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1 ABSTRACT: Transmembrane helices dominate the landscape for many membrane proteins. Often flanked by interfacial aromatic 
residues, these transmembrane helices also contain loops and inter-helix segments, which could help in stabilizing a transmembrane 
orientation. Using 2H-NMR spectroscopy to monitor bilayer incorporated model GWALP23 family peptides, we address 
systematically the issue of helix fraying in relation to the dynamics and orientation of closely similar individual transmembrane 
helices. Adjacent to a core transmembrane helix, we inserted aromatic (Phe, Trp, Tyr, His) or non-aromatic residues (Ala, Gly) into 
positions 4 and 5, to examine the side-chain dependency of the transmembrane orientation, dynamics and helix integrity (extent and 
location of unraveling). Incorporation of 2H-alanine labels enables one to assess the helicity of the core sequence and the peptide 
termini. For most of the helices, we observed substantial unwinding involving at least 3 residues at both ends. For the unique case 
of histidine at positions 4 and 5, an extended N-terminal unwinding was observed up to residue 7. For further investigation 
regarding the onset of fraying, we employed A4,5GWALP23 with 2H labels at residues 4 and 5 and found that the number of terminal 
residues involved in the unwinding depends on bilayer thicknesses and helps to govern the helix dynamics. The combined results 
enable us to compare and contrast the extent of fraying for each related helix, as reflected by the deviation of experimental 2H 
quadrupolar splitting magnitudes of juxta-terminal alanines A3 and A21 from those represented by an ideal helix geometry.  



INTRODUCTION  
Transmembrane alpha-helices constitute a major 

structural motif for many biologically important integral 
membrane proteins including, for example, the 
seven-helix G-protein coupled receptors1, 2 and a wide 
variety of single-span membrane proteins3-5. The helices often 
terminate at or near the lipid membrane-water interface, yet the 
molecular interactions responsible for helix continuation, 
segment looping or helix termination are not well understood. 
Computational approaches to transmembrane helices 
sometimes presume an uninterrupted helical secondary 
structure6-8 which is not necessarily validated. Some segments 
may loop naturally to join consecutive helices of a multi-helix 
membrane protein9-12, while other transmembrane helices may 
extend beyond the membrane surface13, 14. Well controlled 
experiments with appropriate model peptide-lipid systems can 
help to address some of the considerations for helix folding and 
protein-lipid interactions.   

In this article we address the unwinding of helix terminals at 
a membrane/water interface, which we hypothesize may be a 
general property for many individual and bundled polypeptide 
helices that span lipid-bilayer membranes. As a choice of 
model system, we employ here the GWALP family of 
transmembrane peptide helices, which like the parent WALP 
peptides15 have proven useful for elucidating fundamental 
principles. In particular, a second-generation peptide 
GWALP23, acetyl-GGALW(LA)6LWLAGA-amide,16, 17 

exhibits favorable properties, including a well-defined tilted 
transmembrane orientation16 wherein the tilt of the GWALP23 
helix scales with the bilayer thickness17. The helix furthermore 
undergoes only modest dynamic averaging about a principal 
transmembrane orientation18, 19. Interestingly, the presence of 
more than two interfacial Trp or Tyr residues, flanking the 
central helix, tends to increase dramatically the extent of the 
motional averaging18-20.  

Comparisons among several derivatives of GWALP23, 
namely similar transmembrane helices with different numbers 
or locations of interfacial Trp, Tyr or Phe residues21, 22, have 
suggested that factors other than interfacial aromatic residues 
might help to determine particular orientations for neutral 
transmembrane helices. Experiments with deuterium labels on 
residues A3 and A21, separated by 18 residues or five turns on 
a “perfect” -helix 23, revealed the fraying of helix terminals 
for acetyl-GGAAA(LA)6LWLAGA-amide and acetyl-
GGAFF(LA)6LWLAGA-amide in bilayer membranes24 (Figure 
1). Is helix fraying therefore a general feature that is commonly 
observed for transmembrane helices? Do particular 
combinations of side chains govern the location and the extent 
of helix unwinding? To address these questions, we have 
examined the influence of residues 4 and 5 for the core helix 
integrity and unwinding of N- and C-terminals of a series of 
GWALP23-like transmembrane peptides. In particular, we 
have compared the influence of small side chains, G4G5 and 
A4A5, and aromatic side chains, F4F5, Y4Y5, W4W5 and H4H5 

(Table 1), for important properties such as the helix orientation, 
dynamic averaging and terminal fraying in bilayer membranes 
of DOPC, DMPC and DLPC. The results give insight into the 
molecular interactions of protein domains that are in direct 
contact with lipids in bilayer membranes.  

3  
MATERIALS AND METHODS  
Peptides were synthesized on a model 433A solid-phase 
peptide synthesizer (Applied Biosystems) from Life 
Technologies (Foster City, CA) using a modified FastMoc™ 

chemistry on a 0.1-mmol scale, with extended times for 
deprotection or coupling where needed. N-fmoc amino acids 
were purchased from NovaBiochem (San Diego, Ca), Anaspec 
(Fremont, CA) and Bachem (Torrence, CA), including 
histidine and tryptophan whose side chains were additionally 
protected with trityl and t-butoxycarbonyl protecting groups, 
respectively. Prior to peptide synthesis, commercial L-
alanine-d4, from Cambridge Isotope Laboratories was 
manually derivatized with an N-terminal Fmoc protecting 
group, as described previously 25, 26, with monitoring by 1HNMR 
spectroscopy to confirm successful synthesis of FmocAla-d4. 
Typically, each peptide was synthesized with two 
deuterium-labeled alanines at 50% and 100% isotope 
abundance levels, to distinguish and assign the 2H NMR signals 
based on relative intensities.  
Peptides with His-trityl and Trp-butoxycarbonyl were 
deprotected and cleaved from Rink amide resin 
(NovaBiochem) using a cleavage cocktail containing 
trifluoroacetic acid (TFA):phenol:triisopropylsilane:water in a  
85:5:5:5 ratio at 22 °C for two h, to release a peptide with a 
neutral amidated C-terminal. After filtering the free peptide 
solution from resin support, peptides were precipitated with a 
cold 50:50 methyl-t-butyl-ether:hexane (0 °C, 30 m) mixture 
and collected by centrifugation. To remove traces of TFA, 
multiple steps of washing (with methyl-t-butyl-ether:hexane) 
and lyophilization (from 1:1 acetonitrile:water) were 
performed. Crude peptides were purified by means of 
reversed-phase HPLC, using a 9.4 × 250 mm Zorbax SB-C8 
column packed with 3.5 μm octyl-silica (Agilent Technologies, 
Santa Clara, CA), eluted with a gradient of 9599% (W4,5 

peptide), 88-92% (H4,5 peptide) or 94-98% (G4,5 peptide) 
methanol in water containing 0.1% TFA (v/v). Purified 
peptides were quantified by measuring the absorbance at 280 
nm based on a molar extinction coefficient of 5600 M−1 cm−1 

Trp−1 in the peptide sequence 27. MALDI-TOF analysis was used 
for to verify the peptide molecular mass.  
Mechanically oriented samples for solid-state NMR 
experiments were prepared with 1:60 peptide:lipid (mol:mol) 
ratio, using dilauroylphosphatidylcholine (DLPC), 
dimyristoyl-phosphatidylcholine (DMPC) and 
dioleoylphosphatidylcholine (DOPC) lipids (Avanti Polar 
Lipids, Alabaster, AL). The respective bilayer thicknesses at 50 
°C (excluding the head group region) are about 20.8 Å 
(DLPC), 24.8 Å (DMPC) and 26 Å (DOPC) 28, 29. Peptidelipid 
mixtures were hydrated with 2H-depleted water (Cambridge 
Isotope Laboratories) to achieve 45% w/w hydration following 
the procedure described previously30. Solid-state NMR spectra 
for 31P nuclei (for confirming the alignment of phosphate head 
groups in lipid bilayers) and 2H nuclei (for analysis of peptide 
orientations and dynamics based on 2H-labeled alanines in the 
peptide) were recorded using a Bruker Avance 300 
spectrometer (Billerica, MA).  

