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Supplementary Information Text 
The structure of gramicidin A (gA) is a symmetric dimer (Fig. S1). The formyl blocked 

amino-termini at the bilayer center and the ethanolamine blocked carboxy-termini at the bilayer 
surface results in both monomers being in identical environments leading to identical gA 
structures for the two monomers (1). While only a couple of the gA backbone sites have been 
characterized at 1.5 GHz (2), the all atom high resolution structure of the gA dimer was 
characterized with spectral restraints from 15N, 13C and 2H labeled sites (3). Using oriented 
sample solid-state NMR and orientation dependent anisotropic chemical shifts, quadrupolar and 
dipolar interactions from throughout the peptide led to a high resolution structure and a complete 
cross-validation and R factor calculation for the structure (4). The rms deviation for the motionally 
averaged structure was 0.11Å among the backbone atoms (4). Below (Fig. S2) is the dataset of 
anisotropic 15N chemical shifts that are very sensitive to structural perturbations and yet show no 
evidence of asymmetry from the specific site labeled samples of gA in liquid crystalline lipid 
bilayers (5). Unlike an α-helix, but like a β-strand structure the gA peptide planes alternate 
between two orientations, one in which the N!H vector is oriented toward the N-terminus (the L-
residues) and the other in which this vector is oriented toward the C-terminus (Glycine and the D-
residues). The 2H quadrupolar couplings for the indole sidechains and the other aliphatic side 
chains were recorded  characterizing high resolution structures (Fig. S3, 6,3). The complete 
structure with all sidechains characterized was submitted to the PDB (1MAG) as the first PDB 
submission based on solid state NMR spectroscopy. 
 Note that the 15N chemical shifts for Figures S2 and S3 and Table S1 are different from 
those in this manuscript because of a 26.8 ppm difference in the present generally accepted 
chemical shift reference. 
 
 
17O Lineshape fitting, Shift Calculations and 15N resonances calculation 

The fitting of the 17O spectra (Fig. S5 and S6) and the calculation of 17O shifts (Fig. 3) were 
done by numeric simulation using MatLab. The fitting algorithm took into consideration data 
acquisition parameters, such as field, dwell time and the line broadening applied during 
processing. The fittings used and required inputs for the CSA, quadrupolar coupling, 
asymmetry value, tensor orientation, angle between the C=O bond and the magnetic field and 
two mosaic spread components simulated as Gaussian distributions. The script took the input 
of librationally averaged CSA values and calculated an axially symmetric spectrum. The 
conversion of the DFT parameters to 17O shifts used inputs for the CSA, quadrupolar coupling, 
asymmetry value and tensor orientations generated by the GIAO method. The angle between 
the C=O bond and the magnetic field was derived from the 1MAG structure. 

For Fig. S6 the 15N data back calculation was based on a hypothesis that the second peak in 
the 17O spectra for G2 and L10 might be due to changes in the C=O bond orientation with 
respect to the magnetic field. We used the lineshape fitting calculation described above, but 
instead of fixing the structural parameters we fixed the CSA for the higher ppm peak and varied 
the C=O angles for the upfield shifted peaks of G2 and L10. These were determined to be 32° 
and 21.5°, which resulted in peptide plane tilt angles of 21° and 10°, respectively. The 
resonances for these predicted A3 and W11 15N sites were calculated in MatLab using a 
previously described method (7).  
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Fig. S1. The N-terminus to N-terminus dimeric gramicidin A channel structure (PDB:1MAG) (1, 
3). (A) End view showing the β-strand backbone (sticks) lining the aqueous pore and sidechains 
(lines) that interact with the fatty acyl chains of the lipids. The amino acid sequence is blocked at 
either end with a formyl (F) and an ethanolamine (E) group and has alternating D and L amino 
acids starting with a formylated L-valine residue (fVGALAVVVWLWLWLWe). (B) Side view, 
highlighting the N-terminus to N-terminus stacking of the two antiparallel monomers, one color-
coded with blue carbons and the lower one with gold carbons. The carbonyl oxygens lining the 4 
Å diameter pore facilitating cation transport are highlighted as red spheres. 
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Fig. S2. Anisotropic 15N chemical shift spectra of uniformly oriented gA in liquid crystalline lipid 
bilayers. The bilayer normal was aligned parallel to the magnetic field axis. Reproduced with 
permission from (5). 
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Fig. S3.  2H NMR spectra of W-d5 labeled gramicidin A in uniformly aligned bilayers at room 
temperature. For W11, W13, W15, five quadrupolar splittings can be identified. For W9, only four 
splittings can be absolutely identified, although the splitting at 85 kHz appears to represent two 
resonances. These sharp resonances yield very high resolution orientational restraints and 
document the small mosaic spread (±0.3°) for the orientation of the channel with respect to the 
magnetic field. Reproduced with permission from (6).  
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FIGURE 10: 2H NMR spectra of Trp-d5 labeled gramicidin A in 
uniformly aligned bilayers at room temperature. For Trpll, Trp13, 
Trp15, five quadrupolar splittings can be identified. For Trp9, only 
four splittings can be absolutely identified, although the splitting 
at 85 kHz appears to represent two resonances. These sharp 
resonances yield very high resolution orientational constraints and 
document the small mosaic spread (k0.3") for the orientation of 
the channel with respect to the magnetic field. 

