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Figure S1. 1D 13C direct polarization spectra of GDR-BM2 (1-33) in VM+ membranes at pH 5.5
(a) and pH 7.5 (b). These spectra were measured under 10 kHz MAS at 305 K on a 400 MHz
NMR. Assignments are shown in blue for POPC and POPE peaks, red for sphingomyelin (SM)
peaks and green for cholesterol (ch) peaks. These lipid chemical shifts are standard, thus ruling
out hydrolysis in these membranes. “ssb” denotes spinning sidebands. Shaded areas denote

overlapped peptide and lipid '*C signals.
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Figure S2. Histidine imidazole region of the 1*C CP spectra of membrane-bound GDR-BM2
and other M2 peptides. Dashed lines guide the eye for the chemical shifts of different tautomeric
and charged histidines. (a) *C spectra of GDR-BM2 at pH 7.5 from 255 K to 308 K (probe set
temperatures). No cationic H19 C32 intensities are observed (gray band). The spectrum of the
peptide-free VM+ membrane is shown at the bottom to indicate the natural abundance lipid *C
chemical shifts. (b) *C spectra of GDR-BM2 at pH 5.5 from 255 K to 308 K. Cationic C32
intensities (green band) are observed at low temperature and broaden at high temperature. (c)
Comparison of the low-temperature '*C spectra of membrane-bound GDR-BM2 with previously
measured WT-BM2 ! and H27A-BM2 2 spectra at pH 5.5. Cationic C32 intensities are observed
in GDR-BM2 but not in WT-BM2 and only weakly in H27A-BM2.
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Figure S3. '°F CP and DP spectra of GDR-BM2 at pH 5.5, measured at 308 K under 7 kHz MAS.
The DP spectrum (black) was measured with a 5 s recycle delay whereas the CP spectrum (red)
was measured with a 'H-'F CP contact time of 350 ps. The two spectra overlap well, indicating
that the intensity ratios obtained from the CP spectra reflect the relative abundance of the different
Trp species in the peptide. Due to different numbers of scans, the DP spectrum was scaled 14.68
times to match the -123.8 ppm intensity (indicated with an asterisk) in the CP spectrum.



Table S1. Detailed parameters for the solid-state NMR experiments.

Experiment NMR parameters Expt.
time

GDR-BM2 (1-33), pH 7.5, VM"*

1D C DP Bo = 400 MHz (9.4 T), MAS 10 kHz; 17h

Figure S1 Tset = 305 K, water 'H 4.71 ppm, Tgampte = + 29°C, ns = 12k, d1 = 5s
13C excitation 52.6 kHz, '"H TPPM decoupling 68 kHz

1D BC CP Bo = 400 MHz (9.4 T), MAS 10 kHz;

Figure S2a 'H excitation 71.43 kHz, '"H TPPM decoupling 78 kHz; tuc cp = 1 ms; 1H
CP 55.45 kHz, *C CP 45.45 kHz, ramp on "*C 70-100%;
Tset = 255 K: water 'H 5.26 ppm, Tsample = -24°C, ns=4k, d1=1.7 s 1.9h
Tset = 275 K: water 'H 5.04 ppm, Tsample = -2.6°C, ns=6.25k, d1=1.7 s 3.0h
Tset = 295 K: water 'H 4.79 ppm, Tample = +22°C, ns=5k, d1=2 s 2.8h
Tset = 310 K: water 'H 4.65 ppm, Tsample = +35°C, ns=20k, d1=2 s 11.4h

1D N CP By = 400 MHz (9.4 T), MAS 10 kHz;

Figure 2b, 3a 'H excitation 71.43 kHz, "H TPPM decoupling 71.43 kHz; tuncp = 2 ms 'H
CP 41 kHz, N CP 33.3 kHz, ramp on "N 80-100%;
Tset = 255 K: water 'H 5.26 ppm, Tample = -24°C, ns=40k, d1=1.7 s 19.3h
Tset = 275 K: water 'H 5.04 ppm, Tample = -2.6°C, ns=61k, d1=1.7 s 29.5h
Tset = 295 K: water 'H 4.79 ppm, Tample = +22°C, ns=67k, d1=2 s 38.1h
Tset = 305 K: water 'H 4.64 ppm, Tample = +36°C, ns=80k, d1=2 s 45.5h

2D Bc-1C By = 400 MHz (9.4 T), MAS 10 kHz;

