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Supplementary Materials 

Supplementary Methods 
 
Data Preparation for TSNE Clustering 

The first step in TSNE clustering is to compute the distance between all pairs of points. Traditionally, this is done 

by taking the Euclidean distance between all pairs of points. Because we include angles in our high-dimensional 

vectors, additional steps must be taken to ensure the validity of our pairwise distance matrix. In particular, we 

want to preserve the angular proximity of pairs of points which lie on either side of the periodic discontinuity (e.g., 

a pair of points with a particular angle that lies near −𝜋 and 𝜋 radians). To do this, we split every angular 

component of every high-dimensional input vector into sine and cosine components. This way, the points −𝜋 

and 𝜋 radians with Euclidean distance 2𝜋 become the points (-1,0), (-1,0) with Euclidean distance 0 which 

accounts for the fact that these are the same point. This means that in order to account for periodicity, our 4-

dimensional vectors representing the four T617 𝜒
1
 dihedral angles are transformed to 8-dimensional vectors 

consisting of the sines and cosines of the original angles. 

 To mix the scalar data of the pairwise distances with the angular data of the T617 𝜒
1
 dihedral angles, we 

note that for any angle, the maximum possible Euclidean distance is 2. As such we scale and shift all pairwise 

distances such that the largest observed distance has a scaled value of 2 and the smallest observed value has 

a scaled value of 0. 

 

Characterizing Clusters 

To characterize each identified TSNE cluster, the mean and standard deviation of relevant features 

were taken over all points in a particular cluster. For scalar values these were computed normally, but 

for angular points, the angular mean and standard deviation were taken. Table S1 shows the angular 

means and standard deviations of the four T617 𝜒1 dihedral angles for each cluster. Note that in 

addition to the aforementioned 2 radian and 4 radian states, we also observe a 0 radian state. This 

radian state was observed infrequently and for the purposes of analysis was counted as a “non-

obstructing” state. 

  



Supplementary Tables 
 
Supplementary Table 1: Stability of the ion channel gate in equilibrium MD simulations. The average 

values of the root-mean-square deviation (RMSD) from the initial structure calculated for the entire 

transmembrane domain (TMD) and the Gate region only (residues S615 to T625) for all simulated systems. The 

corresponding standard deviations are also listed. See Extended Data Table 2 for trajectory information. 

  

 

 
 
 

 

 

 

 

  

 TMD RMSD Gate RMSD 

Systems RMSD (Å) Std. Dev. (Å) RMSD (Å) Std. Dev. (Å) 

NNNN 1.24 0.11 0.62 0.12 

GNNN 1.31 0.10 0.68 0.07 

GNGN1 1.74 0.17 2.20 0.93 

GNGN2 1.47 0.14 1.31 0.24 

NNGG 1.70 0.13 1.20 0.23 

GNGG 1.41 0.12 1.25 0.18 

GGGG 1.41 0.13 1.19 0.19 

5WEO 1.78 0.16 1.84 0.28 



Supplementary Table 2. 40 identified clusters from the TSNE analysis of the T617 sidechain 𝜒
1
 dihedral angles 

and pairwise distances.  (See Extended Data Fig. 6) 

  



Supplementary Table 3. Cluster average and standard deviation values of the distances measured between 

the Cα atoms of T625 or T617 in diagonal subunits. 

  



Supplementary Table 4. 40 identified clusters from the TSNE analysis of the T617 sidechain 𝜒
1
 dihedral angles 

and pairwise distances alongside the average number of water molecules that permeate the gate region 

immediately following the frame in the given cluster. Table is ordered according to the number of non-obstructing 

sidechains followed by the average permeation observed for the corresponding cluster. The last column shows 

the number of T617 sidechains in the non-obstructing configuration when counting the 0 radian state as a non-

obstructing state. 

  



Supplementary Table 5. Makeup of simulations-based clusters derived from the TSNE analysis of the T617 

sidechain 𝜒
1
 dihedral angles and pairwise distances. Entries are normalized over the number of points in each 

simulation, and each row sums to unity. The table is ordered by the number of points in each cluster. 

 

 

  



Supplementary Table 6: Correlation of water permeation throughout MD simulations. Shown is correlation of 

permeation values from the trajectory snapshots saved at 10 ps (Y) and 250 ps (X). Polynomial regression 

analysis shows correlation with R2 = 0.985. See Methods section for calculation details.  

 

