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Electrostatics via the Ewald Potential 

In simulations the electrostatic potential is not usually defined from a simple 

superposition of Coulomb potentials due to the cut-off problem. For our MD simulations, a grid 

potential ϕ(xp) at any grid point, p, in space was decomposed into ϕreal(xp) in real space and 

ϕimage(xp) in Fourier space by using the standard Ewald summation1-2 under consideration of 

periodic boundary condition: 

𝜑𝜑(𝐱𝐱𝐩𝐩)  =  𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝐱𝐱𝐩𝐩)  +  𝜑𝜑𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟(𝐱𝐱𝐩𝐩)  +  𝜑𝜑𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠(𝐱𝐱𝐩𝐩)     [1-1] 

𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝐱𝐱𝐩𝐩)  =  1
4𝜋𝜋𝜀𝜀0

∑ 𝑞𝑞𝑗𝑗𝑁𝑁
𝑖𝑖≠𝑗𝑗

erfc(𝛼𝛼𝑟𝑟𝑝𝑝𝑝𝑝)
𝑟𝑟𝑝𝑝𝑝𝑝

       [1-2] 

 𝜑𝜑𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟(𝐱𝐱𝐩𝐩) = 1
𝑉𝑉𝜀𝜀0

∑ 𝑟𝑟−k
2/4𝛼𝛼

k2k≠0 ∑ 𝑞𝑞𝑗𝑗𝑒𝑒−𝑖𝑖𝐤𝐤∙𝐫𝐫𝒑𝒑𝒑𝒑𝑁𝑁
𝑗𝑗       [1-3] 

𝜑𝜑𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠(𝐱𝐱𝐩𝐩) =  − 𝛼𝛼
4𝜋𝜋𝜀𝜀0 √𝜋𝜋

𝑞𝑞𝑖𝑖,        [1-4] 

in which xp = (x,y,z) of a grid point, p, in space, ϕself(xp) is self-interaction term due to the 

decomposition, qj is the charge of an interest atom j, qi is the charge of an atom at point p, rpj is 

the distance between charge i and j; the k vectors are given by 𝐤𝐤 =  2𝜋𝜋
𝐿𝐿
�̂�𝐥,  and L is the box length. 

ε0 is permittivity of vacuum, α is a screening parameter of 0.257952 Å-1, and we used 1418 k-

vectors for ϕimage(xp). The Ewald screening parameter was the same as used in the MD 

simulation and gives a relative error in the energy of no greater than 10-6 in the real space sum. 

 

Structural stability in MD simulations  

 We monitored the conformational stability of the protein in all simulations to understand 

the contribution to the electrostatic field. The C-terminal tail is very flexible in all four different 

ionic strength solutions (Figure S4). In the salt-free solution, the protein core remains stable 

(State 1, near the x-ray structure) in the first 600 ns, and then switches to State 2 that stays stable 

after 700 ns. Excluding the C-terminal tail, the averaged structure in State 1 has an RMSD of 

~1.0 ± 0.1 Å from the crystal structure, and in State 2 has a higher RMSD of 1.6 ± 0.1 Å that is 

mainly caused by the movement of residues 34-40 in a loop. The results are consistent with ~1 

millisecond simulation study3, in which two or more populated conformational states were 

identified.  
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 In the presence of KCl salt, the protein is relatively stable during the entire simulation in 

State 1 (excluding the C-terminal tail), but low populated states were observed with backbone 

RMSDs of ~1.6 Å. Although these low population states are more flexible in residue 34-40, 

residue 50-54 and/or have slightly shifted or tilted helix, they are able to switch back to State 1.  

The conformational dynamics of ubiquitin were also observed in experiments4-9 as well as in 

other MD simulations on a time scale from a few nanoseconds to milliseconds.3, 10-12 Thus, the 

force field chosen apparently provides a reasonable description of the protein.  
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Table S1. Systems set up for the MD simulations on ubiquitin in different KCl salt solutions at 

pH = 7.5 and temperature of 298.15 K.  

