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Methods and Material

Sample expression and purification. The 56-residue third IgG-binding domain of
protein G, GB3, and the mutants K19A and K19E, were made by expression in
Escherichia Coli BL21 (DE3*) cells, transformed with a pET-11 vector containing the
GB3 or mutant gene. Details of the preparation and purification procedure have been
described previously.! Mixed ""N-labeled and '°N/"*C-labeled protein samples were
prepared, containing 20 mM sodium phosphate, 50 mM sodium chloride, pH 6.5, 5%
D20, in 550 pl volume. In the NaCl titration experiments, a small amount of
concentrated NaCl solution (5 M) was added to the sample, which had been extensively
dialyzed against distilled water to minimize the starting salt concentration, to reach
NaCl concentrations of 0, 50, 100, 150 and 200 mM. Similarly, in the sodium
phosphate titration experiments, a small amount of concentrated sodium phosphate (1
M, pH 6.5) was added to the sample, to reach final sodium phosphate concentrations of
1, 10, 20, 40, 60, 80 and 100 mM.

NMR spectroscopy. All NMR experiments were carried out on a Bruker Avance 600
MHz spectrometer, equipped with a z-axis gradient, triple resonance, cryogenic probe.
2D constant-time °N-'"H HSQC spectra were recorded using the sequence shown in
Figure SI. Acquisition times were 63 (‘°N) and 83 ms (‘H) with the data matrices
consisting of 127*x1024* data points, where N* indicates N complex points. The
spectra were recorded with 4 scans per FID. The measurements were also performed
for the mixed sample (15N—labeled K19A and "“N/"C-labeled WT, as well as '°N
labeled K19E and "°N/"C labeled WT, dissolved in a 10 mM sodium phosphate and pH
6.5 buffer) at 278, 288, 298, 308 and 313K to study the temperature effect on CSPs. The
data were processed and analyzed using NMRPipe software.”

Molecular dynamics simulation. Molecular dynamics (MD) simulations were carried
out with the program Gromacs 4.5,>* using the Amber ff99SB force field’ and TIP3P
water. The starting coordinates were taken from the GB3 structure (pdb entry 20ED).
The structures of the mutants were generated by tLeap of Amber 11.° All residues were

assumed to be in their standard ionization states at pH 7.0. The protein was solvated by
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adding 12.5A TIP3P water in a rectangular box and Na' counter ions were used to
neutralize the system. The Particle-Mesh-Ewald Method”™® was used to evaluate the
contributions of the long-range electrostatic interactions. A non-bonded pair list cutoff
of 10.0 A was used and the non-bonded pair list was updated every 5 steps. All bonds to
hydrogen atoms in the protein were constrained by using the LINC algorithm’ whereas
bonds and angles of water molecules were constrained by the SETTLE algorithm,'® and
a time step of 2 fs was used. The temperature was controlled by a modified Berendsen
thermostat.'' MD simulations (0.5 ps duration) were performed for WT, K19A and
K19E GB3 mutants with the backbone heavy atoms restrained with a force constant of
10 kJ/A? to their starting positions. Snapshots were saved every 200 ps. The electric
field on each C* atom was calculated by using Amber ff99SB charges for all atoms and
averaged over 2500 MD snapshots, using no distance cut-off, and the field generated by
the particles outside the box was neglected.

Quantum mechanical calculation. Quantum mechanical calculations were performed
by using the Gaussian 09 program.'? N-methylacetamide (NMA) was used as the model
compound to study the electric field effect on the amide protein 'HN chemical shifts.
The model was optimized at DFT/B3LYP" and MP2'* with different basis sets
(including Aug-cc-pvdz'® to Aug-cc-pv6z for B3LYP, Aug-cc-pvdz and Aug-cc-pvtz
for MP2) and then the chemical shifts were calculated with the GIAO'"® method in the
presence or absence of an electric field of 0.001 au along the x, y or z axis, using the
coordinate frame as defined in scheme 1. The shielding polarizability constant 4 was
calculated using equation 1.