The 31P NMR spectra were recorded in a Doty 8 mm 
wide-line probe (Doty Scientific Inc., Columbia, SC) with 
broadband 1H decoupling on a Bruker Avance 300 
spectrometer at both β = 0° (bilayer normal parallel to 
magnetic field) and β = 90° macroscopic sample orientations. 
Measurements were performed at 50° C using the zgpg pulse 
program, a 6 μs 90° pulse, and a recycle delay time of 5 s. 
Before Fourier transformation, an exponential weighting 
function with 100 Hz line broadening was applied. The 
chemical shift was referenced externally to 85% phosphoric 
acid at 0 ppm.  



The 2H NMR spectra were recorded at 50 °C with 
macroscopic sample orientations of β = 0° and β = 90°. A 
quadrupolar echo pulse sequence31 was employed with full 
phase cycling, a pulse length of 3.2 µs, echo delay of 105 µs 
and a 120-ms recycle delay. Between 0.7 and one million free 
induction decays were accumulated during each 2H experiment. 
Fourier transformation was accomplished after applying an 
exponential weighting function with 100 Hz line broadening.  

Circular dichorism measurements were performed on 
peptides incorporated into small unilamellar vesicles of lipids 
(1:60, peptide: lipid), obtained by ultrasonication treatment. 
Peptide concentrations were in 100 µM range, determined by 
UV-Vis spectroscopy. Spectra were recorded in a Jasco J-1500 
spectropolarimeter, using a 1 mm cell path length, 1.0 nm 
bandwidth, 0.1 nm slit and a 20 nm/min scan rate. Six scans 
typically were recorded and averaged to enhance signal to 
noise ratio.  

Helix integrity, end fraying, orientation and dynamics were 
analyzed using two methods, a semi-static geometric analysis 
of labeled alanines (“GALA”) 30 and a modified Gaussian 
approach 22, 32 for fitting the 2H NMR signals from the CβD3 
groups of Ala-d4 residues. The GALA method fits a principal 
order parameter Szz, an average tilt magnitude τ0 of the helix 
axis with respect to the bilayer normal and azimuthal rotation 
τ0 about the helix axis, while maintaining an ε∥angle between 
the alanine Cα−Cβ bond vector and the helix axis fixed at 
59.4° 30. The modified Gaussian approach also involves three 
variable parameters, an average helix tilt τ0, mean azimuthal 
rotation 0 and rotational slippage , while maintaining 
fixed values for Szz (principal order parameter) and  (helix 
wobble) that were held constant at 0.88 and 10°, respectively, 
following22. The helix integrity, or lack thereof, was assessed 
by observations of alanine side-chain CD3 |q| values that 
deviated from the quadrupolar wave plot for the core helix, 
following24.  

For the A4,5GWALP23 helix, a full Gaussian analysis33 was 
performed using eight data points, quadrupolar splittings for 
deuterated alanines 4, 5, 7, 9, 11, 13, 15 and 17. For this 
analysis, the search increments were 0-90° for 0, 0-360° for 
0, 0-40° for  and 0-120° for . Then the best fits for 
each of the variables τ0, 0,  and  were determined.   

RESULTS  
Favored by (Leu-Ala)6 repeats, synthetic model peptides of 

the GWALP23 family adopt primarily transmembrane 
alpha-helical secondary structures within the hydrophobic 
region of a lipid bilayer, which may be further stabilized by 
two flanking tryptophan residues. In the modified peptides 
under consideration here, the L4W5 sequence of GWALP23 is 
replaced by neutral Gly or Ala, or by aromatic residues that 
may be neutral, polar or amphipathic, resulting in G4,5, A4,5, F4,5, 
H4,5, Y4,5 and W4,5GWALP23 peptides (Table 1). After 
synthesizing and purifying the peptides, their molecular masses 
and 2H labeling patterns were confirmed by MALDITOF mass 
spectrometry (Figure S1 of the Supporting Information). The 
helicity of peptides was checked using circular dichroism (CD) 
spectroscopy in DLPC, DMPC and DOPC lipid bilayers. The 
CD spectra generally show double minima near 208 nm and 
222 nm, which are characteristic features for alpha-helical 
structure (Figure S2 of the Supporting Information). [The 
situation may be complicated by the Trp residues in 
W4,5GWALP23, for which the ratio 222/208 in DOPC is 
about 1.1 instead of the more usual observation of about 0.9.] 
In the macroscopically oriented samples, the peptide-lipid 
mixtures are well aligned in bilayers, as indicated by the 31P 
NMR spectra for the lipid head groups in the  = 0° and  = 

90° sample orientations (Figure S3 of the Supporting 
Information).  
To evaluate the helix orientations and integrity in more detail, 
we recorded 2H NMR spectra of d4-labeled alanine residues of 
G4,5, H4,5 and W4,5GWALP23 in DLPC, DMPC and DOPC 
bilayer samples. The 2H NMR spectra indicate freely moving 
peptides that are not aggregated in the lipid membranes. The 
twofold reduction in quadrupolar splitting magnitude when β = 
90°, compared with β = 0° (Figure 2), shows that the peptides 
undergo rapid uniaxial reorientation around the normal to the 
oriented membranes 30. (By contrast, control peptides that 
aggregate display a Pake pattern 34 – which is not observed 
here.) The 2H quadrupolar splitting magnitudes (|Δνq|) from 
methyl side chain (CD3) groups of six core alanines provide 
required data for estimating the preferred tilted and averaged 
orientations of the core transmembrane helical segments with 
respect to a bilayer normal in an applied magnetic field 30, 35, and 
for comparing the global helix dynamics using semi-static 30, 35 

and modified Gaussian methods 22, 32.  

Glycine and alanine comparisons. 

GWALP23 , was presented as an “anchoring” interfacial Trp 
residue to help stabilize a well-defined tilted transmembrane 
orientation for the core helix. Nevertheless, the A4,5 derivative 
of GWALP23, without W5, also exhibits a well-defined 
transmembrane orientation for its core helix, with only a small 
extent of dynamic averaging 24. Now, having removed the #4 
and #5 side chains altogether, we observe and report similar 
properties for G4,5GWALP23 (Figure 2). Indeed, the 2H NMR 
spectra for the core alanines 7, 9, 11, 13, 15 and 17 are quite 
similar for G4,5GWALP23 and A4,5GWALP23 (Figure 2; Figure 
S4 of the Supporting Information). The maximal quadrupolar 
splitting magnitudes, those that eventually define the 
amplitudes of the quadrupolar wave plots (see below), are only 
slightly smaller with G4 and G5, compared to A4 and A5 
(Table 2), indicating a similarly low extent of dynamic 
averaging. For example, A4,5 produced wide ranges of |Δνq| 
magnitudes, from 6.5 to 23.2 kHz in DLPC, 6-21 kHz in 
DMPC and 0.5-18.6 in DOPC (Table 2), resulting in a 
relatively similar orientation and dynamics to GWALP23 24. 
For G4,5 the |Δνq| values extend from 1.4-19 kHz in DLPC, 
7.0-20 kHz in DMPC and 1-17 kHz in DOPC (Table 2). The 
scope, defined by the tilted helix, appears equivalent when the 
helices are in DMPC or DOPC bilayers, while in DLPC the 
quadrupolar splittings of G4,5 are slightly lower compared to A4,5 
(Table 2).  