CORD Tset = 255 K: water 'H 5.26 ppm, Tample = -24°C, 'H excitation 71.43 kHz,

Figure 4a, 4c 'H TPPM decoupling 78 kHz; tic cp = 1 ms; 'H CP 55.45 kHz, *C CP 32.6h
45.45 kHz, ramp on "*C 70-100%; tcorp = 72.0 ms, t; = 3 ms (TD2 = 120),
to = 18 ms, ns=576, d1=1.7 s

2D PN-BC Bo = 400 MHz (9.4 T), MAS 10 kHz;

TEDOR Tset = 255 K: water 'H 5.26 ppm, Tsample = -24°C, 'H excitation 71.43 kHz,

Figure 4d 'H TPPM decoupling 78 kHz; tnc cp = 1 ms; 1H CP 55.45 kHz, '*C CP 384 h
45.45 kHz, ramp on *C 70-100%; "*N recoupling @ 35.7 kHz '
Trepor = 1.6 ms, t; = 2.5 ms (TD2 = 50) or t; =5 ms (TD2 = 100), t, = 18
ms, ns=1152, d1=1.8 s

2D BC-'H Bo = 400 MHz (9.4 T), MAS 10 kHz;

doubled Tset = 305 K: water 'H 4.64 ppm, Tample = +36°C, ns=8k, d1=2 s;

DIPSHIFT 'H excitation 71.43 kHz, '"H TPPM decoupling 78 kHz; tuccp = 1 ms; 'H 41.0h

Figure 6a, 6b CP 55.45 kHz, '3C CP 45.45 kHz, ramp on 13C 70-100%; FSLG decoupling
71.43 kHz, C n-pulse 45.45 kHz; 9 points

1D “F CP Bo = 400 MHz (9.4 T), MAS 7 kHz;

Figure 7a Tset = 305 K: water 'H 4.73 ppm, Tample = +27°C, ns=30k, d1=2 s; '"H
excitation 71.43 kHz, '"H TPPM decoupling 71.43 kHz; turcp = 0.3 ms; 'H | 17.1h

CP 50 kHz, "°F CP 50 kHz, ramp on "°F 80-100%

GDR-BM2 (1-33), pH 5.5, VM"




