the hydrogen bond. The cutoff is a) 3.1 Å, b) 3.2 Å, c) 

3.3 Å and d) 3.4 Å.  

 

 

  



Fig. S10. Under the force field of bsc1, the convergence behavior of free energy profiles constructed from 

equilibrium umbrella sampling simulations with vFEP reweighting in a) the S6G-C base-paired case and b) 

the S6G-T mismatched case. The length of time blocks is 4 ns. 

  

 

  



Fig. S11. Under the force field of OL15 and the ion concentration of 0.1 M, the convergence behavior of 

free energy profiles constructed from equilibrium umbrella sampling simulations with vFEP reweighting in 

a) the S6G-C base-paired case and b) the S6G-T mismatched case. The length of time blocks is 4 ns. c) 

Comparison between free energy profiles under the ion concentration of 0.1 M and those with the zero ion 

concentration.  

 

 

 