In the design of 
16, 17

W
5 

For evaluation of the tilt angles, the observed quadrupolar 
splittings were subjected initially to a semi-static GALA 
analysis 30, 35, a technique that uses an α-helical geometry and a 
principal order parameter Szz as an estimate for overall helix 
motion. Based on the 2H NMR quadrupolar splittings, this 
method finds the lowest RMSD values using three variables,  



Szz, the mean helix tilt (τ0) and azimuthal rotation (ρ0). those 
for F4,5GWALP23 22, 24 than for Y4,5GWALP23 20, 21; see 
Additionally, helix dynamics were analyzed using a modified 
Figure 4 and Table 2. Gaussian analysis 22, 32 that employs also a 
three-parameter fit,  
with variables being 0, 0 and , a rotational “slippage” 
about the helix axis. To maintain an equivalent “playing” field 
(with three parameters), the modified Gaussian method 
maintains fixed estimated values of Szz and , the helix 
“wobble” 22. The results and corresponding RMSD values 
obtained from the GALA and Gaussian analysis methods are 
listed in Table 3. The theoretical quadrupolar wave plots of 
|q| versus the alanine C radial location, corresponding to 
the best fits for 0, 0 and Szz or , are presented in Figure 3, 
overlaid with the experimental data. In general, Figure 3 
indicates that the overall results for the G4,5GWALP23 helix are 
quite similar to those for the parent GWALP23 peptide helix 
that has L4,W5 instead G4,G5. Remarkably, the helices with 
G4,G5; A4,A5 or L4,W5 show analogous characteristics in each 
lipid bilayer membrane.  

Notably, the small tilt angles observed for G4,5GWALP23 in 
DMPC and DOPC (about 8° and 6° respectively) are nearly 
identical to those found previously 17 for the GWALP23 helix 
(Table 3). Results from the semi-static GALA method reveal, 
nevertheless, a distinctly smaller apparent tilt in DLPC  

G
4,5 

bilayers for the peptide helix, albeit with a similar azimuthal 
rotation angle 0 (Figure 3). Indeed, G4,5GWALP23 exhibits a 
helix tilt angle that appears about 10o lower than that observed 
for GWALP23, A4,5GWALP23 or F4,5GWALP23 in DLPC 
(Table 3). The modified Gaussian analysis shows general 
agreement with the semi-static results for helix orientation and 
dynamics (Table 3). Notably, the value of , which is a key 
indicator for high levels of dynamic averaging 18, 20, 32, remains 
modest (near 40°) in each of the DLPC, DMPC and DOPC 
bilayer membranes (Table 3). Importantly, the  values for 
G4,5GWALP23 are essentially indistinguishable from those for 
GWALP23 in each of the lipid membranes. As is typical for 
transmembrane helices that exhibit only moderate dynamic 
averaging,18 the fitted values for the helix tilt and azimuthal 
rotation from the GALA and Gaussian analytical methods tend 
to agree (Table 3).  

Aromatic residue comparisons. 

22 20, 21 

In similar fashion, we 
compare the influence of different aromatic residues at 
positions 4 and 5, relating now H4,5 and W4,5 with previous  

results for F4,5GWALP23 and Y4,5GWALP23 . Compared to the 
parent GWALP23, W4,5GWALP23 contains an extra 
tryptophan, W4 in place of L4. As the third polar aromatic 
residue in the sequence, W4 might have been expected to confer 
excessive dynamic averaging and a dramatic narrowing of the 
range of quadrupolar splittings for the deuterated core alanines, 
as observed previously for Y4,5GWALP23 20, 21. By contrast, 
W4,5GWALP23 displays wide ranges of quadrupolar splittings 
for the core alanine side chains when the helix is dispersed in 
lipid bilayers (3-22 kHz for DLPC, 2-18 kHz for DMPC and 
1-15 kHz for DOPC).  The 2H NMR spectral results (Figure 4, 
Figure S6 of the Supporting Information) contrast not only 
with those for Y4,5GWALP23 but also with results for other 
WALP family analogues carrying four tryptophans, namely 
W2,3,17,18ALP19, W2,3,21,22ALP23 and W2,5W19,22,ALP23 which show 
splitting  

17, 30, 35-37 

ranges that span less than 15 kHz in all cases . Indeed, the 

results for W4,5GWALP23 are more similar to  
On the other hand, H4,5GWALP23 is found to behave 
differently than W4,5GWALP23, with an apparent membrane 
thickness dependence of the observed range of core alanine 
quadrupolar splittings (Table 2; Figure 4; Figure S5 of the 
Supporting Information). The range is quite wide (1-18 kHz) in 
DLPC, moderate (2.5-14.5 kHz) in DMPC and narrow (5.511 
kHz) in DOPC bilayers. Interestingly, the |Δνq| values and 
ranges of H4,5GWALP23 in DMPC and DOPC bilayer are very 
similar to those observed for the highly dynamic 
Y4,5GWALP23. These results signify the possibility of 
H4,5GWALP23 exhibiting comparably high levels of dynamic 
averaging to those of Y4,5GWALP23 in lipid-bilayer 
membranes.  
Indeed, when a pair of histidine residues is introduced in 
positions 4 and 5, keeping the single Trp residue (W19) near the 
C-terminus, H4,5GWALP23 is found to behave quite differently 
from GWALP23 or G4,5GWALP23. The semi-static GALA and 
Gaussian fits show some similarities with the orientational and 
motional properties of Y4,5GWALP23, yet also some 
differences. H4,5GWALP23 indeed is seen to be highly 
dynamic, showing  values that range from about 57° in 
DLPC to 114° in DOPC (Table 3). In DOPC bilayer 
membranes, H4,5GWALP23 and Y4,5GWALP23 show similar 
properties, where each helix displays a small tilt angle (0~ 6°) 
and similar mean azimuthal rotation (0 from -8° to 8°), with a 
very large rotational slippage ( > 70°; Table 3). The 
properties of H4,5GWALP23 and Y4,5GWALP23 diverge in the 
thinner DMPC and DLPC lipid membranes. Reflecting again 
the dynamic averaging, the best fits for 0 now differ between 
the two helices and differ also from the 0 observed for each in 
DOPC (Table 3). Interestingly, H4,5GWALP23 displays the 
same mean azimuthal rotation in DMPC as DLPC, but 
Y4,5GWALP23 does not. The values of  are uniformly large 
for these two helices (Table 3). Depending on a choice of 5° or 
10° for , Y4,5GWALP23 can be fitted with either low or 
high  values in DMPC (see Discussion). We note also that 
residue A21 of Y4,5GWALP23 fits with the core helix in DMPC 
(see below).  
Core helix divergence

As noted above, a similar analogue, containing tryptophans at 
positions 4 and 5, shows very different results. W4,5GWALP23, 
unlike the Y4,5 and H4,5 peptides, exhibits modest dynamic 
averaging and gives quadrupolar wave fits for tilt and 
azimuthal rotation similar to those for GWALP23 (Figure 5). 
The modified Gaussian analysis reveals low to moderate σρ 
values that increase only slightly with lipid bilayer thickness 
(Table 3). The overall trends are very similar for the 
W4,5GWALP23 and GWALP23 helices in  

. As a new feature, the 2H |Δνq| 
magnitude for deuterated A7, near the beginning of the core 
helix of H4,5GWALP23, fails to fit the core helix backbone 
geometry in bilayers of DOPC, DMPC or DLPC. In these lipid 
membranes, therefore, the core helix of H4,5GWALP23 extends 
only from about residue 9 to 19, resulting in a longer unwound 
N-terminal up to about residue 8 (Figure 5A). We will address 
residue 7 further below when we consider the unwinding of the 
N- and C-terminals. At present, this type of core helix 
unwinding at A7 is unique for H4,5 as we do not observe such 
results for other X4,5 analogues, including the highly dynamic 
Y4,5GWALP23.  