1D C DP Bo = 400 MHz (9.4 T), MAS 10 kHz; 14.25
Figure S1 Tset = 305 K, water 'H 4.71 ppm, Tgmpte = +29 °C, ns = 10k, d1 = 5s h
13C excitation 55.6 kHz, '"H TPPM decoupling 68 kHz
1D BC CP Bo = 400 MHz (9.4 T), MAS 10 kHz;
Figure S2b 'H excitation 71.43 kHz, 'H decoupling 78 kHz; tuc cp = 1 ms; 'H CP 55.45
kHz, '*C CP 45.45 kHz, ramp on *C 70-100%;
Tset = 255 K: water 'H 5.21 ppm, Teample = -19°C, ns=4k, d1=1.7 s 1.9h
Tset = 275 K: water 'H 5.01 ppm, Teample = 0°C, ns=2k, d1=1.7 s 1.0h
Teet = 295 K: water 'H 4.77 ppm, Tsampte = +24°C, ns=2k, d1=2 s 1.1h
Tset = 308 K: water 'H 4.65 ppm, Teample = +35°C, ns=15k, d1=2 s 8.5h
1D N CP By = 400 MHz (9.4 T), MAS 10 kHz;
Figure 2c¢, 3a 'H excitation 71.43 kHz, 'H decoupling 71.43 kHz; tancp = 2 ms, 'H CP 41
kHz, "N CP 33.3 kHz, ramp on "*N 80-100%;
Tset = 255 K: water 'H 5.21 ppm, Tsampte = -19°C; ns=81k, d1=1.7 s 39.2h
Tset = 275 K: water 'H 5.02 ppm, Tsampte = -1°C; ns=116k, d1=1.7 s 56.1h
Tset = 295 K: water 'H 4.76 ppm, Tsample = -24°C; ns=54k, d1=2 s 30.7h
Tset = 305 K: water 'H 4.66 ppm, Tsampie = +34°C; ns=122k, d1=2's 69.4 h
2D Bc-1C By = 400 MHz (9.4 T), MAS 10 kHz;
CORD Tset = 255 K: water 'H 5.21 ppm, Tsample = -19°C, 'H excitation 71.43 kHz,
Figure 4b, 4c "H TPPM decoupling 78 kHz; tuc cp = 1 ms; 1H CP 55.45 kHz, Bccp 34.5h
45.45 kHz, ramp on "*C 70-100%; tcorp = 72.0 ms, t; = 3 ms (TD2 = 120),
to = 18 ms, ns=608, d1=1.7 s
2D PN-BC Bo = 400 MHz (9.4 T), MAS 10 kHz;
TEDOR Tset = 255 K: water 'H 5.21 ppm, Tsampie = -19°C, 'H excitation 71.43 kHz,
Figure 4d "H TPPM decoupling 78 kHz; tuc cp = 1 ms; 1H CP 55.45 kHz, Bccp 40.8 h
45.45 kHz, ramp on "*C 70-100%; "°N recoupling @ 35.7 kHz
Trepor = 1.6 ms, t; = 2.5 ms (TD2 = 50), t, = 18 ms, ns=1632, d1=1.8 s
2D BC-'H Bo = 400 MHz (9.4 T), MAS 10 kHz;
doubled Tset = 305 K: water 'H 4.66 ppm, Tample = +34°C, ns=4k, d1=2 s;
DIPSHIFT 'H excitation 71.43 kHz, 'H TPPM decoupling 78 kHz; tuc cp = 1 ms; 1H 20.5h
Figure 6a, 6¢ CP 55.45 kHz, '3C CP 45.45 kHz, ramp on 13C 70-100%; FSLG decoupling
71.43 kHz, C n-pulse 45.45 kHz; 9 points
1D “F CP Bo = 400 MHz (9.4 T), MAS 7 kHz;
Figure 7a, 7e, | Tset =308 K: water 'H 4.71 ppm, Tsampie = +29°C, ns=15k, d1=2 s; 85 h
S2 'H excitation 71.43 kHz, 'H TPPM decoupling 71.43 kHz; tur cp = 0.3 ms; '
1H CP 50 kHz, "°F CP 50 kHz, ramp on "°F 80-100%
1D F DP Bo = 400 MHz (9.4 T), MAS 7 kHz;
Figure S3 Tset = 308 K: water 'H 4.71 ppm, Tample = +29°C, ns=1k, d1=5's; 14h
'H TPPM decoupling 71.43 kHz;"F excitation 50 kHz
WT-BM2 (1-33), pH 7.5, VM"
1D “F CP Bo = 400 MHz (9.4 T), MAS 7 kHz;
Figure 7b Tset = 308 K: water 'H 4.71 ppm, Tsampie =+ 30 °C, ns=165k, d1=2 s; 93.8 h

'H excitation 71.43 kHz, 'H TPPM decoupling 62.5 kHz; turcp = 0.5 ms;
1H CP 34.5kHz, "F CP 52 kHz, ramp on "F 80-100%




WT-BM2 (1-33), pH 5.5, VM*

2D BC-'H Bo = 600 MHz (14.1 T), MAS 10.5 kHz;

doubled Tset = 305 K: water 'H 4.73 ppm, Tsample = +27 °C, ns=12.5k, d1=2 s;

DIPSHIFT 'H excitation 71.43 kHz, 'H TPPM decoupling 71.43 kHz; tuc cp = 1 ms; 64 h

Figure 6a, 6d 1H CP 61.7 kHz, *C CP 61.1 kHz, ramp on *C 70-100%; FSLG
decoupling 71.43 kHz, "*C n-pulse 62.5 kHz; 9 points

1D “F CP Bo = 600 MHz (14.1 T), MAS 10.5 kHz;

Figure 7b, 7f Tset = 305 K: water 'H 4.73 ppm, Tsampie = +27 °C, ns=25k, d1=2s; 1421
'H excitation 71.43 kHz, 'H TPPM decoupling 71.43 kHz; turcp = 0.3 ms; '
1H CP 65.4 kHz, "°F CP 71.43 kHz, ramp on "’F 70-100%
H27A-BM2 (1-33), pH 6.5, VM"*

1D “F CP Bo = 400 MHz (9.4 T), MAS 7 kHz;

Figure 7¢ Tset = 308 K: water 'H 4.74 ppm, Tample = +26 °C, ns=20 k, d1=2s; 114h
'H excitation 71.43 kHz, '"H TPPM decoupling 71.43 kHz; turcp = 0.35 '
ms; 1H CP 34 kHz, "°F CP 50 kHz, ramp on "°F 90-100%
H27A-BM2 (1-33), pH 5.5, VM"*

1D “F CP Bo = 600 MHz (14.1 T), MAS 10.5 kHz;

Figure 7g Tset = 305 K: water '"H 4.72 ppm, Tsampie = +28 °C, ns= 15k, d1=2's; 85h

'H excitation 71.43 kHz, '"H TPPM decoupling 71.43 kHz; turcp = 0.5 ms;
1H CP 50 kHz, "F CP 58.8 kHz, ramp on '°F 70-100%




Table S2. 1°C and >N chemical shifts of membrane-bound GDR-BM2 at pH 7.5 and pH 5.5.
Minor conformations (indicated by an asterisk) are observed for 125 and H19.

