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Residue 
RCSB PDB 

Residue 
BMRB 

Residue 
(this study) 

Atoms 
RCSB PDB 

Atoms 
BMRB 

Atoms 
(this study) 

CYS-34 CYS-34 2MP-C32 N N backbone N 
CYS-34 CYS-34 2MP-C32 H H backbone H 

CYS-34 CYS-34 2MP-C32 C C backbone C 
CYS-34  2MP-C32 O  backbone O 
CYS-34 CYS-34 2MP-C32 CA CA backbone CA 
CYS-34 CYS-34 2MP-C32 HA HA backbone HA 

CYS-34 CYS-34 2MP-C32 CB CB sidechain CB 
CYS-34 CYS-34 2MP-C32 HB2 HB2 sidechain HB2 
CYS-34 CYS-34 2MP-C32 HB3 HB3 sidechain HB3 
CYS-34  2MP-C32 SG  sidechain SG 

HTS-101  2MP-C32 S1  sidechain phenol S 
HTS-101  2MP-C32 C2  sidechain phenol C2 
HTS-101  2MP-C32 C3  sidechain phenol C3 
HTS-101 HTS-101 2MP-C32 H3 H3 sidechain phenol H3 

HTS-101  2MP-C32 C4  sidechain phenol C4 
HTS-101 HTS-101 2MP-C32 H4 H4 sidechain phenol H4 
HTS-101  2MP-C32 C5  sidechain phenol C5 
HTS-101 HTS-101 2MP-C32 H5 H5 sidechain phenol H5 

HTS-101  2MP-C32 C6  sidechain phenol C6 
HTS-101 HTS-101 2MP-C32 H6 H6 sidechain phenol H6 
HTS-101  2MP-C32 C1  sidechain phenol C1 
HTS-101  2MP-C32 O1  sidechain phenol O 

HTS-101  2MP-C32 HO1  sidechain phenol H 

Table S1. Designation for the modified cysteine/phenol residue in 2-mercaptophenol-α3C used in the 
RCSB Protein Data Bank, the Biological Magnetic Resonance Bank (BMRB), and in this study. The 
convention used in the public databases requires that the attached phenol be labeled as a ligand with 
the name of HTS and a sequence residue number of 101. The nomenclature used in this study is based 
on treating the modified residue as a tyrosine analogue and labels the attached phenol as an extended 
sidechain of the single cysteine in 2MP-α3C. Figure 4 in the main text displays the structure of the 2-
mercaptophenol-C32 reside and the names of its associated atoms. 
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Residue Helix J (Hz)a RCIb Residue Helix J (Hz)a RCIb 

-2 GLY    32 2MP-C helix 2 3.47 0.015 

-1 SER    33 GLU helix 2 4.10 0.015 
1 ARG   0.039 34 GLU helix 2 4.46 0.015 
2 VAL helix 1 6.12 0.039 35 LEU helix 2 5.18 0.017 
3 LYS helix 1 4.06 0.036 36 LYS helix 2 3.52 0.017 

4 ALA helix 1 3.75 0.031 37 LYS helix 2 4.95 0.018 
5 LEU helix 1 5.80 0.023 38 LYS helix 2 4.14 0.018 
6 GLU helix 1 3.71 0.018 39 ILE helix 2 4.56 0.020 
7 GLU helix 1 4.44 0.017 40 GLU helix 2 4.19 0.031 

8 LYS helix 1 4.40 0.018 41 GLU helix 2 6.50 0.0101 
9 VAL helix 1 5.15 0.020 42 LEU  4.58 0.110 
10 LYS helix 1 4.16 0.024 43 GLY   0.181 
11 ALA helix 1 4.62 0.024 44 GLY   0.286 

12 LEU helix 1 4.64 0.021 45 GLY   0.385 
13 GLU helix 1 3.06 0.016 46 GLY   0.324 
14 GLU helix 1 3.86 0.015 47 GLU  6.33 0.189 
15 LYS helix 1 4.32 0.017 48 VAL helix 3 4.50 0.049 

16 VAL helix 1 4.75 0.020 49 LYS helix 3 3.20 0.028 
17 LYS helix 1 3.60 0.040 50 LYS helix 3 5.19 0.021 
18 ALA  6.08 0.117 51 VAL helix 3 5.72 0.017 
19 LEU  6.17 0.175 52 GLU helix 3 3.35 0.015 

20 GLY   0.186 53 GLU helix 3  0.014 
21 GLY   0.128 54 GLU helix 3 4.95 0.014 
22 GLY   0.083 55 VAL helix 3 4.58 0.015 
23 GLY   0.062 56 LYS helix 3 3.71 0.019 