5 DLPC, DMPC and DOPC bilayer membranes. It seems 
that W4 is tolerated equally as well as L4. (Actually, the σρ 
values for W4,5GWALP23 are even slightly lower than for the 
already well oriented GWALP23 helix.) The azimuthal 
rotation ρ0 for W4,5GWALP23 changes by about 12° from 
DLPC to DMPC and 20° from DMPC to DOPC (Table 3), 
which is a slightly larger lipid dependence than observed for 



GWALP23. Taken together, these results indicate that the 
helix properties remain quite similar when L4 is changed to 
W4 in the GWALP23 framework.  



Helix terminal fraying. 

To test the unwinding of helix terminals, we labeled alanines 
3 and 21 of the G4,5, Y4,5, W4,5 and H4,5 derivatives of GWALP23 
with deuterium. The 2H NMR spectra for alanines 3 and 21 of 
these peptides are shown in Figure 6. The spectra display 
distinct and sharp peaks for the CD3 side chains.  Typically, 
the |Δνq| magnitudes (Figure 3, Table 2) are different for 
residues 3 and 21, indicating unwinding of one or both helix 
ends 24. Occasionally, as observed for G4,5-and H4,5GWALP23 in 
DLPC, residues A3 and A21 display the same |Δνq| value. A 
coincidence of |Δνq| values for A3 and A21 could indicate that 
the helix is intact from residue 3 through residue 21 or, 
alternatively, both residues 3 and 21 could deviate from the 
core helix (see below).   

Additional considerations are the 
length and integrity of the core transmembrane helix. The data 
for the CD3 groups of juxta-terminal alanines A3 and A21 
serve to define the helical integrity near the peptide ends 24. 
Occasionally, we find that residue A7 or A17 may deviate from 
the core helix geometry.   

When the |Δνq| values for A3 and A21 are visualized next to 
the quadrupolar wave plots for the core transmembrane helix 
(Figure 3), it is evident that residues 3 and 21 deviate from the 
core G4,5GWALP23 helix in each of the DLPC, DMPC and 
DOPC lipid membranes. The results for G4,5GWALP23 are 
similar to those observed previously for A4,5GWALP23 and 
F4,5GWALP23 24. The closest approach of residue 3 or 21 to the 
G4,5GWALP23 core helix involves residue A3 in DLPC, where 
the |Δνq| deviation is only 1.5 kHz (Figure 3). Residue A3 fits 
the GWALP23 helix in DOPC but not in DMPC or DLPC 
(Figure 4), while residue A21 is consistently off of both core 
helices in each of the lipid membranes.   

Considering H4,5GWALP23 and W4,5GWALP23 (Figure 4), 
we find that residue A7 deviates from the core helix of 
H4,5GWALP23 in all three lipid membranes, effectively 
shortening the core helix of H4,5GWALP23. Residue A21 also 
deviates, so the core helix of H4,5GWALP23 extends, at most, 
from residue 8-20 (yet is verified only between residues 9-17).  
Residue 3 of H4,5GWALP23 does not change its orientation 
much when the lipid membrane is changed (Figure 5), as the 
A3 |Δνq| values are nearly identical in DLPC, DMPC and 
DOPC membranes (Table 2). The orientation of residue 3 of 
H4,5GWALP23 indeed is probably dictated by peptide 
bond/lipid interactions without relation to any helix (since the 
core helix is already unraveled at residue 7). One notes that the 
similar |Δνq| values for A3 of H4,5GWALP23 are fortuitously 
close to the core helix in DMPC, probably a coincidence. The 
core helix of W4,5GWALP23 is intact between residues 7-17, 
with residues 3 and 21 unwound (Figure 5), very similar to the 
situation observed with F4,5GWALP23 and A4,5GWALP23 24.  

Within the context of the helix dynamics and end fraying, 
we compare again the helix orientations based on contour plots 
for best-fit values of helix tilt  and azimuthal rotation  
(Figure 7). These contour plots confirm the conclusions from 
the GALA wave plots in Figures 3 and 5. One notes that the 
transmembrane helices with residues F4F5, W4W5 or A4A5 
display a helix tilt that increases systematically when the host 
bilayer becomes thinner (Figure 7). These helices whose tilt 
angles scale with the bilayer thickness also display limited 
dynamic averaging (with  generally < 50°; Table 3). By 
contrast, the helices with residues Y4Y5 or H4H5 display 
extensive dynamic averaging (with  generally > 70°; Table 
3) and an “apparent” helix tilt angle that is obscured by the 
dynamic averaging and therefore appears to depend little on the 
bilayer thickness (Figure 7). A revised analysis (Table 3), with 
 set to 5, indicates a high value of  also for 
Y4,5GWALP23 in DMPC. Somewhat curiously, the helix 
G4,5GWALP23 shows only modest dynamic averaging (Table 

3) yet also a tilt angle that varies little with the bilayer 
thickness (Figure 7).   

Sequence position for the onset of fraying. 

Alanines A4 and A5 provide a particular opportunity for the 
use of deuterium labels to investigate the onset of helix fraying. 
Figure 8 shows the 2H NMR signals from A4 (50% d4) and A5 
(100% d4) of A4,5GWALP23. The respective |Δνq| values are 
listed in Table 2. Notably, the results for the onset of helix 
unraveling are lipid dependent for both boundaries of the core 
helix. When viewing the 2H |Δνq| magnitudes of the A4 and A5 
side chains alongside the quadrupolar wave plot for the core 
helix from the six central alanines of A4,5GWALP23, one 
observes that A4 and A5 deviate from helix geometry in DLPC 
bilayers but are included with or very close to the core helix in 
DMPC and DOPC (Figure 9). The core helix is nevertheless 
longer in DOPC bilayers because, remarkably, residue A17 
deviates from the core helix in DMPC! These results imply that 
both terminal segments of the tilted transmembrane helix of 
A4,5GWALP23 respond to the lipid membrane thickness. The 
transmembrane helix is frayed from residues 1-5 in DLPC but 
only from residues 1-3 in DOPC or DMPC; yet the C-terminal 
segment is further frayed back to residue 17 in DMPC. In the 
other bilayers of DLPC and DOPC, the C-terminal is unraveled 
from at least residues 21-23, perhaps farther, with further 
information not available at this time.  

For the 
A4,5GWALP23, additional 2H labels enabled us to examine 
more closely the N-terminal unraveling of the core helix. With 
the exception of H4,5GWALP23, residue A7 is part of the core 
helix for each of the transmembrane peptides listed in Table 1. 
To expand the analysis, we have deuterated and investigated 
alanines 4 and 5 of A4,5GWALP23. Our previous study on 
A4,5GWALP23 24 suggested that this peptide, despite its lack of 
an aromatic or charged flanking residue N-terminal to the core 
helix, aligns well in the lipid bilayers with typical rapid 
reorientation about the bilayer normal 30 yet little additional 
dynamic averaging.  

Refining the analysis of helix dynamics. The differential 
fraying of the terminals of A4,5GWALP23 in different bilayer 
membranes raised questions about the dynamics of the core 
helix. At the same time, the access to data points for deuterated 
A4 and A5 enabled a full Gaussian analysis of the dynamic 
averaging for the core helix (residues 4-17 or 4-16) in DOPC 
and DMPC, using the quadrupolar splitting magnitudes for 
seven or eight alanines. The best-fit preferred ranges of RMSD 
as functions of  and  (Figure 10) reveal now a much 
larger preferred value (72°) for  and a much larger allowed 
range for (, ) for the more “perfect” core helix in DOPC 
bilayer membranes (lowest panel of Figure 10). These results 
suggest a correlation for the helix of A4,5GWALP23 being less 
frayed and showing more dynamic averaging in DOPC. The 
longer core helix would have shorter exposed “stakes” on the 
ends, which in turn could lead to more dynamic averaging.  



