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Materials and Methods  

Prediction of CSPs. The Δδef was calculated as a difference in chemical shielding of the nucleus upon the 

(de)protonation of an ionizable group. Electric field-induced shielding of the charged and the neutral form of 

an ionizable group is given by Buckingham’s equation (Eq. S1). We used values for the nuclear shielding 

polarizabilities, �∥, for 15N and 1HN nuclei of 868 ppm au and 188 ppm au 1. We note that there is some 

uncertainty on the exact values of �∥ for both nuclei, but the variation in the numbers is fairly small (maximal 

deviation is a factor 2) and this does not change the main conclusion from this work.  Although values for the 

second term in Buckingham’s formula, Bγ,γ, have not been reported for 15N and 1HN in the literature, we 

assumed that this term made only negligible contribution to Δδef based on data reported for 19F and 13C nuclei 

2,3. The third term in Buckingham’s formula, the gradient contribution, was calculated according to 4, but was 

found to give only minimal changes to the final Δδef. This gave the final equation used for the prediction of the 

Δδef value as:  

∆��� � �∥�	∥ 
 �∥��
�	

���
      (Equation S1) 

The electric field, EII�� , at the position of backbone 15N and 1HN nuclei was calculated with the PBE 

implemented in the APBS program 5 and Coulomb’s law 6. Parameters for the APBS were set as follows:  ion 

species radius, 2Å; ion concentration, according to the experimental conditions; solvent probe, 1.4Å; 

temperature, 298.15K; boundary condition, single Debye-Hückel; final grid resolution, 0.25Å/grid point. The 

values of εp were taken from the range 1 to 30 with a step of 0.5. The identical range was used for εeff in 

Coulomb’s law.  

 

Benchmarking of electric field calculations. Before testing the PBE method and Coulomb’s law against the 

measured CSPs, all CSPs that may result from short-range electronic effects, Δδs, were excluded from the final 

dataset. To exclude possible through-bond artifacts in the analysis, the CSPs reported by nuclei belonging to 

the ionizable group of interest and its immediate neighbors were not considered. Furthermore, the measured 

Δδef whose sign did not correspond to the calculated Δδef according to Buckingham’s formula were also 

excluded from the dataset. For all other nuclei the experimentally observed and absent CSPs were compared 

to the predicted Δδef values calculated for the range1 to 30 of the two dielectric constants. The values of εp 

and εeff were termed optimal if the RMSD between their corresponding predicted and experimental Δδef 

values was minimal.  

 

MD simulations. MD simulations of 20ns trajectories were performed for each of the six protein systems 

using GROMACS 7 with the AMBER force field ff99SB 8 and the TIP3P water model 9. The simulations of the 

charged and the neutral form of the nine ionizable groups were performed separately. The WHAT IF 10 

package was used to rebuild all missing atoms and to optimize the hydrogen bond network before starting 

the simulation. The energy minimization (EM), position restrain and MD simulation were performed in a 

water box where all protein atoms were positioned at least 15Å from the edges of the box. The temperature 
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was controlled with a Berendsen coupling 11 to a water bath at 300K using a temperature-coupling constant 

of 0.1ps. The system containing the protein, water and neutralizing ions was energy-minimized for 1000 

steps using the steepest descent algorithm. The step size was set to 0.01nm and the tolerance to 2000 kJmol-

1nm-1. The MD simulations were performed using a 2fs time step and periodic boundary condition. A cut-off of 

10Å was used for the Lennard-Jones interactions and the short-range electrostatic interactions. The particle 

mesh Ewald method with a maximum grid spacing of 10Å and a fourth-order interpolation scheme was used 

to compute long-range electrostatic interactions. Snapshot structures were taken every 10ps starting at 5ns 

of the simulation time and each snapshot was used in CSP predictions (Eq. S1). 

Results 

ACBP. The CSPs originating with protonation of His14 and His30 were examined in ACBP. The pKa values of 

7.1 (His14) and 6.7 (His30) were determined from the titration curves of their own imidazole nuclei. His30 is 

centrally positioned, mostly buried between helices A2, A3 and A4 12, and with a very low side chain solvent 

accessible surface area (SASA) of 6Å2. Therefore, it is not surprising that the protonation of this group was 

detectable in almost half of the recorded titration curves in ACBP, 33 15N and 31 1HN CSPs (Figure 1A). By 

contrast, the more solvent-exposed His14 (SASA=36 Å2) was associated with only 9 15N and 9 1HN CSPs 

(Figure S2A). 