24 ARG helix 2 5.04 0.046 57 LYS helix 3 3.96 0.020 
25 ILE helix 2 5.56 0.029 58 LEU helix 3 4.70 0.020 
26 GLU helix 2 3.75 0.020 59 GLU helix 3 3.35 0.016 
27 GLU helix 2 4.16 0.016 60 GLU helix 3 4.61 0.015 

28 LEU helix 2 4.95 0.015 61 GLU helix 3 4.79 0.017 
29 LYS helix 2 3.10 0.014 62 ILE helix 3 4.38 0.025 
30 LYS helix 2 4.75 0.015 63 LYS helix 3 4.49 0.039 
31 LYS helix 2 4.46 0.015 64 LYS helix 3 7.45 0.058 

    65 LEU  6.49 0.067 

Table S2. Correlation between helical regions in 2MP-α3C as determined by MOLMOL (S1), (a) three-
bond JHNHA coupling constants (S2) and (b) Random Coils Index (RCI) values (S3). 
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Residue 
Heptad 
Position 

Average 
SASA (%) Residue 

Heptad 
Position 

Average 
SASA (%) 

-2 GLY  63.4 ± 9.7 32 2MP-C a 3.5 ± 0.7 
-1 SER  37.4 ± 6.6 33 GLU b 29.8 ± 2.3 

 1 ARG g 45.6 ± 8.3 34 GLU c 26.1 ± 4.4 
 2 VAL a 11.4 ± 5.1 35 LEU d 0.3 ± 0.5 
 3 LYS b 46.1 ± 3.5 36 LYS e 18.1 ± 3.0 
 4 ALA c 17.6 ± 4.3 37 LYS f 39.8 ± 2.4 

 5 LEU d 2.6 ± 1.9 38 LYS g 17.4 ± 4.1 
 6 GLU e 21.3 ± 3.7 39 ILE a 1.7 ± 0.9 
 7 GLU f 36.3 ± 3.9 40 GLU b 46.9 ± 3.1 
 8 LYS g 31.6 ± 4.7 41 GLU c 40.6 ± 3.2 

 9 VAL a 0.0 ± 0.0 42 LEU d 7.4 ± 1.4 
10 LYS b 39.9 ± 3.7 43 GLY  32.4 ± 4.5 
11 ALA c 24.4 ± 3.0 44 GLY  31.9 ± 6.5 
12 LEU d 3.9 ± 1.6 45 GLY  32.1 ± 7.9 

13 GLU e 12.1 ± 2.6 46 GLY  34.2 ± 5.6 
14 GLU f 41.8 ± 2.9 47 GLU g 31.3 ± 5.3 
15 LYS g 34.9 ± 6.8 48 VAL a 3.8 ± 3.4 
16 VAL a 0.8 ± 0.6 49 LYS b 46.9 ± 5.8 

17 LYS b 41.1 ± 2.4 50 LYS c 39.5 ± 3.0 
18 ALA c 41.0 ± 0.9 51 VAL d 0.2 ± 0.4 
19 LEU d 21.1 ± 2.7 52 GLU e 17.2 ± 5.4 
20 GLY  30.7 ± 6.7 53 GLU f 39.8 ± 2.9 

21 GLY  33.0 ± 3.4 54 GLU g 13.5 ± 3.5 
22 GLY  26.9 ± 7.2 55 VAL a 1.4 ± 1.1 
23 GLY  26.2 ± 4.3 56 LYS b 40.2 ± 5.0 
24 ARG g 30.9 ± 4.1 57 LYS c 33.6 ± 3.2 

25 ILE a 4.7 ± 2.1 58 LEU d 0.1 ± 0.2 
26 GLU b 37.8 ± 4.5 59 GLU e 17.8 ± 3.7 
27 GLU c 35.6 ± 4.4 60 GLU f 41.4 ± 3.2 
28 LEU d 0.1 ± 0.1 61 GLU g 13.1 ± 5.3 

29 LYS e 29.5 ± 5.2 62 ILE a 2.3 ± 1.5 
30 LYS f 47.4 ± 4.0 63 LYS b 42.3 ± 3.0 
31 LYS g 9.7 ± 2.3 64 LYS c 54.6 ± 4.6 
   65 LEU d 24.8 ± 3.9 