DISCUSSION  
The integrity of a transmembrane helix can relate to the 

primary protein structure at the membrane interface, the bilayer 
thickness and the dynamic properties of the helix.  Cause and 
effect can sometimes propagate in either direction, as for 
example, changes to particular interfacial residues or the 
bilayer thickness may influence the helix fraying, which in turn 
could influence the dynamics of the core helix.  Interactions 
between side chains and lipid head groups also could influence 
the molecular dynamics and the extent of helix unwinding. We 
will focus first on helix to non-helix transitions as a general 
feature at lipid membrane interfaces.  We will then address the 
interplay among interfacial residues, bilayer thickness and the 
core helix length, boundaries, wobble and rotational dynamics.   

Interfacial helix unwinding as a general feature

For each of the 23-residue membrane-spanning helices 
considered here, both the N-terminal and C-terminal tend to 
unwind from the core helix at the membrane interfaces.  
Occasionally, the unraveling is less extensive near the 
C-terminal, a result which may couple to increased rotational 
dynamics for the core helix.   

. With now a 
large set of peptides from the GWALP23 family, one observes 
a core transmembrane helix that is tilted in lipid-bilayer 
membranes. Yet the helix geometry of the central core does not 
extend to the terminals of the 23-residue sequence.  Instead, 
residues 3 and 21 consistently are observed to deviate from the 
core helix configuration. The terminal unraveling was first 
suggested for GWALP23 in DMPC bilayers 17 and then was 
observed for the single-Trp helices of F4,5GWALP23 and 
A4,5GWALP23 in bilayers of DLPC, DMPC and DOPC 24. By 
comparison, an amphipathic 14-residue helical peptide, 
(KIAGKIA)2-amide, is found to unravel at its N-terminus when 
bound to the surface of DOPC or DMPC bilayers; yet the helix 
spans residues 4-14 all the way to the C-terminus 38.  

Helix fraying and structural plasticity indeed may have 
functional relevance in a variety of membrane proteins.  
Consider, for example, NsaS, an intramembrane histidine 
kinase that helps S. aureus adapt to a variety of environmental 
stimuli.7 A marginally stable interfacial -helical coiled-coil 
linker adopts a variety of conformations during antibiotic 
induced signaling. The flexibility of the linker region, similar 
to those in a number of signal transduction proteins, may 
provide soft coupling between the transmembrane and 
signaling domains.7 

 

Another example involves alpha-synuclein (S), a small 
highly conserved protein linked to Parkinson’s disease that 
localizes to presynaptic vesicles.39 An N-terminal lipid-binding 
domain of S adopts helix or disordered conformations, 
depending on the membrane environment.  Conversion from 
extended to broken helix has been proposed to enable S to 
bridge two closely apposed membranes.  Similar behavior is 
observed in apolipoproteins with common sequence and 
structural features. Reorganization between membrane-bound 
extended and broken helices is thought to be important for 
normal protein function and may play a role aggregation and 
toxicity.40 N-terminal acetylation, present in native S, is found 
to decrease helix fraying and increase affinity for vesicles with 
physiological anionic lipid content.41 

 

Partial fraying of a membrane proximal region of gp41 may 
play a role in the fusion of HIV to target cell membranes.42 

Unwinding of a transmembrane coiled-coil of a heterodimeric 
integrin receptor releases a constraint on the ectodomains, 
enabling ligand-induced conformational changes.43 The 
unwinding of a C-terminal -helix could be important for 
regulating the function of Switch-associated protein-70 at a 
membrane surface.44 Helix unwinding may help cytoskeletal 
spectrin proteins to regulate cell deformation.45 The influenza A 

matrix protein 2 may adjust its length by partially unwinding a 
helix and forming loop structures.46 These and other examples 
illustrate the need for better understanding of biophysical 
features that govern the continuity and unraveling of protein 
helices in lipid membranes.  

Influence of Positions 4 and 5 on Tilt and Dynamics

The case with H4 and H5 is intermediate. Although the helix 
with H4 and H5 prefers the same 0 in the two shorter lipids, 
the rotational slippage indicated by  is much higher in 
DMPC and further increases in the thicker DOPC bilayers 
(Table 3). Competition for positioning with the polar head 
groups is likely for the two imidazole side chains. The situation 
is more straightforward when the hydrogen bonding ability is 
removed. F4,5GWALP23 exhibits lower dynamics and adapts to 
hydrophobic mismatch by modulating its tilt alone. So why are 
two neighboring tryptophan residues W4 and W5 also well 
tolerated in all three membranes, as opposed to the 
complications with H4,5 and Y4,5? The additional motion may 
arise from residues 4 and 5 (H or Y) competing for favorable 
interactions with the polar head groups. The Trp side chains 
alternatively may sample many complex interactions at the 
interface to adapt the indole ring to the hydrophobic lipid tail 
and polar head group environments.48-50 We surmise that W4 and 
W5 may simultaneously be able to find appropriate 
orientations at the interface and form stable interactions with 
the lipid head groups, e.g. through indole  

. Residues 
4 and 5 influence the helix properties differently in different 
membrane environments. The parent helix of GWALP23 with 
residues L4 and W5 is moderately dynamic with modest values 
of  while adopting a tilt 0 that adjusts to the lipid 
thickness.17 Replacing L4 with W4 interestingly does not 
increase the predicted . Competing hydrogen bonding 
interactions at the membrane interface sometimes result in 
increased dynamic averaging about 0, much like the behavior 
observed for Y4,5GWALP23 22 and the original WALP peptides 
with four interfacial Trp residues.18 Notably, the dynamic 
averaging about 0 is much less extensive for W4,5GWALP23 
than for Y4,5GWALP23. Y4 and Y5 individually are well 
tolerated in the transmembrane environment.20, 22 The 
combination of the Y4 and Y5 side chains, nevertheless, gives 
rise to much more “slippage” about the helix axis (higher ) 
than is observed with W4,5 in all three lipid membranes. (We 
note also in the case of Y4,5 a trade-off between  and . 
The modified Gaussian predicts a much higher  of 124° 
instead of 18° in DMPC if  is 5° instead of 10° (Table 3).47)  



7 hydrogen bond formation. Such interactions would additionally explain the observed drop in  compared to GWALP23 (Table 3), as the 
combined interactions of these Trp residues could limit azimuthal rotation of the helix.   



Removing side chains L4 and W5 completely, as with G4 and G5, decreases the helix tilt in the thinnest bilayer, DLPC, by about 10° compared 
to helices having L4W5 or A4,5 (Table 3). The tilt of the G4,5GWALP23 helix remains essentially the same in all three lipid membranes, and the 
core helix seems to adapt to the bilayer by changes of 10°-30° in its azimuthal rotation. The helix dynamics with G4 and G5 are roughly the same as 
with L4 and W5. The lower than expected dynamic averaging and the low tilt angle in DLPC could also be explained by helix unwinding, as the 
Gly residues likely are not part of the core helix. Exposed backbone carbonyl groups then would be able to reach out and form stable 
hydrogen-bonding interactions with head groups or water at the lipid interface.   

Replacing the side chains of L4W5 with methyl groups of A4,5 also retains helix properties similar to those of GWALP23. The major difference 
is the increased dynamic averaging when the peptide helix is incorporated into the thicker DOPC bilayer. In this environment, A4 and A5 are part 
of a longer core helix that extends at least to residue 17; the less frayed helix structure could be more “slippery”. In DLPC, the extent of dynamic 
averaging is low, with A4 and A5 unwound from the core helix. In DMPC, residue A17 is unwound from the core helix, and the rotational slippage 
is in between the values observed in DOPC and DLPC. When the core helix of A4,5GWALP23 spans a shorter sequence, in similar fashion to G4,5, 
some of the free backbone carbonyl groups would be able to help stabilize the helix dynamics.  The methyl side chains may play a further role, as 
the best-fit  is lower with A4,5 than with G4,5.   