βLG. The CSPs detected in βLG were mainly caused by the three pH-dependent conformational changes 

studied in 13. Therefore, it was found that only 20% of the CSPs reported in this protein are of electrostatic 

origin 13. From the identified Δδef it was impossible to isolate a single ionizable group whose electric field was 

the main source of the detected CSPs. Therefore, the CSPs detected in βLG were not included in the CSP 

analysis. 

GB1. The CSPs detected in GB1 were mainly influenced by through-bond effects. The B1 domain of protein G 

contains 64 residues, 11 of the which are acidic  14. These acidic groups are highly exposed to the solvent, 

having indistinguishable pKa values similar to the normal pKa values of acidic residues in water. Furthermore, 

the vast majority of the CSPs were reported by the ionizable groups themselves and by their preceding and 

following residues. These CSPs were dominated by through-bond effects; hence, the CSPs detected in GB1 

were included in the CSP analysis.   

A.v. Pc. The CSPs reflecting the protonation of His92 and His61 were examined in A.v. Pc 1. His92 has a pKa 

value of 5.1 15 and its Cγ is separated by a distance of 19Å from the Cδ atom of Glu30, another ionizable group 

with a similar pKa 15. The CSPs affected by His92 and Glu30 were separated using a procedure described in 1. 

In contrast, the pKa value of His61 (7.1) is rather unique in A.v. Pc, which greatly simplified the assignment 

process. The side chains of both His92 and His61 are partially buried, with side chain SASA of 6Å2 and 14Å2, 

respectively. The number of identified 15N and 1HN Δδef associated with the protonation of His92 are 36 and 

34, respectively, whereas the corresponding numbers associated with the titration of His61 are 30 and 26 

(Figure S3A).  
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The influence of through-space magnetic contribution of His61 to the observed CSPs was also 

considered. This residue exists in a mixed population composed of the highly populated trans-rotamer and 

the low populated cis-rotamer conformation. However, even when Δδm values were calculated 16,17 assuming 

that the two rotamers are populated equally, their values were insignificant compared to the observed Δδtot 

associated with the titration of this group.  

P.l. Pc. In P.l. Pc only the CSPs resulting from the protonation of His92 were identified in the pH-range studied 

18,19. The pKa value of His92 (5.1) 20 is easily detectable in the NMR spectra, which makes the assigning 

procedure straightforward. The side chain of His92 is partially buried in the active site of plastocyanin, having 

a SASA of 8Å2. The total number of identified 15N and 1HN CSPs associated with the His92 protonation were 38 

and 32, respectively (Figure S4A). 

hGRX. The CSPs originating from deprotonation of Glu44 and Glu94 were examined in hGRX. These two 

groups titrate with pKa values of 4.0, which is reflected in the titration curves of their own amide nuclei. The 

groups are solvent exposed, SASA(Glu44)=18Å2; SASA(Glu94)=24Å2, and therefore produce electric fields 

screened by the surrounding solvent. As a result, the number of detected CSPs by 15N (1HN) nuclei are only 10 

(8) in case of Glu44, and 14 (11) in case of Glu94 (Figure S5A). 

B.s. xylanase. The CSPs detected in B.s. xylanase were dominated by the deprotonation of the nucleophilic 

Glu78 and general acid/base Glu172. The 13Cγ titration curves of the two catalytic groups show non 

Henderson-Hasselbalch behavior as a result of their coupling through strong Coulomb interactions 21. 

Consequently, the 15N and 1HN titration curves were biphasic, which rendered the assignment of CSPs to 

either one of the catalytic groups unreliable. Furthermore, the recorded titration data in B.s. xylanase were 

assigned in less than a half of the nuclei, which further prevented the complete analysis of contributions by 

these two groups to the electric field. For this reason, the CSPs of B.s. xylanase were not included in the CSPs 

analysis. 