Dielectric constant fitting using CSPs. The values AS = (Adk19r/2 + Adk194)/2 for 31
residues (excluding Q32) were used for fitting of the effective dielectric constant. The
CSPs in the high salt buffer (20 mM sodium phosphate, 50 mM sodium chloride) were
linearly fitted to those measured in water (Figure S2) which yielded a slope of 1.62. The
A values (in the high salt buffer) were scaled up by multiplying by 1.62 and averaged
with Ads from the water, which were then used for the dielectric constant fitting. The
gas phase electric field along the vector 4, at each CSP site, was calculated by using

Coulumb's law with partial charges assigned to N, HC1, HC2, HE3 and Ce atoms of
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residue K19 (Table S3). The PDB structure 20ED'” was used for the calculation. Eq. 3
was used to predict the AS values which were fitted to the experimental values by

systematically changing the dielectric constant ,.
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Figure S1. Pulse sequence used to measure the '"N-'H chemical shift of the mixed
>N/C and "N labeled sample. Narrow and wide pulses correspond to 90° and 180°
flip angles, respectively. All the "H pulses are centered on the H,O resonance. The
BCyc*P nuclei are decoupled by 800 ps hyperbolic secant shaped pulses,'® centered at
176.6 and 56.6 ppm respectively. Composite pulses (90x-180,-90) are applied to
decouple the 'H nucleus during "N evolution. The shaped 'H pulses (center lobe of sinc
function, 1 ms duration) correspond to a flip angle of 90° to selectively rotate the water
magnetization. The WATERGATE method'® was used to suppress the water signal,
with two 1-ms rectangular pulses before and after the last 'H 180° hard pulse. Delays:
= 2.6 ms (incl. duration of weak 'H pulse), T = 16.6 ms. The phases of all pulses are x
unless indicated. Phase cycling: ¢; = X, y, -X, -y; Rec. = x, -x. The empty shaped "*C'
pulses are omitted for generating the spectrum of 15N labeled sample minus that of the
'>N/"C labeled sample, and are applied but with the solid shaped '*C' pulse omitted for
generating the sum of the two spectra. Pulsed field gradients G 3 ¢ 7 are sine-bell shaped
with maximum gradient strengths at their midpoints of 10.2 G/cm, 4.2 G/cm, 28.2
G/cm, and 18.6 G/cm respectively. Gz, G4 and Gs are rectangular pulses with a strength
of 0.6 G/cm, and serve to prevent radiation damping of the water signal. The durations
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gradient pulses are applied along the z axis.
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Figure S2. Correlation of Ad CSP values at the buffer 20mM sodium phosphate and
50mM NaCl versus at water. The best fitted solid line is y = 1.62x.
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Figure S3. Slope of the best-fit linear correlation between CSP values measured for
Adki9a at different temperatures against values measured at 278 K.
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Table S1. Amide 'H chemical shift differences, ASK19A and ASK19E, and the WT °C
isotope shift corrections as observed for 'H" in WT GB3 at 298K. Distance of amide
nitrogen of each residue to the Cg atom of K19 is also listed based on the structure

20ED."
Residue Distance A6K19Ea ASKlgEb ASKlgAa A6K19Ab ljca
to K19 Cy | (ppb) (ppb) (ppb) (ppb) Isotope

shift (ppb)