Sequence and lipid dependence of the deviation of residues 3 and 21 from the core helix

We consider the deviation (in kHz) of experimental |Δνq| of A3 and A21 from the theoretical magnitude that would fit the corresponding 
quadrupolar wave plot for the core helix. Then we use the 2H |Δνq| deviations to derive corresponding side-chain theta angle (θ) deviations 30 from 
helix geometry for the A3 and A21 methyl groups. Figure 11 shows these histograms for X4,5 peptides carrying N-flanking side chains with no  

. Alanines 3 and 21 are separated by 18 residues and 
therefore would give identical 2H NMR signals in cases where both reside within a continuous “perfect” -helix.23, 24 However, residues A3 and A21 
do not give identical 2H quadrupolar splittings for any of the transmembrane helices (Table 1) considered here. Instead, the 2H |Δνq| magnitude of 
either A3 or A21 (or both) deviates from the value predicted by the quadrupolar wave plot for the core helix in all cases (e.g., see figures 3, 5, 9). 
All of these transmembrane helices are partially unwound. What is the extent of the unraveling for the N-terminal and C-terminal of each helix?  

G
4,5

A
4,5

F
4,5 

hydrogen bonding ability: , , and L4W5. Histograms for comparisons of N-flanking aromatic side chains are shown in Figure S7 of the Supporting 
Information. We consider the trends with respect to lipid bilayer thickness and the sizes and identities of the residue 4 and 5 side chains. An 
interesting initial point is that |Δνq| for A3 is higher and that of A21 lower than the predicted value (based on the core helix geometry) in nearly all 
cases. These features generate positive deviation of |Δνq| for A3 and negative for A21 (Figure 11 and Figure S7). The exact reason for these 
consequences is unknown. Nevertheless, the trends indicate opposite directions of fraying for the two ends.  

In the parent GWALP23 helix (with L4W5 in Figure 11), the deviation of A3 from the core helix follows the actual tilted orientation of the helix. The 
tilt of GWALP23 varies with the bilayer thickness, from about 23° in DLPC down to about 6° in DOPC 17 (Table 3). Residue A3 likewise shows 
smaller deviation when the helix is moved from thinner to thicker lipid, with the A3 side chain 2H |Δνq| deviating about 7.4 kHz,  
6.5 kHz and 0.5 kHz in DLPC, DMPC and DOPC, respectively, from theoretical values predicted by the core helix. The helix of F4,5GWALP23 
exhibits a similar difference between DLPC and DOPC, with a notably much higher deviation of A3 from the core helix in DMPC. But the 
G4,5GWALP23 and A4,5GWALP23 cousins, lacking aromatic residues 4 and 5, follow different scenarios. Notably, in DLPC the experimental |Δνq| 
magnitude of A3 in the presence of G4,5 lies below the quadrupolar wave plot, giving rise to a negative deviation. The reason for this outcome is 
unknown, but the lower tilt of G4,5GWALP23 in DLPC (Table 3), compared to other analogs, could be a factor to influence the direction of the helix 
unraveling. The A4,5 helix shows about the same extend of unwinding of residue A3 in all three lipids (Figure 11); the findings are notable since A4 
and A5 deviate from helix geometry only in DLPC bilayers, but are included on the core helix in DOPC and are very close in DMPC (Figure 8).  
Residue A21, in contrast to A3, shows negative deviation in all cases (Figure 11). With the exception of F4,5GWALP23 in DLPC, the extent of 
deviation of A21 from the prediction of the core helix is essentially the same in each lipid membrane.  The magnitude of the deviation of A21 in 
G4,5GWALP23 is in all cases slightly less than for the other helices (Figure 11).   
For the N-flanking aromatic side chains 4 and 5, the W4,5 helix displays low motional averaging (σρ values) in all lipid environments (Table 3) and significant 
deviations of A3 and A21 from the predictions of the core helix (Figure S7 of the Supporting Information). The F4,5 helix also exhibits low motional averaging and, 
notably, the largest deviations of residue A21 from the core helix, especially in DLPC (Figure S7). By contrast, the Y4,5 helix undergoes very extensive motional 
averaging (Table 3) and has A21 very close to the core helix, suggesting a longer core helix toward the C-terminal in each of the lipid membranes (Figure S7). 
Moving  

H
4,5 

to other peptides, shows somewhat similar consequences, though the status of A3 is complicated by the fact that A7 already is away from the core 
helix (Figure 5).  The highly dynamic peptides with Y4,5 or H4,5 display quite low extent of deviation at one or both ends, suggesting a longer core 
helix and again pointing toward a possible inverse link between helix dynamics and terminal unwinding. A “competition” between polar aromatic 
residues 4 and 5 for hydrogen bonds with lipid head groups also could contribute to high levels of dynamic averaging.   

Seeing that the deviations of terminal residues from a core transmembrane helix may be directed by side chain identities as well as lipid 
thickness, we have compared the influence of large and small nonpolar side chains (Figure 11). Comparing the terminal unraveling of helices 
bearing G4,5, A4,5 and F4,5, the deviations of A21 and A3 from core helix geometry generally increase with the side chain size, although the trend is 
opposite for A3 in DOPC membranes (Figure 11). The largest deviations are seen for F4,5GWALP23, with A3 deviating most from the core helix in 
DMPC, and A21 in DLPC (Figure 11).  



A view of energetics at the interface. The results with deuterium labels on A4 and A5 (Figures 8-9) reveal possible links between helix fraying 
and the rotational averaging of the core helix. The transmembrane helix of A4,5GWALP23 has no charged residues and only W19 as an interfacial 
aromatic residue. In DOPC membranes, the core helix extends farther toward the terminals than in thinner membranes, with the 2H quadrupolar 
splittings from A4 through A17 falling on the wave plot for the core helix (Figure 9). At the same time, and possibly as a correlation, the rotational 
slippage,  around the axis of the core helix, is much larger in DOPC than in DMPC or DLPC (Table 3; Figure 10). We speculate that a full 
Gaussian analysis, if more data points were available, might reveal more dynamic averaging also for G4,5GWALP23 in DOPC. The situation is more 
complicated for Y4,5GWALP23, which is highly dynamic in each of the lipid systems. The results suggest that helix fraying to release peptide 
groups may be less important for the dynamics when polar side chains (Y4 and Y5) are able themselves to interact directly with lipid head groups. 
Considerations of helix unraveling at membrane interfaces, nevertheless, could be significant for molecular dynamics simulations and 
representations of membrane proteins.  

In summary

ASSOCIATED CONTENT  

, our systematic experiments with closely related transmembrane model peptide helices have enabled us to address specific questions 
concerning lipid-protein interactions, helix integrity and dynamics. The central findings are: (i) All of the transmembrane helices considered here 
are tilted in the bilayer membrane and are somewhat unraveled, by at least three residues, at each membrane interface. (ii) The extent of the 
N-terminal unraveling depends upon the lipid bilayer thickness and the identities of juxtaterminal side chains at positions 4 and 5. The size and 
polarity of the #4 and #5 side chains help to determine the length of the core helix and the onset of helix unwinding. (iii) The extent of the 
C-terminal unraveling has yet to be examined. (iv) In some cases (with more examples needed), the dynamic averaging of the transmembrane helix 
orientation may couple to the extent of helix fraying and to the bilayer thickness. It would be of interest also to examine the helix properties when 
the lipid head-group [average] charge is varied in mixed lipid populations. Some of these properties will be important for the plasticity and 
functioning of membrane proteins.  

Supporting Information. Supplemental figures S1 to S7, including mass spectra, circular dichroism spectra and NMR spectra. This material is available 
free of charge via the Internet at http://pubs.acs.org.  
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FIGURE LEGENDS.   

Figure 1. Model to illustrate unwinding of peptide terminals 
for the helix of H

4,5GWALP23, showing the observed tilt 
and azimuthal rotation of the core helix in DLPC bilayers. 
The locations of Trp19 and residues 4 and 5 are 
illustrated on a ribbon helix, drawn using PyMOL51. The 
deuterated alanine methyl groups are shown as space filling 
and are colored black for core alanines (that underlie the tilt 
analysis) or red for the juxtaterminal alanines 3 and 21. The 
depicted side-chain orientations are arbitrary.  