Table 4: Orientational Constraints for the Indole Rings in the 
Gramicidin Channel 

ZH splitting (kHz) 
G I  46 77 108 123 
c c 3  87 43 32 4 
C62 85 39 28 1 
C63 155 192 204 198 
c 7 2  -102 -99 -81 -59 

Nci 13.2 11.1 10.1 7.7 
I5N-'H splitting (Mz) 

I5N chemical shift (ppm; converted to 
ulro = 0 ppm) 

Dabs 38 36 36 30 

resonances represent a very precise set of constraints, and 
now with accurate motional characteristics for each deuter- 
ated site, these resonances are also accurate constraints. The 
entire set of 15N and 2H constraints can be analyzed to yield 
xl/x2 plots as shown in Figure 11, in which the minimum 
root mean square (rms) deviation between predicted and 
observed constraints is calculated. For Trpll, Trp13, and 
T~p15, five quadrupolar splittings are defined from the 
observed spectra. From these sets of quadrupolar splittings, 
the C&2 resonances are readily assigned to the splittings 
that are virtually identical. The remaining assignments are 
uniquely defined by a consideration of the 15N-'H dipolar 
interaction and the 15N chemical shift constraint. This set 
of assignments leads to reasonable rms deviations between 
observed and predicted values as the and x 2  conformational 
space is completely searched. Furthermore, only one set of 
signs for the quadrupolar splittings yields reasonable rms 
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FIGURE 11: Contour plot of the minimal rmsd between the observed 
orientational constraints (quadrupolar, dipolar, and chemical shift) 
and the calculated observables based on the X I  and x 2  torsion angles 
for the Trp9 side chain and the experimentally defined backbone 
structure of the channel in a bilayer environment (Ketchem et al., 
1993). The rmsd values for the contours are labeled in the figure. 
The four solutions fall within two rotameric states of the xl and x 2  
torsion angles. 

Table 5 :  X I / X ~  Torsion Angle Solution Sets for the Gramicidin 
Channel Indoles 

XI 288 290 297 302 
xz 263 279 270 264 
x2 314 308 31 1 312 

XI 174 171 169 165 
x 2  97 81 90 96 
x2 46 52 49 48 

LA (288,263) IB (174,97) IIA (288,314) IIB (174,46) 
FIGURE 12: Four possible conformational states for Trp9. All have 
the same orientation of the indole ring with respect to the channel 
axis and the magnetic field direction. Since the solid state NMR 
constraints are with respect to this one axis, the remaining 
ambiguities are not surprising. The conclusion from the orientational 
constraints is a unique orientation of the indole ring with respect 
to the channel axis. A similar conclusion is achieved for the other. 
indole rings. 