 
From 250ps 

data 
From 10ps 

data 
For 10ps  

 X Y 
y = 0.0757x2 

+ 1.218x 
 

Systems 
Permeation 

per ns 
Permeation 

per ns 
Projected 

Values 
Difference 

5WEO-Rep1 7.176 16.300 12.639 -3.661 

5WEO-Rep1 5.752 8.900 9.511 0.611 

5WEO-Rep1 6.248 10.325 10.565 0.240 

5WEO-Rep1 6.952 12.225 12.126 -0.099 

5WEO-Rep1 11.900 25.650 25.214 -0.436 

5WEO-Rep1 11.324 25.675 23.500 -2.175 

5WEO-Rep1 6.824 11.625 11.837 0.212 

5WEO-Rep1 3.924 6.200 5.945 -0.255 

5WEO-Rep1 5.652 9.300 9.302 0.002 

5WEO-Rep1 7.300 13.150 12.925 -0.225 

5WEO-Rep1 4.620 6.925 7.243 0.318 

5WEO-Rep2 7.600 14.850 13.629 -1.221 

5WEO-Rep2 7.124 10.275 12.519 2.244 

5WEO-Rep2 6.400 12.150 10.896 -1.254 

5WEO-Rep2 6.276 10.075 10.626 0.551 

5WEO-Rep2 7.224 12.650 12.749 0.099 

5WEO-Rep2 5.048 7.700 8.077 0.377 

5WEO-Rep2 6.024 9.775 10.084 0.309 

5WEO-Rep2 5.324 8.850 8.630 -0.220 

5WEO-Rep2 10.224 20.800 20.366 -0.434 

5WEO-Rep2 5.752 9.200 9.511 0.311 

5WEO-Rep2 10.052 19.975 19.892 -0.083 

GNGN1-Rep1 4.600 7.225 7.205 -0.020 

GNGN1-Rep1 6.200 9.650 10.462 0.812 

GNGN1-Rep1 6.876 12.900 11.954 -0.946 

GNGN1-Rep2 4.576 7.050 7.159 0.109 

GNGN1-Rep2 10.524 19.925 21.202 1.277 

GNGN1-Rep2 5.924 9.725 9.872 0.147 

GNGN2-Rep1 4.752 8.125 7.497 -0.628 

GNGN2-Rep1 9.976 19.375 19.684 0.309 

GNGN2-Rep1 11.848 24.500 25.057 0.557 

NNGG-Rep1 6.800 11.675 11.783 0.108 

NNGG-Rep1 6.276 10.275 10.626 0.351 

NNGG-Rep1 5.876 9.725 9.771 0.046 

NNGG-Rep1 8.024 13.625 14.647 1.022 

NNGG-Rep1 2.648 3.500 3.756 0.256 

NNGG-Rep1 7.524 12.225 13.450 1.225 

GNGG-Rep1 5.224 8.725 8.429 -0.296 

GNGG-Rep1 6.700 11.525 11.559 0.034 

GNGG-Rep1 6.724 11.100 11.612 0.512 



GGGG-Rep1 8.552 16.975 15.953 -1.022 

GGGG-Rep1 3.700 5.875 5.543 -0.332 

GGGG-Rep1 5.048 7.975 8.077 0.102 

GGGG-Rep1 6.324 9.800 10.730 0.930 

GGGG-Rep1 6.424 10.725 10.948 0.223 

GGGG-Rep1 4.000 6.625 6.083 -0.542 

GGGG-Rep2 6.276 9.925 10.626 0.701 

GGGG-Rep2 8.552 16.050 15.953 -0.097 

GGGG-Rep2 11.376 21.800 23.653 1.853 

GGGG-Rep2 7.776 15.925 14.048 -1.877 

GGGG-Rep2 5.024 8.000 8.030 0.030 

GGGG-Rep2 5.076 8.075 8.133 0.058 

GNNN 0.124 0.200 0.152 -0.048 

GNNN 0.024 0.025 0.029 0.004 

GNNN 0.000 0.050 0.000 -0.050 

NNNN-Rep1 0.024 0.125 0.029 -0.096 

NNNN-Rep1 0.052 0.075 0.064 -0.011 

NNNN-Rep1 0.100 0.150 0.123 -0.027 

NNNN-Rep1 0.100 0.100 0.123 0.023 

NNNN-Rep1 0.176 0.300 0.217 -0.083 

NNNN-Rep2 0.000 0.050 0.000 -0.050 

NNNN-Rep2 0.100 0.100 0.123 0.023 

NNNN-Rep2 0.024 0.025 0.029 0.004 

NNNN-Rep2 0.024 0.075 0.029 -0.046 

NNNN-Rep2 0.052 0.075 0.064 -0.011 

NNNN-Rep2 0.000 0.000 0.000 0.000 

   R2 = 0.985 

 
 

 

  



Supplementary Table 7. Uncertainty Analysis of Ion permeation in non-equilibrium MD simulations with 

applied voltage (Extended Data Table 3). Each trajectory was divided into 40 ns non-overlapping blocks and 

conductance computed as described in Methods. 

  40 ns trajectory blocks   

Simul
ation 

Cluster/ 
Structure 

1 2 3 4 5 6 7 8 9 

Avg. 
Conduc
tance 
(pS) 

Std. 
Error 
(pS) 

 O3            

Sys1 w(GNGN-2) 107.0 93.5 66.8 6.7 13.4 33.4 40.1 66.8 100.0 58.6 37.3 

Sys2 w(GNGN-2) 160.0 107.0 140.0 60.1 0.0 60.1 100.0 120.0 113.0 95.6 48.5 

Sys3 w(5WEO) 0.0 107.0 93.5 86.8 66.8 40.1 13.4 20.0 6.7 48.3 41.0 

 O2            

Sys1 p(5WEO) 33.4 53.4 13.4 20.0 6.7 13.4 40.0 26.7 6.7 23.7 16.0 

Sys2 p(5WEO) 0.0 26.7 107.0 93.5 33.4 6.7 6.7 6.7 26.7 34.2 39.3 

Sys3 e(GGGG-Rep2) 40.1 80.1 40.1 60.1 20.1 33.4 73.4 66.8 60.1 52.7 20.1 

 O1            

Sys1 b(GGGG-Rep2) 0.0 0.0 26.7 13.4 6.7 20.0 13.4 13.4 13.4 11.9 8.7 

Sys2 b(GGGG-Rep2) 0.0 0.0 26.7 13.4 6.7 6.7 0.0 6.7 46.7 11.9 15.6 

Sys3 b(GGGG-Rep2) 0.0 13.4 0.0 0.0 6.7 0.0 6.7 6.7 6.7 4.5 4.7 
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