Figure 2. Deuterium NMR spectra for 2H-labeled core alanines 
A7 (50% deuterated) and A17 (100%) in G4,5GWALP23 and 
A4,5GWALP23 in oriented bilayers of DLPC. Spectra for β = 
90° and β = 0° sample orientations are shown. Peptide:lipid ratio, 
1:60; temperature, 50 °C.  

Figure 3. Quadrupolar wave analysis of tilted peptide helices in 
DLPC, DMPC and DOPC bilayer membranes. A. Results for 
G4,5GWALP23. B. Results for the parent GWALP23 peptide 
with L4 and W5 (core alanine data points from 17). The |q| 
values for alanines 3 and 21 (numbered, shown as circles) 
generally fail to fit the helix wave plots. In some cases (i.e., 
GWALP in DOPC) the q value for A3 fits on the helical wave, 
while that for A21 stays off the curve.   

Figure 4. Deuterium NMR spectra for 2H-labeled core alanines 
A15 and A17 in H4,5GWALP23 and W4,5GWALP23; and A11 
and A15 in F4,5GWALP23 and Y4,5GWALP23 peptides in 
oriented bilayers of DLPC. Spectra for β = 90° and β = 0° 
sample orientations are shown. Peptide:lipid ratio, 1:60; 
temperature, 50 °C.  

Figure 5. Quadrupolar wave analysis of H4,5GWALP23 (A), 
W4,5GWALP23 (B) and Y4,5GWALP23 (C) helices in DLPC 
(black), DMPC (red) and DOPC (blue) bilayer membranes. 
The |q| values for alanines 3 and 21 (numbered, shown as 
circles) generally fail to fit the helix wave plots. In H4,5GWALP23, 
A7 of the core helix (numbered) is off the curves for all three 
lipid membranes. suggesting extended helix unwinding at 
N-terminal end up to residue 7.  

Figure 6. Deuterium NMR spectra for labeled A3 (50% 
deuterated) and A21 (100% deuterated) of X4,5GWALP23 
peptides, where X= G, Y, H and W. Spectra are shown for 
oriented samples in DLPC , DMPC and DOPC lipid bilayers.  
Peptide:lipid ratio, 1:60; temperature, 50 °C; sample 
orientation, β = 90°.  
Figure 7. Contour plots for solutions of helix tilt  and azimuthal 
rotation  for selected X4,5 derivatives of GWALP23 in bilayers 
of DLPC (black), DMPC (red), and DOPC (blue). Contour 
levels are drawn from 0 to 3 kHz with increments of 0.6.  

Figure 8. Deuterium NMR spectra for labeled alanines 4 and 5 
(50% and 100% deuterated, respectively) of A4,5GWALP23 in 
oriented bilayers of DLPC , DMPC and DOPC. Peptide:lipid 
ratio, 1:60; temperature, 50 °C; sample orientation, β = 90°.  

Figure 9. GALA quadrupolar wave plots for A4,5GWALP23 in 
DLPC (black), DMPC (red), and DOPC (blue) bilayer 
membranes. The |q| values are shown as triangles for 
d4-labeled core alanines, as squares for A4 and A5 and as circles 
for A3 and A21, with the color of the respective lipid bilayer. The 
q values of alanines 3 and 21 are off of the wave plot regardless 
of the lipid thickness. The q values of alanines 4 and 5 are off 
of the wave plot in DLPC, but on the wave plot for the core helix 
in DMPC and DOPC. Alanine 17 deviates from the wave plot in 
DMPC.  

Figure 10. Contour plots showing preferred ranges of  and  

for the A4,5GWALP23 helix in bilayers of (A) DLPC, (B) DMPC 
and (C) DOPC. Contours for RMSD are drawn from 1.2 kHz 
(dark blue) to 6.0 kHz in increments of 1.2 kHz (other colors).  

Figure 11. Deviation of experimental value from fitted value for 
juxta-terminal alanines 3 and 21 for several transmembrane peptide 
helices. A. Quadrupolar splitting, q, deviation in kHz.   
B. Theta angle, θ, deviation in degrees. Results are shown for 
GWALP23 peptides having G4,5, A4,5, F4,5 or the parent L4W5 

sequence.  



Table 1. Sequences of X4,5GWALP23 peptides  

 
13  

Name  Sequence  Reference  

GWALP23  Acetyl-GGALWLALA-LALAL
ALALWLAGA-amide  

22  

G4,5GWALP23  Acetyl-GGAG4G5LALA-
LALALALALWLAGA-amide  

This 
work  

A4,5GWALP23  Acetyl-GGAA4A5LALA-
LALALALALWLAGA-amide  

24  

F4,5GWALP23  Acetyl-GGAF4F5LALA-
LALALALALWLAGA-amide  

22  

Y4,5GWALP23  Acetyl-GGAY4Y5LALA-
LALALALALWLAGA-amide  

20  

W4,5GWALP23  Acetyl-GGAW4W5LALA-
LALALALALWLAGA-amide  

This 
work  

H4,5GWALP23  Acetyl-GGAH4H5LALA-
LALALALALWLAGA-amide  

This 
work  

    Deuterated (d4) alani      
wheel p    

  
X4,5GWALP23 

(Ref.)  
Lipid  7 

(240)  9 (80)  11 
(280)  

13 
(120)  

1  
(32   

 
  

 
  

 
  

 
     

L4W5 (22, this 
work)c  

DLPC  26.4  25.5  26.9  14.6  20           
DMPC  21.9  8.9  20.9  3.8  17           
DOPC  16.6  1.7  16.7  1.5  15           

F4,5 (22, 24)  DLPC  23.7  23.5  25.7  19.6  23           
DMPC  20.3  - 20.6  - 20           
DOPC  16.2  0.8  18.6  0.8  18           

A4,5 (24, this 
work)d  

DLPC  23.2  19.0  23.6  11.7  18             
DMPC  20.4  10.8  20.6  9.0  18             
DOPC  15.4  4.0  18.6  5.2  16             

G4,5 (This work)  DLPC  18.8  6.9  16.7  1.4  12           
                    
                    

                        
                    
                    

                        
                    
                    

    
  

                    
                    
                    

      

  

                

      

  

    

       

                        

                      

                      

                       
                       
                       
                       

                   
                         

                  
                      

                       
                       
                      

                       
                       



Table 2. Observed quadrupolar splitting 
magnitudes, |Δνq| in kHz, for d4-labeled alanines 
of X4,5GWALP23 peptides in DLPC, DMPC and 
DOPC bilayer membranesa 

 

 

a Values are listed in kHz for the β = 0 sample orientation.  Values not listed (--) were not recorded.  
b Data points are grouped for alanines 7-17 of the cores helix, then juxta-terminal alanines 3 and 21 that are separated by eighteen 
residues (potentially five helical turns), and finally the intervening alanines 4 and 5 of A4,5GWALP23. c The data points for A3 and A21 
in DLPC are newly reported here. d The data points for A4 and A5 are newly reported here.  
e The data points for A3 and A21 are newly reported here.  