CexCD. In this protein the CSPs that were examined originated with protonation of His80. The side chain of 

His80 is buried (SASA=2Å2) within the active site cleft of the enzyme. Its pKa of 7.9 was determined by 

monitoring the pH-dependence of its 13Cε1 resonance 22. The only group with a similar pKa is the surface 

exposed His114 whose Cγ is 15.8Å away from the Cγ atom of His80. CSPs originating from the two groups 

were separated by analyzing the 15N -1HN HSQC spectra of the glycosyl-enzyme intermediate 23. In this 

intermediate CexCD has been covalently modified by 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-cellobioside 

(2FCb-CexCD), causing a drop in the pKa of His80 to a pH below the  lowest monitored pH. In contrast, the pKa 

of His114 remained unperturbed 22. By comparing the two spectra, 57 15N and 46 1HN CSPs were identified 

that could be assigned as originating from protonation of His80 (Figure S6A). 

SNase. In this protein the CSPs originating with deprotonation of Asp21 are the ones that were examined. 

SNase is a highly charged protein with 20 Asp and Glu residues. Of all the ionizable groups only Asp21 titrates 

with an unusually high pKa of 6.5; therefore, the CSPs connected with this residue were the only ones 

considered in this study 24. The side chain of Asp21 is buried (SASA=2Å2) within the active site region.  Owing 

to its central position within the protein, its deprotonation gave rise to 33 15N and 31 1HN CSPs. The identified 
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CSPs were confirmed by analysis of the pH-dependent 15N -1HN HSQC spectra of the D21N mutant. In this 

procedure CSPs resulting from the deprotonation of Asp21 were required to exist in the wt and to be absent 

in the D21N variant (Figure S7A). On the other hand, applying this differential analysis on the spectra of the 

wt and variants with L38D, L38E and L38K substitutions, did not allow assignment of CSPs originating from 

ionization of D38, E38 and K38. Accordingly, CSPs connected with these groups were not included in the CSP 

analysis.   
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Figures 

 

 
 
Figure S1a. Example of a pH-dependent CSP detected on an amide 15N nucleus and caused by the titration of 

a nearby Asp residue. The apparent pKa value of the CSPs matches the pKa value of the Asp titration. 
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Figure S1b. Coordinate system used to calculate isotropic chemical shifts coming from uniform 

electric fields (see Eq. 1 and Eq. S1) on (a) 
1
H

N
, (b) 

15
N backbone nuclei. In the case of 

1
H

N
, the 

Az value along the N-H group is only considered. Electron polarizability perpendicular to the 

bond cannot produce any linear shift contribution, and therefore shielding polarizabilities along 

y- and z-axis are zero (Ax = Ay =0). In the case of amide 
15
N, the N-C’ bond is more polarizable 

than the N-H and N-�� bond and, therefore, gives rise to the largest chemical shift observed in 
15
N. Accordingly, the coordinate system used places one of the principal axes (in this case y) 

along this bond with values: Ax = 75±35 ppm au; Ay = 788±41 ppm au and Ay = -125±41 ppm 

au. The values of the shielding polarizability tensors defined along axes (Ax, Ay and Az) are 

obtained empirically from experimental measurements [25], and show good correlation with the 

values obtained analytically from ab inito calculations [26-29] on well-parameterised small 

molecules. 
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Figure S2.  Structural distribution of CSPs in the ACBP protein, and optimal values of εp and εeff that 

reproduce 15N and 1HN CSPs measured in ACBP. (A) Electric field propagation in ACBP caused by the 

protonation of His30 (left image; magenta) and His14 (right image; magenta) and measured at backbone 15N; 

(blue) residues with identified CSPs above 0.1ppm; (yellow) residues with CSPs below 0.1ppm; (white) non-

existing resonances (Pro residues, resonances not assigned in the NMR spectra). (B) Average RMSD between 

measured and predicted 15N Δδef (left) and between measured and predicted 1HN Δδef (right) as a function of 

dielectric constant. Solid lines depict the RMSD of observed Δδef and dashed lines depict the RMSD of absent 