Table S3. Average solvent accessible surface areas (SASA) of residues in 2MP-α3C. The SASA analysis 
was performed on the 32-membered structural ensemble that represents the solution NMR structure of 
2MP-α3C using MOLMOL (S1). A solvent probe radius of 1.4 Å and a level 5 precision were used for 
the calculations. The solvent accessible surface area (%) is defined as the percentage ratio of the water-
accessible surface area of the listed residue X to the accessible surface area of the same residue placed 
in a Gly–X–Gly peptide. The average SASA of residues placed in heptad a and d positions are shown in 
red. The average SASA of the hydrogen-bonded 2MP-C32 and E13 pair are shown in blue. 
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Residue Atoms Average SASA (%) SASA limits (%) 

2MP-C32 backbone N, H, C, O, CA 0 ± 0 0 
2MP-C32 backbone HA 0.1 ± 0.3 0.0 – 1.6 
2MP-C32 sidechain CB, HB2, HB3, SG 0 ± 0 0 

2MP-C32 sidechain phenol S 0 ± 0 0 
2MP-C32 sidechain phenol C2, C3, H3, C4 0 ± 0 0 
2MP-C32 sidechain phenol H4 0.3 ± 0.8 0.0 – 4.2 
2MP-C32 sidechain phenol C5 4.5 ± 3.1 0.0 – 11.0 

2MP-C32 sidechain phenol H5 10.2 ± 8.1 0.0 – 31.3 
2MP-C32 sidechain phenol C6 4.7 ± 1.8 0.5 – 8.2 
2MP-C32 sidechain phenol H6 38.2 ± 5.7 22.7 – 47.5 
2MP-C32 sidechain phenol C1 0 ± 0 0 

2MP-C32 sidechain phenol O 2.0 ± 3.1 0 – 12.3 
2MP-C32 sidechain phenol H 4.0 ± 5.4 0 – 20.3 
2MP-C32 all atoms 3.5 ± 0.7 2.0 – 5.4 
E13 backbone N, H, C, O, CA, HA 0 ± 0 0 

E13 sidechain CB, HB2, CG 0 ± 0 0 
E13 sidechain HB3 1.0 ± 1.6 0 – 5.6 
E13 sidechain HG2 8.1 ± 7.1  0 – 23.4 
E13 sidechain HG3 0.3 ± 1.2 0 – 6.4 

E13 sidechain CD 17.2 ± 17.6 0 – 52.5 
E13 sidechain OE1 37.4 ± 18.3 6.5 – 69.6 
E13 sidechain OE2 35.9 ± 18.7 9.0 – 80.5 
E13 all atoms 12.1 ± 2.6 6.5 – 16.9 

Table S4. Solvent accessible surface areas (SASA) of atoms associated with the 2-mercaptophenol-C32 
(2MP-C32) and E13 residues. The analysis was performed as described in the legend to Table S3. 
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Optimizing the Faradaic current of 2MP-α3C on a PGE working electrode. The square-wave voltam-
metry (SWV; S4-S6) analysis of 2MP-α3C required a pyrolytic graphite “edge” (PGE) working elec-
trode in order to generate good signal-to-noise data. A set of experiments was conducted to optimize 
and characterize the 2MP-α3C/PGE electrode system. The interactions between the protein surface 
(mainly carboxyl and amine groups from Glu and Lys residues) and the PGE electrode surface (rich in 
acidic C–O groups; S7, S8) are likely to be dominated by electrostatics. The sample KCl concentration 
was consequently an important parameter to consider when optimizing the Faradaic current. In addition, 
it was important to establish that chemical groups present at the surface of the PGE electrode do not in-
fluence the observed phenol potential. Figure S1A shows the 2MP-α3C differential pulse voltammetry 
(DPV; S4, S9) E1/2 potential as a function of [KCl] at pH 5.6 (red) and 7.7 (blue). The data were col-
lected with 40 mM buffer present in the sample and using a slow scan rate of 9 mV s–1, as described in 
the figure legend. At low pH the observed potential is independent of [KCl] with an average E1/2(pH 
5.61) of 1003 ± 2 mV across the 0 – 140 mM range. At high pH a very weak influence on E1/2 is ob-
served at low KCl concentrations. E1/2(pH 7.70) decreases by 5 ± 1 mV between 0 and 40 mM KCl and 
then levels out at 884 ± 1 mV for the 40 – 140 mM range. The half-height peak width was found to be 
independent on [KCl] and remained at 103 ± 3 mV (pH 5.6) and 118 ± 5 mV (pH 7.7) between 0 – 140 
mM KCl. In contrast, the current amplitude decreases by ~ 60% between 0 and 140 mM KCl at both 
high and low pH and continues to decline at higher KCl concentrations (data not shown). From these 
results we conclude that there are favorable electrostatic interactions between the protein and the PGE 
surface at pH ≤ 7.7 and that the strength of these interactions decreases as [KCl] increases. This is con-
sistent with a positively charged protein (calculated isoelectric point ~ 9) and a negatively charged PGE 
electrode surface (S7, S8). We conclude that E1/2 is not influenced by chemical groups present at the 
PGE electrode surface at KCl concentrations above 40 mM and that 40 – 140 mM KCl represents an 
optimized range. 