Name  Sequence  Reference  

GWALP23  Acetyl-GGALWLALA-LALAL
ALALWLAGA-amide  

22  

G4,5GWALP23  Acetyl-GGAG4G5LALA-
LALALALALWLAGA-amide  

This 
work  

A4,5GWALP23  Acetyl-GGAA4A5LALA-
LALALALALWLAGA-amide  

24  

F4,5GWALP23  Acetyl-GGAF4F5LALA-
LALALALALWLAGA-amide  

22  

Y4,5GWALP23  Acetyl-GGAY4Y5LALA-
LALALALALWLAGA-amide  

20  

W4,5GWALP23  Acetyl-GGAW4W5LALA-
LALALALALWLAGA-amide  

This 
work  

H4,5GWALP23  Acetyl-GGAH4H5LALA-
LALALALALWLAGA-amide  

This 
work  

    Deuterated (d4) alanine location in sequence (helical 
wheel position, degrees)b  

  
X4,5GWALP23 

(Ref.)  
Lipid  7 

(240)  9 (80)  11 
(280)  

13 
(120)  

15 
(320)  

17 
(160)  

3 
(200)  

21 
(200)  

4 
(300)  5 (40)  

L4W5 (22, this 
work)c  

DLPC  26.4  25.5  26.9  14.6  20.7  3.4  27.5  12.8  - - 
DMPC  21.9  8.9  20.9  3.8  17.6  2.9  10.8  3.2  - - 
DOPC  16.6  1.7  16.7  1.5  15.4  2.6  10.4  2.7  - - 

F4,5 (22, 24)  DLPC  23.7  23.5  25.7  19.6  23.4  1.8  20.6  2.6  - - 
DMPC  20.3  - 20.6  - 20.6  3.8  20.4  2.0  - - 
DOPC  16.2  0.8  18.6  0.8  18.6  1.9  11.8  2.2  - - 

A4,5 (24, this 
work)d  

DLPC  23.2  19.0  23.6  11.7  18.7  6.6  22.3  10.2  18.6  16  
DMPC  20.4  10.8  20.6  9.0  18.8  7.1  19.6  6.3  18.1  5.2  
DOPC  15.4  4.0  18.6  5.2  16.4  0.5  14.4  1.8  18.6  2.0  

G4,5 (This work)  DLPC  18.8  6.9  16.7  1.4  12.6  7.2  10.9  10.9  - - 
DMPC  19  6.0  17.5  1.6  14.1  5.0  16.8  7.8  - - 
DOPC  15.5  1.5  15.6  1.2  15.3  2.4  16.8  4.6  - - 

H4,5 (This work)  DLPC  17.9  1.1  13.3  3.5  9.4  9.8  11.3  11.6  - - 
DMPC  14.5  2.4  11.2  4.8  8.3  8.5  11.9  8.4  - - 
DOPC  11.1  6.5  9.1  6.1  10.1  5.6  11.4  5.4  - - 

W4,5 (This work)  DLPC  21.5  15.0  20.7  9.4  17.4  3.3  22.7  8.4  - - 
DMPC  17.3  5.8  17.5  4.5  16.2  1.6  20.8  4.9  - - 
DOPC  12.8  0.9  14.4  1.4  14.9  1.3  20.8  2.3  - - 

Y4,5 (20, 22, this 
work)e  

DLPC  11.6  0.5  6.9  4.6  6.9  11.6  19.2  11.6  - - 
DMPC  11.7  3.2  10.7  2.8  10.7  4.4  18.2  7.7  - - 
DOPC  10.2  3.8  10.0  3.8  12.6  3.8  16.2  3.2  - - 
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Table 3. Semi-static GALA and modified Gaussian analysis of GWALP23 and related X4,5 peptide helix 
orientations and dynamics in bilayer membranesa 

 

 
a The analysis methods were described previously 22. The units for RMSD are kHz. Unless otherwise noted, each analysis is 
based on the deuterium (2H) quadrupolar splittings for the CD3 side chains of six central alanine residues 7, 9, 11, 13, 15 and 17 in 
the core helix of the transmembrane peptide.   
b For the modified Gaussian analysis 22, 32,  was assigned the fixed value noted in the table; Szz was assigned the fixed value of 0.88.  
Where noted (*A4,5), a GALA fit and a full Gaussian analysis (varying also ) were performed based on eight data points (DOPC) or 
seven data points (DMPC, without A17).  
c Residue A7 of H4,5GWALP23 does not fit the quadrupolar wave plot in DMPC or DOPC and was omitted from the analysis. 
Curiously, residue A3 of H4,5GWALP23 does fit the quadrupolar wave plot in DMPC (but not in DOPC). When fitting, residue A3, 
optionally, can be included in the analysis without altering the prediction for the helix orientation in DMPC.  
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GWALP23  Acetyl-GGALWLALA-LALAL
ALALWLAGA-amide  

22  

G4,5GWALP23  Acetyl-GGAG4G5LALA-
LALALALALWLAGA-amide  

This 
work  

A4,5GWALP23  Acetyl-GGAA4A5LALA-
LALALALALWLAGA-amide  

24  

F4,5GWALP23  Acetyl-GGAF4F5LALA-
LALALALALWLAGA-amide  

22  

Y4,5GWALP23  Acetyl-GGAY4Y5LALA-
LALALALALWLAGA-amide  

20  

W4,5GWALP23  Acetyl-GGAW4W5LALA-
LALALALALWLAGA-amide  

This 
work  

H4,5GWALP23  Acetyl-GGAH4H5LALA-
LALALALALWLAGA-amide  

This 
work  

    Deuterated (d4) alanine location in sequence (helical 
wheel position, degrees)b  

  
X4,5GWALP23 

(Ref.)  
Lipid  7 

(240)  9 (80)  11 
(280)  

13 
(120)  

15 
(320)  

17 
(160)  

3 
(200)  

21 
(200)  

4 
(300)  5 (40)  

L4W5 (22, this 
work)c  

DLPC  26.4  25.5  26.9  14.6  20.7  3.4  27.5  12.8  - - 
DMPC  21.9  8.9  20.9  3.8  17.6  2.9  10.8  3.2  - - 
DOPC  16.6  1.7  16.7  1.5  15.4  2.6  10.4  2.7  - - 

F4,5 (22, 24)  DLPC  23.7  23.5  25.7  19.6  23.4  1.8  20.6  2.6  - - 
DMPC  20.3  - 20.6  - 20.6  3.8  20.4  2.0  - - 
DOPC  16.2  0.8  18.6  0.8  18.6  1.9  11.8  2.2  - - 

A4,5 (24, this 
work)d  

DLPC  23.2  19.0  23.6  11.7  18.7  6.6  22.3  10.2  18.6  16  
DMPC  20.4  10.8  20.6  9.0  18.8  7.1  19.6  6.3  18.1  5.2  
DOPC  15.4  4.0  18.6  5.2  16.4  0.5  14.4  1.8  18.6  2.0  

G4,5 (This work)  DLPC  18.8  6.9  16.7  1.4  12.6  7.2  10.9  10.9  - - 
DMPC  19  6.0  17.5  1.6  14.1  5.0  16.8  7.8  - - 
DOPC  15.5  1.5  15.6  1.2  15.3  2.4  16.8  4.6  - - 

H4,5 (This work)  DLPC  17.9  1.1  13.3  3.5  9.4  9.8  11.3  11.6  - - 
DMPC  14.5  2.4  11.2  4.8  8.3  8.5  11.9  8.4  - - 
DOPC  11.1  6.5  9.1  6.1  10.1  5.6  11.4  5.4  - - 

W4,5 (This work)  DLPC  21.5  15.0  20.7  9.4  17.4  3.3  22.7  8.4  - - 
DMPC  17.3  5.8  17.5  4.5  16.2  1.6  20.8  4.9  - - 
DOPC  12.8  0.9  14.4  1.4  14.9  1.3  20.8  2.3  - - 

Y4,5 (20, 22, this 
work)e  

DLPC  11.6  0.5  6.9  4.6  6.9  11.6  19.2  11.6  - - 
DMPC  11.7  3.2  10.7  2.8  10.7  4.4  18.2  7.7  - - 
DOPC  10.2  3.8  10.0  3.8  12.6  3.8  16.2  3.2  - - 
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Lipid  

Peptide   GALA fit results    Modified Gaussian resultsb   Ref.  

τo  ρo  Szz  

RMSD  

τo  ρo  

 σρ  στb    

DLPC  L4W5  20.7°  305°  0.66  0.71  23°  304°  33  15o  0.7  22  

F   21 3°  317°  0 67  0 5  18°  314°  0°  15   0 7  22  
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