Δδef. Color scheme: calculations with static structures with Poisson-Boltzmann electrostatics (PBE) (cyan), 

with Coulomb’s law (orange), calculations with ensemble of static structures using PBE (blue) and Coulomb’s 

law (red), calculations with ensembles from MD trajectories using PBE (green) and Coulomb: magenta), and 

calculations with a microscopic approach (grey). (C) Fraction of 15N reporter nuclei (left) and 1HN reporter 

nuclei (right) whose predicted Δδef are within the nucleus-specific experimental errors of the observed Δδef 

(solid line) and absent Δδef (dashed line). Color scheme is identical to (B).  
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Figure S3. Structural distribution of CSPs in the A.v. Pc protein an optimal values of εp and εeff that reproduce 

15N and 1HN CSPs measured in A.v. Pc. (A) Electric field propagation in ACBP caused by the protonation of 

His61 (left image; magenta) and His92 (right image; magenta) and measured at backbone 15N: (blue) residues 

with identified CSPs above 0.1ppm; (yellow) residues with CSPs below 0.1ppm; (white) non-existing 

resonances (Pro residues, resonances not assigned in the NMR spectra). (B) and (C) legend identical as in 

Figure S2. 
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Figure S4. Structural distribution of CSPs in the P. I. Pc protein and optimal values of εp and εeff that 

reproduce 15N and 1HN CSPs measured in P.l. Pc. (A) Electric field propagation in ACBP caused by the 

protonation of His92 (magenta) and measured at backbone 15N: (blue) residues with identified CSPs above 

0.1ppm; (yellow) residues with CSPs bellow 0.1ppm; (white) non-existing resonances (Pro residues, 

resonances not assigned in the NMR spectra). (B) and (C) legend identical as in Figure S2. 
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Figure S5. Optimal values of εp and εeff using 15N and 1HN CSPs measured in hGRX. (A) Electric field 

propagation in ACBP caused by the protonation of Glu44 (left image; magenta) and Glu94 (right image; 

magenta) and measured at backbone 15N: (blue) residues with identified CSPs above 0.1ppm; (yellow) 

residues with CSPs bellow 0.1ppm; (white) non-existing resonances (Pro residues, resonances not assigned in 

the NMR spectra). (B) and (C) legend identical as in Figure S2. 
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Figure S6. Structural distribution of CSPs for CexCD and optimal values of εp and εeff that reproduce 15N and 

1HN CSPs measured in CexCD. (A) Electric field propagation in ACBP caused by the protonation of His80 

(magenta) and measured at backbone 15N: (blue) residues with identified CSPs above 0.1ppm; (yellow) 

residues with CSPs below 0.1ppm; (white) non-existing resonances (Pro residues, resonances not assigned in 

the NMR spectra). (B) and (C) legend identical as in Figure S2. 
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Figure S7. Structural distribution of CSPs in SNase and optimal values of εp and εeff that reproduce 15N and 

1HN CSPs measured in SNase. (A) Electric field propagation in ACBP caused by the protonation of Asp21 

(magenta) and measured at backbone 15N: (blue) residues with identified CSPs above 0.1ppm; (yellow) 

residues with CSPs below 0.1ppm; (white) non-existing resonances (Pro residues, resonances not assigned in 

the NMR spectra). (B) and (C) legend identical as in Figure S2. 
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Figure S8. Optimal values of εp and εeff using cumulative 15N and 1HN CSPs measured in all proteins. (A) Same 

legend as in Figure S2B. (B) Same legend as in Figure S2C. 
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Table S1. RMSD (ppm) between experimental and calculated 15N and 1HN (1HN results in brackets) Δδef using: 

a single crystal structure, an ensemble of crystal structures, or an ensemble of structures generated with MD 

simulations. 

Protein/ 
group 

 RMSD from PBE RMSD from Coulomb’s law  

static 
structure 

ensemble of 
stat.struct. 

MD 
simulations 

static 
structure 

ensemble of 
stat.struct. 