 
Figure S1. 2MP-α3C/PGE electrode optimization and controls. (A) 2MP-α3C DPV E1/2 as a function of 
[KCl] at pH 5.61 ± 0.01 (red circles) and pH 7.70 ± 0.01 (blue circles). DPV settings: 30 µM 2MP-α3C 
in 20 mM sodium acetate and 20 mM potassium phosphate (pH 5.61 ± 0.01); 20 µM 2MP-α3C in 20 
mM potassium phosphate and 20 mM sodium borate (7.70 ± 0.01); PGE working electrode, tempera-
ture 25° C, interval time 0.1 s, step potential 0.9 mV, scan rate 9.0 mV s–1, modulation time 7 or 8 ms, 
modulation amplitude 50 mV. (B) 2MP-α3C SWV Enet as a function of the sample protein concentration 
at pH 5.54 ± 0.02 (red circles) and pH 8.55 ± 0.02 (blue circles). SWV settings: 2MP-α3C in 20 mM 
APB, 80 mM KCl; PGE working electrode, temperature 25° C, step potential 0.15 mV, SW pulse ampli-
tude 25 mV, SW frequency 190 Hz. (C) Net 2MP-α3C voltammograms recorded using a SW frequency of 
60 Hz and a pulse amplitude between 25 and 75 mV. The figure displays two data sets collected at pH 
5.55 ± 0.02 and 8.43 ± 0.02. The SW pulse amplitude was 25 mV (red and black), 50 mV (blue and me-
dium green) and 75 mV (orange and light green). SWV settings: 75 µM 2MP-α3C in 20 mM APB, 80 
mM KCl; PGE working electrode, temperature 25° C, step potential 0.15 mV, and SW frequency 60 Hz. 

Figure S1B shows Enet as a function of [2MP-α3C] at pH 5.5 (red) and 8.5 (blue). The SW voltammo-
grams were collected on samples containing 20 mM sodium acetate, 20 mM potassium phosphate, 20 
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mM sodium borate (APB buffer), 80 mM KCl and 20 to 100 µM protein. Enet shows no dependence on 
[2MP-α3C] and average values of 1006 ± 1 mV (pH 5.54; 190 Hz) and 834 ± 1 mV (pH 8.55; 190 Hz) 
were observed across the 20 – 100 μM protein range. At both pH 5.5 and 8.5, the half-height peak width 
of the 2MP-α3C net voltammogram remained at 109 ± 5 mV while the amplitude increased by ~ 50% as 
[2MP-α3C] was increased from 20 to 100 µM (data not shown). The amplitude of the 2MP-α3C SW 
voltammogram declines at protein concentrations above and below this range. We conclude that samples 
containing 20 mM APB, 40 – 140 mM KCl and 20 – 100 µM protein generate SW voltammograms with 
optimal S/N. Two additional key observations can be made from Fig. S1B. Enet is not perturbed by any 
distorting interactions between the protein and the electrode surface nor influenced by intermolecular 
radical-radical or radical-substrate reactions. Such events depend on the protein concentration and 
would result in an δEnet/δlog[2MP-α3C] ≠ 0. This is not observed. Thus, the protein does not unfold on 
the electrode surface and the oxidized protein is not involved in dimerization reactions. Figure S2 
shows raw SW voltammograms from 2MP-α3C, α3C and buffer samples recorded at the conditions op-
timized for the PGE electrode. The Faradaic current observed from 2MP-α3C (blue traces) is absent in 
the voltammograms recorded from the α3C (red) and buffer (green) samples. We further note that the S–
S bond that ligates the phenol to the protein is not involved in the high-potential redox reactions probed 
here (Em CSSC/CSH < 0 V; S10, S11). The Faradaic current of 2MP-α3C is unambigously assigned to 
the protein-bound phenol, as concluded earlier from DPV-based studies (S10, S12). 