Y3 6.3 -9.0 -27.1 -36.9 -46.7 -1.1
K4 9.1 10.3 28.3 39 6.3 -0.9
L5 11.1 -2.1 -7.5 1.3 1.8 -0.5
Vo6 14.5 4.0 9.4 -2.8 -2.8 -0.5
17 16.9 -5.0 -9.8 2.2 2.0 -0.9
N8 20.2 -1.1 2.2 2.2 -0.6 -1.0
G9 22.3 1.9 8.6 -0.5 1.9 -1.6
K10 25.4 3.6 26.5 0.3 10.4 -1.7
T11 25.8 -0.2 5.2 -1.3 1.8 -14
L12 23.4 -3.5 -3.8 2.3 -1.9 -1.3
K13 21.2 2.3 8.6 -04 2.0 -1.6
Gl4 18.8 5.8 17.5 -0.1 2.9 -1.1
E1l5 15.5 13.0 N/A 2.8 N/A 2.2
T16 12.0 1.1 8.3 -2.9 0.1 -0.8
T17 8.4 27.6 54.5 11.6 14.2 -1.5
T18 5.5 -25.0 -47.1 34 3.0 -0.6
K19 2.8 62.0 104.3 -394 -36.8 -1.6
A20 4.8 -222.8 -384.2 3.0 N/A -0.7
V21 8.0 23.7 73.6 6.9 23.2 -14
D22 10.2 1.5 5.8 -4.5 -3.4 -1.5
A23 12.0 2.8 0.8 -5.2 -6.2 -1.5
E24 13.5 17.3 58.1 2.7 13.0 -1.8
T25 12.3 N/A N/A N/A N/A N/A
A26 10.1 -14.3 -20.4 1.7 6.2 -1.9
E27 11.9 N/A N/A N/A N/A N/A
K28 13.4 -33 -8.4 -4.0 -4.7 -1.3
A29 11.9 -8.5 -6.8 -7.3 2.4 2.0
F30 11.7 -11.7 -13.8 -14.5 -10.7 -1.1
K31 14.5 -6.1 -12.1 1.8 1.0 -14
Q32 15.4 8.0 14.1 1.2 2.4 -1.3
Y33 14.6 -12.0 -20.3 9.1 -7.5 -1.9
A34 16.0 92 -15.0 -2.0 -1.2 -1.3
N35 18.6 14.6 27.4 39 2.1 -0.9
D36 18.9 -2.3 0.5 -4.2 -1.6 -1.3
N37 19.2 -3.2 -4.0 2.3 -1.2 -1.9
G38 21.5 1.4 7.6 -1.6 1.2 -14
V39 21.7 -3.5 -8.1 2.0 -2.6 -1.7
D40 23.2 -8.1 -17.8 -3.5 -3.1 -1.3
G41 23.3 0.8 5.6 -0.3 1.3 -1.5
V42 23.6 -1.7 2.5 -1.7 1.2 -2.2
W43 21.8 -2.5 2.2 -1.3 -0.8 -1.2
T44 19.9 -33 -9.0 -39 -5.9 -0.3
Y45 18.6 1.0 4.6 -0.7 1.1 -1.6
D46 17.3 -53 -7.1 -2.6 -1.3 -2.0
D47 17.4 10.1 37.2 2.1 9.1 -1.1
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A48 17.5 5.7 25.9 1.6 7.5 -1.2
T49 16.1 4.2 20.1 0.5 6.3 -2.3
K50 13.7 11.8 34.6 5.2 10.7 -1.9
T51 13.3 17.8 554 9.9 19.7 -2.0
F52 13.8 -18.7 -37.9 -1.7 -3.1 -0.5
T53 16.7 2.1 6.3 -0.9 0.0 -0.4
V54 18.5 -9.0 -23.5 -4.4 -7.4 -0.9
T55 21.7 -4.0 -6.6 -1.7 -2.2 -1.3
E56 24.4 -2.8 -7.5 -1.7 -2.4 -1.3

“ The sample is in 20 mM sodium phosphate, 50 mM sodium chloride, 5% D,O, pH 6.5

buffer.

» The sample is in distilled water, 5% D,O.

Table S2. Amide 'H shielding polarizability constants (in units of ppm-A*/e) from
quantum mechanical DFT and MP2 calculations of NMA

Basis set Ay Ay A, 4] e(o)b
DFT/B3LYP
18.8 -6.8 -02 200 19.9
Aug-ccpviz 189 6.6 -02 20.0 192
189 -6.6 -02 200 192
19.0 -6.6 -02 200 193
© 190 -67 -02 20.1 193
MP2
Aug-cc-pvdz 19.6 -7.1 -03 20.8 19.9
Aug-cc-pvtz 198 69 -02 21.0 19.2

“14|is defined as (4> + Ayz)o.s. The contribution from A4,, which is small, is neglected.
b9 is the angle between the vector 4 and the N—H bond. Definition of the coordinate
system is shown in Scheme 1.

Table S3. Partial charges for the side chain of K19.

NC -0.32e¢
HC1 0.33e
HC2 0.33¢
HC3 0.33¢
Ce 0.33e
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