MD without 
water 

full MD 

ACBP 0.20 (0.02) 0.17 (0.02) 0.17 (0.03) 0.14 (0.03) 0.11 (0.03) 0.14 (0.03) 0.28(0.05) 

His14 0.31 (0.00) 0.14 (0.00) 0.07 (0.00) 0.18 (0.00) 0.15 (0.00) 0.10 (0.00) 0.34(0.04) 

His30 0.16 (0.03) 0.17 (0.02) 0.17 (0.02) 0.13 (0.03) 0.10 (0.03) 0.14 (0.03) 0.27(0.05) 

A.v. Pc 0.42 (0.07) 0.42 (0.07) 0.43 (0.09) 0.43 (0.09) 0.44 (0.08) 0.51 (0.10) 0.58(0.12) 

His61 0.20 (0.02) 0.18 (0.02) 0.16 (0.03) 0.17 (0.03) 0.17 (0.02) 0.24 (0.03) 0.21(0.03) 

His92 0.38 (0.07) 0.40 (0.07) 0.54 (0.12) 0.48 (0.08) 0.50 (0.08) 0.61 (0.12) 0.71(0.15) 

P.l. Pc 0.28 (0.06) 0.27 (0.06) 0.35 (0.10) 0.31 (0.07) 0.30 (0.07) 0.41 (0.09) 0.61(0.15) 

His92  0.28 (0.06) 0.27 (0.06) 0.35 (0.10) 0.31 (0.07) 0.30 (0.07) 0.41 (0.09) 0.61(0.15) 

hGRX  0.29 (0.14)  0.29 (0.13) 0.36 (0.11)  0.36 (0.11) 0.42(0.14) 

Glu44 0.37 (0.22)  0.36 (0.20) 0.50 (0.13)  0.49 (0.16) 0.53(0.22) 

Glu94 0.23 (0.05)  0.24 (0.05) 0.26 (0.02)  0.24 (0.02) 0.29(0.05) 

CexCD 0.11 (0.04) 0.11 (0.04) 0.18 (0.04) 0.14 (0.03) 0.14 (0.03) 0.19 (0.04) 0.25(0.06) 

His80 0.11 (0.04) 0.11 (0.04) 0.18 (0.04) 0.14 (0.03) 0.14 (0.03) 0.19 (0.04) 0.25(0.06) 

SNase 0.18 (0.04) 0.17 (0.04) 0.18 (0.03) 0.21 (0.04) 0.21 (0.04) 0.21 (0.04) 0.3(0.05) 

Asp21 0.18 (0.04) 0.17 (0.04) 0.18 (0.03) 0.21 (0.04) 0.21 (0.04) 0.21 (0.04) 0.3(0.05) 

ALL 0.25 (0.06) 0.23 (0.05) 0.26 (0.07) 0.28 (0.07) 0.24 (0.05) 0.30 (0.08) 0.40(0.09) 
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Table S2. Sets of crystal structures used to ensembles of static structures. Representative structures for each 

protein are underlined. Average RMSDs were calculated with respect to the representative static structures.  

protein No of PDB 
structures 

PDB ID average 
RMSD [Å] 

No. of MD 
structures 

average   
RMSD [Å] 

ACBP 5 1ACA*, 1HB6, 1HB8, 
1NTI*, 2ABD* 

1.46 1500 2.18 

A.v. Pc 4 1FA4*, 1NIN*, 2CJ3, 2GIM 0.83 1500 2.43 

P.l. Pc 8 1BAW, 2Q5B, 2W88, 
2W8C, 3BQV, 3CVB, 3CVC, 
3CVD 

0.46 1500 3.61 

hGRX 1 1JHB* N/A 1500 1.74 

CexCD 14 1EXP, 1FH7, 1FH8, 1FH9, 
1FHD, 1J01, 2EXO, 2HIS, 
2XYL, 3CUF, 3CUG, 3CUH, 

0.28 1500 1.52 

SNase 36 1TQO, 1TR5, 1TT2, 2OEO, 
2OF1, 2RBM, 3BDC, 3C1E, 
3C1F, 3D4D, 3D4W, 3D8G, 
3DHQ, 3E5S, 3EJI, 3ERO, 
3EVQ, 3H6M, 3HEJ, 3ITP, 
3MEH, 3MHB, 3MVV, 
3MXP, 3MZ5, 3NK9, 3NP8, 
3NQT, 3OWF, 3P75, 3R3O, 
3RUZ, 3S9W, 3SHL, 3SK5, 
3SK8 

0.94 1500 1.46 

*Structures solved by NMR  
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