Residue | pH | N C Ca Cp | Cyl [Cy2 [cCal | Cy Cd2 | Cel |N31 | Ne2
39 75 [117.7 |- 598 | - - - - - - - - -

55 [ 116.6 | - 594 | 61.6 |- - - - - - - -

75 (122 |- 632 | 363|280 | 155 | 125 |- - - - -
125 55 (1213 | - 63.6 | 361 |28.0 | 154 | 125 |- - - - -
hse |18 593 | 348 | 277 [ 160 | 117

5.5 598 | 354 (260 | 158
HI19 t 1202 | 175.1 | 550 | 286 |- - - 1374 | 1140 | 1347 | 2508 | 1634
HI9% |75 |1202 | 1748 | 548 |288 |- - - - 125.8 | 134.9 | 168.9 | 250.4
HI19 + - - - - - - - - - - - -
HI19 t 118.7 | 1755 | 547 |29.0 |- - - 136.5 | 113.3 | 134.0 | 250.5 | 159.6
HIOn |5 [1187 | 1752 | 546 | 291 |- - - - 125.1 | 134.0 | 1673 | 250.3
H19 + - 174.3 | 54.38 §8.2 - - - - 116.5 | 1342 | 182.1 | 167.9
HI9O* |55 |- - 544 251 |- - - 136.2 | - - - -




Table S3. Percent populations of t tautomer, nt tautomer, and cationic histidine for the proton-
selective H19 in BM2 and the proton-selective H37 in S31N-AM2 at different pH. All data were
obtained from VM+ membrane-bound M2 peptides, except for the pH 7.5 WT-BM2 data, which
was measured in the POPC/POPG/cholesterol membrane 3. The uncertainty in the percent
populations is conservatively estimated to be £5% based on differences between the 2D CC and
NC results for GDR-BM2, and mainly reflects systematic uncertainty due to residual motion and
different polarization transfer dynamics for different '3C and '°N sites.

Percent populations of histidine species
Peptides pH Experiment T tautomer | m tautomer | [t] : [x] | Cationic
His
GDR-BM2 (1-33) 7.5 2D CC (72 ms CORD) 73% 27% 0%
2D NC 68% 32% 0%
Average 70% 30% 2.3 0%
GDR-BM2 (1-33) 5.5 2D CC (72 ms CORD) 59% 22% 19%
2D NC 55% 18% 26%
Average 57% 20% 2.9 23%
WT-BM2 (1-33) ! 7.5 2D CC (50 ms PDSD) 71% 30% 24 0%
5.5 2D CC (100 ms PDSD) | 62% 38% 1.7 0%
H27A-BM2 7.5 2D CC (70 ms PDSD) 41% 59% 0.7 0%
5.5 2D CC (70 ms PDSD) 37% 41% 0.8 26+10%
S3IN-AM2 (19-49) | 7.5 1D "C spectra 65% 25% 2.6 10%
' 54 1D "C spectra 36% 12% 3.0 52%
WT-AM2 (22-46)* 8.5 2D CC 71% 29% 24 0%
4.5 2D CC 0% 0% n/a 100%
W41F-AM2 (22-46) | 7.5 2D CC (150 ms PDSD) | 46% 54% 0.8 0%
’ 5.5 2DCC (150 ms PDSD) | 0 0 n/a 100%




Table S4. Fractional intensities of the resolved '°F peaks at acidic pH for three influenza M2
peptides obtained from spectral simulations. 5-°F-Trp is labeled in all three peptides. The GDR-
BM2 and WT-BM2 spectra were measured at pH 5.5 at 305 K whereas the AM2 spectrum was
previously measured at pH 4.5 at 243 K .

States "F chemical shift range GDR-BM2 WT-BM2 WT-AM2
State A -124.0 to -123.8 ppm 57% 44% 28%
State B -125.3 to -125.6 ppm 22% 14% 28%
State C -126.8 to -127.2 ppm 21% 27% 44%
State D 122.7 ppm 0 15% 0
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