deviations. This analysis results in four well-defined minima 
with rmsd boundaries between the minima that are much 
greater than the experimental error, and hence, the native 
conformation lies in one of the minima, not somewhere 
between minima. These minima represent a precisely 
determined time-averaged conformational solution set (Table 
5) .  Furthermore, the contours are not defined by energy 
terms, and hence, the dynamics for these sites (e.g., &19O 
for Trp15) does not suggest transitions between minima. All 
minima result in the same orientation of the ring with respect 
to the bilayer normal and the magnetic field direction as 
shown in Figure 12. 
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Fig. S4. A comparison of resolution enhancement achieved by going to 35.2 T versus prior 
spectra obtain at 19.6 T (830 MHz for 1H) in the absence of decoupling. The 17O anisotropy can 
be observed to range from 460 ppm to 170 ppm at 19.6 T and from 450 ppm to 180 ppm at 35.2 
ppm depending on which resonance is considered. The addition of 30 kHz decoupling on the 
proton channel at 35.2 T clearly unveils the presence of two peaks. It is clear from these spectra 
that the alignment is not perfect – there is some powder pattern intensity from sample that is not 
between the glass slides used for alignment or from alignment defect structures in the sample. In 
addition, it is also clear that there is some mosaic spread of alignment, meaning that the sample 
is not perfectly aligned but has a small dispersion of orientations with respect to the magnetic 
field. This influences the simulation of the resonances for quantitating the fraction of sample in 
each of the resonances. It should also be noted that a natural abundance water resonance is 
observed as well.   
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Fig. S5. Lineshape analysis of 17O spectra of gramicidin A labeled at one of two sites: (A) G2 and 
(B) L10. In A and B both peaks corresponding to the aligned portion of the samples were fitted 
using a C=O bond orientation with respect to the magnetic field of 80° as in the PDB structure, 
1MAG. Fitting parameters for A (exponential decay of 1 kHz used for data processing also 
included for fitting): experimental peak at 468 ppm (calculated 468.1 ppm) fitted with motional 
averaged CSA [210, 440, 485] (ppm), quadrupolar coupling (QC) 7.0 MHz, asymmetry 0.05, 
tensor orientation [75°, 41°, -80°], mosaic spread for sharp component 1.5° with 6% of an 
underlying broad component at 10°. Experimental peak at 444 ppm (calculated 441.7 ppm) with 
motional averaged CSA [200, 400, 465] (ppm), QC 7.0 MHz, asymmetry 0.05, tensor orientation 
[75°, 41°, -80°], mosaic spread for sharp component 2° with 10% of an underlying broad 
component at 10°. 25% of the spectral intensity could be fitted to a sum of powder patterns of 
each component. Fitting parameters for B (exponential decay of 200 Hz used for data processing 
also included on the fitting): peak at 451 ppm (calculated 450.3 ppm) with motional averaged 
CSA [190, 400, 470] (ppm), QC 7.3 MHz, asymmetry 0.1, tensor orientation [-81°, 40°, 73°], 
mosaic spread for sharp component 2° with 8% of an underlying broad component at 10°. Peak 
at 437 ppm (calculated 435.9 ppm) with motional averaged CSA [190, 390, 452] (ppm), QC 7.3 
MHz, asymmetry 0.1, tensor orientation [-81°, 40°, 73°], mosaic spread for sharp component 2° 
with 15% of an underlying broad component at 8°. 8.5% of the spectral intensity could be fitted to 
a sum of powder patterns of each component. Inset for A and B: the decomposition of each 
respective spectral simulation; in purple and yellow the aligned components for the site hydrogen 
bonded to water and non-hydrogen bonded to water, respectively. In magenta and black the 
powder patterns for the purple and yellow spectra, respectively. 
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Fig. S6. Comparison of anisotropic 15N chemical shifts and 15N-1H dipolar coupling for the two 
peptide planes that include the carbonyls from G2 and L10, calculated in three ways. The black 
circles are the predictions from the original gA structure (PDB: 1MAG), which, as expected, is in 
excellent agreement with the original data (A3 at 224 ± 1 ppm and 10.9 ± 1 kHz) and with the data 
acquired at 35 T (222 ± 1 ppm and 10.7 ± 0.3 kHz). The blue triangles represent the predictions 
from the intertwined double helical structure of gA (PDB: 2XDC). Such a structure has not been 
observed in membrane environment. Red stars are the predicted resonances for the A3 and W11 
NH sites considering that the (upfield) shifts in the 17O spectra are due to changes in the peptide 
plane orientation. The tilts in the peptide planes required to achieve such shifts in the 17O spectra 
were 21.6˚ for the G2/A3 plane and 10˚ for the L10/W11 plane. This demonstrates that the changes 
in the 17O data cannot be due to different conformations of the peptide planes for the observed 
sites, since the predicted chemical shift and dipolar couplings fall outside of the experimental 15N 
error bars, even for the W11 data, which has larger error bars (±1 kHz) because the data was 
recorded at much lower field.  
 
 
 
 
 



 
 

9 
 

 

 
 
Fig. S7. Comparison of 17O labeled L10 gA OS ssNMR spectra obtained at 35.2 T and 30°C (blue) 
as in Fig. 3, Fig. S4 and Fig. S5 and at 52°C (red). This shows that there is no change in 
resonance frequencies for these two carbonyl oxygens or in the 17O anisotropy for these 
carbonyls as indicated by the resonance feature near 200 ppm. Clearly, the flip rate of the water 
wire orientation in this sample at 52°C is not fast on the timescale of the separation of the two 
resonances near 450 ppm. 
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Fig. S8. Electrical dipole moments of the water-wire in the pore, projected along the channel axis, 
calculated along the simulation time. The labels of the y-axis indicate the dipole moments in 
Debye unit. Five classical MD simulations were performed with various force fields and water 
models. Fast flipping of dipole orientation indicates the limitation of the current fixed charge water 
models to describe the water wire confined in the pore. 
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Table S1.  Orientational constraints from solid-state NMR observations of uniformly aligned 
samples. Error bars are ±1 ppm for 15N chemical shift data, ±1 kHz for the 1 5N-1H dipolar 
interactions, and ±0.03 kHz for the 15N-13C dipolar interactions. For the indole side chains 2H 
quadrupolar couplings were used (± 1kHz): for W9, δ1= 46, ζ 2 = 85, η 2 = -102, ζ 3= 155, 
and ε 3 = 87; for W11. δ1 = 77,  ζ2 =  39, η 2 = -99,  ζ 3 = 192, and ε 3 = 43; for W13, δ1= 
108, ζ 2 = 28, η 2 = -81, ζ 3 = 201, and ε 3 =32; and for W15, δ1 =123, ζ 2 = 1, η 2 = -59, 
ζ 3=198, and ε 3=4. Reproduced with permission from (1). 
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