 Number of KCl Number of all atoms Box size (Å) 

0 mM 0 20053 58.110 

130 mM 15 19993 58.071 

345 mM 40 19893 58.016 

745 mM 87 19705 57.910 
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Table S2. PRE Γ2 rates for backbone 1HN nuclei of ubiquitin at the ionic strength of 345 mM 
Residue             Γ2,+ (s-1) a                     Γ2,- (s-1)b              Residue                 Γ2,+ (s-1)a                  Γ2,- (s-1)b        
Q   2    4.55 ± 0.17   4.47 ± 0.17 
I   3    2.95 ± 0.21   3.06 ± 0.21 
F   4    3.93 ± 0.24   3.83 ± 0.25 
V   5    4.24 ± 0.21   4.60 ± 0.21 
K   6    5.81 ± 0.20   8.62 ± 0.21 
T   7    6.55 ± 0.17   8.56 ± 0.17 
L   8   73.51 ± 8.33  72.42 ± 6.82 
T   9        n.d.1         n.d.1 
G  10    8.24 ± 0.76  12.78 ± 0.87 
K  11   17.89 ± 0.45  12.85 ± 0.40 
T  12   31.98 ± 3.03  31.47 ± 3.55 
I  13    4.39 ± 0.22   4.55 ± 0.22 
T  14   12.21 ± 0.22  19.15 ± 0.27 
L  15    2.52 ± 0.19   2.69 ± 0.20 
E  16   20.21 ± 0.21  16.69 ± 0.20 
V  17    2.95 ± 0.17   2.20 ± 0.17 
E  18    3.98 ± 0.19   2.91 ± 0.19 
S  20    4.54 ± 0.18   2.73 ± 0.18 
D  21    2.98 ± 0.14   1.89 ± 0.14 
T  22    7.84 ± 0.17   3.60 ± 0.17 
I  23    2.71 ± 0.22   2.18 ± 0.22 
E  24        n.d.1         n.d.1 
N  25    6.87 ± 0.16   3.12 ± 0.16 
V  26    4.14 ± 0.17   2.48 ± 0.17 
K  27    3.80 ± 0.18   2.68 ± 0.19 
A  28    9.08 ± 0.15   5.60 ± 0.15 
K  29   10.98 ± 0.17   5.91 ± 0.16 
I  30    4.84 ± 0.19   3.82 ± 0.19 
Q  31    5.56 ± 0.18   4.46 ± 0.18 
D  32    9.00 ± 0.14   5.60 ± 0.14 
K  33    6.83 ± 0.14   4.28 ± 0.14 
E  34    7.28 ± 0.21   5.00 ± 0.21 
G  35   15.86 ± 0.24   6.80 ± 0.22 
I  36   11.92 ± 0.17  10.54 ± 0.17 
D  39    7.28 ± 0.18   2.38 ± 0.17 
Q  40    5.18 ± 0.17   5.21 ± 0.17 