Figure S2. Raw square-wave voltammograms of 2MP-α3C 
(blue), α3C (red) and plain buffer (green) obtained at (A) pH 
8.5 and (B) pH 5.5. The 2MP-α3C and α3C traces were ob-
tained at 75 µM protein. All samples contained 20 mM APB 
and 80 mM KCl. SWV settings: PGE working electrode, tem-
perature 25° C, step potential 0.15 mV, SW pulse amplitude 
25 mV, and SW frequency 190 Hz. 

2MP-α3C exhibits diffusion-controlled kinetics on a PGE 
electrode. Once optimal sample conditions had been estab-
lished for the 2MP-α3C/PGE working electrode system, data 
were collected to investigate whether adsorption or diffusion-
controlled electrode kinetics occur at these conditions. Volt-
ammograms representing a surface-confined redox species are 
influenced by the SW frequency and the pulse amplitude rela-
tive to the heterogeneous electron-transfer rate constant of the 
system (S6, S13). A combination of low frequencies and large 
pulse amplitudes may result in a splitting of the peak maxi-
mum in the net voltammogram. The splitting of the net peak 
provides a criterion for distinguishing a surface process from 
a diffusion-controlled electrode process (S6, S13). Square-
wave voltammograms were collected at 60 Hz using a pulse 

amplitude of 25, 50 and 75 mV. Data were collected at both pH 5.5 and 8.4, as shown in Figure S1C. 
The 2MP-α3C net voltammogram shifts and becomes broader when applying an overpotential of 50 or 
75 mV but there is no indication of a flatting or splitting of the peak maximum. The lineshape of the 
2MP-α3C net voltammogram as a function of pulse amplitude is consistent with diffusion-controlled 
electrode kinetics at both acidic and alkaline pH. 

2MP-α3C/PGE electrode SWV error analysis. Figure S3A, B and C show raw and background-
corrected 2MP-α3C SW voltammograms collected at 30 (tp 16.7 ms), 190 (tp 2.6 ms) and 540 (tp 926 µs) 
Hz, respectively. Panels (A) and (B) display the raw net (blue), forward (orange) and reverse (purple) 
square-wave voltammograms with the fitted cubic baselines (---) that were used to generate the back-
ground-corrected traces shown in the middle of each data panel. The black solid lines (––) plotted on top 
of the background-corrected voltammograms represent fitted calculated lineshapes from which peak po-
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tentials, peak amplitudes and half-height peak widths were extracted. The S/N of the 2MP-α3C voltam-
mogram is sensitive to the SW frequency and electric noise becomes more pronounced at higher fre-
quencies. The traces obtained at 540 Hz (panel C) were first smoothened using a Savitzky-Golay algo-
rithm (smooth level 0.2% for the net trace and 0.5% for the forward and reverse traces) and then proc-
essed as the 30 and 190 Hz data. 

 
Figure S3. Representative 2MP-α3C raw and background-corrected square-wave voltammograms. Set-
tings: 75 µM 2MP-α3C in 20 mM APB, 80 mM KCl, pH 8.5; PGE working electrode, temperature 25° 
C, step potential 0.15 mV, SW pulse amplitude 25 mV. 

The top row in Figure S4 displays a typical SWV raw data triplicate where panel (A) shows Inet, panel 
(B) Ifor and panel (C) Irev. The black and light blue traces displayed in the bottom row of Figure S4 rep-
resent background-corrected 2MP-α3C SW voltammograms obtained from two independent measure-
ments. The high level of reproducibility illustrated in Fig. S4 was typical of SW voltammograms ob-
tained from 2MP-α3C at both acidic and alkaline pH. The average errors in Epeak (≤ ± 5 mV) and half-
height peak widths (≤ ± 5 mV) were small. The peak amplitude and the S/N are both sensitive to the SW 
frequency with a small Faradaic current at low frequencies (≤ 60 Hz) and an increase in noise at high 
frequencies (≥ 540 Hz). The average error in Inet was about ± 10%. 
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Figure S4. Typical reproducibility observed for (top row) data replicates and (bottom row) independent 
SWV measurements. Settings: 75 μM 2MP-α3C in 20 mM APB, 80 mM KCl; PGE working electrode, 
temperature 25° C, step potential 0.15 mV, SW pulse amplitude 25 mV, SW frequency 190 Hz. 

 
 

 
 

Figure S5. Diffusion attenuation plot of the 2MP-α3C aliphatic protons. For experimental details, see 
Materials and Methods section in the main text. The data are fitted to Eq. 9 in Ref. S14 and provided a 
diffusion coefficient of 1.4 ± 0.2 × 10–6 cm2 s–1. 
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