Q  41    4.27 ± 0.17   4.65 ± 0.18 
R  42    5.55 ± 0.19   8.63 ± 0.20 
L  43    5.14 ± 0.22   7.04 ± 0.23 
I  44   10.49 ± 0.23  17.92 ± 0.26 
F  45   10.04 ± 0.22  17.18 ± 0.25 
A  46        n.d.3         n.d.3 
G  47   59.41 ± 1.60  39.87 ± 2.59 
K  48   14.37 ± 0.16  25.17 ± 0.20 
Q  49   68.19 ± 1.77  82.83 ± 3.57 
L  50    6.12 ± 0.21   9.09 ± 0.22 
E  51    6.23 ± 0.20   7.83 ± 0.21 
D  52   40.56 ± 0.32  78.08 ± 1.03 
G  53        n.d.1         n.d.1 
R  54    5.68 ± 0.16   3.86 ± 0.16 
T  55    5.39 ± 0.21   4.97 ± 0.21 
L  56    1.91 ± 0.19   1.86 ± 0.20 
S  57    3.14 ± 0.14   2.97 ± 0.14 
D  58    2.97 ± 0.16   3.44 ± 0.16 
Y  59    4.41 ± 0.20   5.89 ± 0.20 
N  60    5.30 ± 0.19   9.67 ± 0.20 
I  61    4.03 ± 0.20   4.95 ± 0.20 
Q  62    5.51 ± 0.17   5.90 ± 0.17 
K  63   46.85 ± 0.58  61.16 ± 1.03 
E  64    3.53 ± 0.23   3.31 ± 0.23 
S  65    2.85 ± 0.15   2.74 ± 0.15 
T  66   48.18 ± 0.54  42.91 ± 0.47 
L  67    4.14 ± 0.23   6.06 ± 0.24 
H  68   11.67 ± 0.23  21.00 ± 0.26 
L  69    9.13 ± 0.20  16.63 ± 0.22 
V  70   10.20 ± 0.22  17.41 ± 0.25 
L  71   46.48 ± 0.41  62.21 ± 0.70 
R  72   11.13 ± 0.19  16.70 ± 0.22 
L  73   44.56 ± 1.69  68.46 ± 4.91 
R  74        n.d.1         n.d.1 
G  75        n.d.1         n.d.1 
G  76   12.23 ± 0.15  11.67 ± 0.15

 aSolvent PRE arising from 25 mM amino-methyl-PROXYL; bSolvent PRE arising from 25 mM carboxyl-
PROXYL; 1The signal was too broad; 2PRE was too large to measure; 3Error was too large. 
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Table S3. PRE Γ2 rates for backbone 1HN nuclei of ubiquitin at the ionic strength of 745 mM 
Residue             Γ2,+ (s-1)a                Γ2,- (s-1)b              Residue             Γ2,+ (s-1)a                Γ2,- (s-1)b        
Q   2    4.77 ± 0.20   4.11 ± 0.18 
I   3    3.21 ± 0.23   3.01 ± 0.21 
F   4    4.22 ± 0.27   3.62 ± 0.25 
V   5    4.01 ± 0.23   3.67 ± 0.21 
K   6    7.07 ± 0.22   8.63 ± 0.21 
T   7    8.31 ± 0.19   8.55 ± 0.18 
L   8        n.d.3         n.d.3   
T   9        n.d.1         n.d.1    
G  10    8.78 ± 0.80  11.12 ± 0.82 
K  11   24.01 ± 0.61  13.72 ± 0.40 
T  12   38.92 ± 3.95  41.29 ± 3.79 
I  13    4.68 ± 0.24   4.09 ± 0.22 
T  14   14.13 ± 0.29  18.42 ± 0.29 
L  15    3.24 ± 0.21   2.57 ± 0.20 
E  16   21.45 ± 0.28  18.80 ± 0.22 
V  17    2.11 ± 0.19   1.46 ± 0.17 
E  18    3.91 ± 0.20   2.98 ± 0.18 
S  20    4.06 ± 0.19   2.77 ± 0.17 
D  21    2.74 ± 0.15   1.71 ± 0.14 
T  22    7.28 ± 0.19   3.85 ± 0.17 
I  23    2.27 ± 0.23   1.64 ± 0.22 
E  24        n.d.1         n.d.1   
N  25    6.11 ± 0.18   2.99 ± 0.16 
V  26    3.96 ± 0.18   2.38 ± 0.17 
K  27    3.60 ± 0.20   2.49 ± 0.19 
A  28    8.95 ± 0.16   5.31 ± 0.15 
K  29   10.45 ± 0.18   6.74 ± 0.16 
I  30    4.43 ± 0.20   3.69 ± 0.19 
Q  31    5.59 ± 0.18   4.41 ± 0.17 
D  32    8.41 ± 0.15   6.08 ± 0.14 
K  33    6.47 ± 0.14   4.28 ± 0.13 
E  34    7.42 ± 0.22   5.46 ± 0.21 
G  35   14.60 ± 0.26   6.52 ± 0.21 
I  36   12.29 ± 0.18  10.85 ± 0.17 
D  39    6.11 ± 0.22   2.35 ± 0.18 
Q  40    5.52 ± 0.19   4.93 ± 0.17 

Q  41    4.73 ± 0.19   4.47 ± 0.17 
R  42    7.01 ± 0.21   7.94 ± 0.20 
L  43    5.99 ± 0.24   6.60 ± 0.23 
I  44   13.82 ± 0.27  17.00 ± 0.26 
F  45   13.84 ± 0.25  16.29 ± 0.24 
A  46        n.d.3         n.d.3   
G  47   95.55 ± 6.18 121.23 ± 9.11 
K  48   18.68 ± 0.21  23.62 ± 0.20 
Q  49   49.95 ± 2.10  33.54 ± 3.88 
L  50    7.28 ± 0.23   8.23 ± 0.22 
E  51    6.88 ± 0.22   7.60 ± 0.21 
D  52   53.26 ± 0.66  74.88 ± 1.14 
G  53        n.d.1         n.d.1   
R  54    5.84 ± 0.17   4.21 ± 0.15 
T  55    5.40 ± 0.22   4.87 ± 0.21 
L  56    2.04 ± 0.20   1.72 ± 0.19 
S  57    2.61 ± 0.15   2.46 ± 0.14 
D  58    3.12 ± 0.17   3.21 ± 0.15 
Y  59    4.38 ± 0.21   5.58 ± 0.20 
N  60    6.18 ± 0.22  10.40 ± 0.22 
I  61    3.73 ± 0.21   4.86 ± 0.20 
Q  62    7.78 ± 0.18   5.61 ± 0.17 
K  63   59.89 ± 1.25  74.75 ± 1.63 
E  64    3.70 ± 0.25   3.29 ± 0.23 
S  65    3.36 ± 0.16   2.32 ± 0.15 
T  66   57.05 ± 1.00  44.77 ± 0.57 
L  67    5.55 ± 0.25   5.98 ± 0.24 
H  68   15.23 ± 0.27  19.96 ± 0.27 
L  69   12.18 ± 0.24  16.31 ± 0.23 
V  70   13.14 ± 0.26  16.69 ± 0.25 
L  71   61.70 ± 0.92  63.81 ± 0.84 
R  72   16.17 ± 0.24  17.52 ± 0.22 
L  73   54.58 ± 2.84  75.64 ± 4.60 
R  74        n.d.1       n.d.1     
G  75        n.d.1       n.d.1     
G  76   12.72 ± 0.20  10.85 ± 0.17

aSolvent PRE arising from 25 mM amino-methyl-PROXYL; bSolvent PRE arising from 25 mM carboxyl-
PROXYL; 1The signal was too broad; 2PRE was too large to measure; 3Error was too large. 
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Figure S1. The partial charges of amino-methyl-PROXYL and carboxy-PROXYL. The arrow in orange 

demonstrates the direction of the dipole of each probe molecule.  

  



 
 
 
 
 

S8 

 
Figure S2. Overlay of 1H-15N HSQC spectra of ubiquitin at different KCl concentrations. 
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Figure S3. (A) RMSDs from the crystal structure of ubiquitin in different KCl salt solutions. (B) 

Superimposition of State 1 (in grey) and State 2 (in cyan) of ubiquitin excluding the C-terminal tail in the salt-

free solution. Highlighted in blue is residue 31-41 involving major shifts from State 1.  
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Figure S4. Slices of electrostatic potential component map around Asp52 (represented in vdW sphere) of 

ubiquitin in salt free solution. (A) Component from the solute atoms, (B) water molecules and (C) all atoms in 

the solution. (D) The MD-derived φENS potentials contributed from the solute and the mobile ions (with symbols) 

using a probe radius of 3.5 Å in different salt solutions. The lines at ~ 2.5 mV are for the total potentials 

contributed from the solute, the mobile ions and water.  
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Figure S5. (A) and (C) Slices of grid potentials calculated from the MD simulations with the probe radius 3.5 Å 

and 2.0 Å, respectively. (B) and (D) Slices of grid potentials calculated from the PB-theory with the probe radius 

3.5 Å and 2.0 Å, respectively.  The potentials inside the probe-excluded-surface (sum of the probe radius 3.5 Å 

and average vdW radius 1.7 Å from all protein atoms) are set at 0 kBT/e for a convenience of display.   
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Figure S6. Correlation plots for the experimental φENS potentials and the predicted ones in (A) 130, (B) 345, and 

(C) 745 mM ionic strength, respectively. The outliers are labeled. The green circles represent the residues in the 

secondary structure region (2nd). The correlation coefficients of the original data points are r2 = 0.77 with the 

slope = 0.61 for 130 mM; r2 = 0.61 with the slope = 0.64 for 345 mM, and r2 = 0.58 with the slope = 0.52 for 

745 mM, respectively. The black and red solid lines represent linear regression on data points without outliers 

and the residues in the secondary structure, respectively. The uncertainties in the slopes were estimated at a CI of 

95%.  
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Figure S7. The model structures of (A) amino-methyl-PROXYL and (D) carboxy-PROXYL anionic probe, 

respectively. The yellow dot represents the center of the molecule. The oxygen with an unpaired electron is in a 

distance of ~ 2.9 Å and 2.4 Å from the center of the cationic and anionic probe, respectively. Around ubiquitin in 

130 mM KCl are negative potentials (-0.3 kBT/e in red) and positive potentials (+0.3 kBT/e in blue) rendered in 

the volume map. In addition, the grid points having favorable Boltzmann-weighted potential energies (-0.2 kBT) 

of ubiquitin with the cationic probe (B) and with the anionic probe (E) are in green color. Different orientations 

at the boundary of the positive and negative field around Asp52 are displayed as Sample1 and Sample 2 for 

cationic (C) and anionic (F) probe, respectively. 
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Figure S8. (A) The minimum effective potential energies in the near surface proximity zone within 10 Å from 

the HN atom of each individual residue of ubiquitin in 130 mM ionic strength. (B) Residue 15-24 and 53-58 of 

ubiquitin in the electrostatic potential field in 130 mM ionic strength. The backbone N atoms are represented as 

black spheres. Negative potential surface (-0.3 kBT/e in red) and positive potential surface (+0.3 kBT/e in blue) 

are rendered in the volume map.  
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Figure S9. The probability of minimum distance of (A) the K+ ions and Cl- ions and (B) water from ubiquitin 

surface. The highest peak is at 2.6 Å for K+ ions, 3.2 Å for Cl- ions, and 2.7 Å for water molecules.  

 

 
Figure S10.  Comparison of φENS potentials at different ionic strengths. (A) and (B) NMR-derived data; (C)  

Changes in φENS potentials as a function of ionic strengths for HN atoms of 8 residues. Data at 0 mM and 100 mM 

KCl (ionic strengths 30 and 130 mM) are from our previous work.13 (D), (E) and (F) MD-derived data.  
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Figure S11. (A) Localized ion-ion electrostatic interaction energy in 745 mM KCl salt solution. This resulting 

energy corresponds to the electrostatic energy between an ion, which was located at a grid point, and all the other 

ions in the unit cell as well as all ions in the periodic image cells. The energies are in a range of (-1.0, 1.0) kBT in 

color from red to blue. (B) Localized ion-ion electrostatic interaction energy around some residues.   
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