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A B S T R A C T

We have employed the peptide framework of GWALP23 (acetyl-GGALWLALALALALALALWLAGA-amide) to
examine the orientation, dynamics and pH dependence of peptides having buried single or pairs of his-
tidine residues. When residues L8 is substituted to yield GWALP23-H8, acetyl-GGALWLAH8ALALALALAL-
WLAGA-amide, the deuterium NMR spectra of 2H-labeled core alanine residues reveal a helix that occupies a
single transmembrane orientation in DLPC, or in DMPC at low pH, yet shows multiple states at higher pH or in
bilayers of DOPC. Moreover, a single histidine at position 8 or 16 in the GWALP23 framework is sensitive to pH.
Titration points are observed near pH 3.5 for the deprotonation of H8 in lipid bilayers of DLPC or DMPC, and for
H16 in DOPC. When residues L8 and L16 both are substituted to yield GWALP23-H8,16, the 2H NMR spectra show,
interestingly, no titration dependence from pH 2–8, yet bilayer thickness-dependent orientation differences. The
helix with H8 and H16 is found to adopt a transmembrane orientation in thin bilayers of DLPC, a combination of
transmembrane and surface orientations in DMPC, and then a complete transition to a surface bound orientation
in the thicker DPoPC and DOPC lipid bilayers. In the surface orientations, alanine A7 no longer fits within the
core helix. These results along with previous studies with different locations of histidine residues suggest that
lipid hydrophobic thickness is a first determinant and pH a second determinant for the helical orientation, along
with possible side-chain snorkeling, when the His residues are incorporated into the hydrophobic region of a lipid
membrane-associated helix.

1. Introduction

Many important functional roles such as pH sensing, ligand binding
and metal transport in the transmembrane domains of membrane pro-
teins may be served by histidine [1–3]. The unique structural charac-
teristics of histidine that combine properties of both polar and aromatic
residues as well as its participation in a variety of intermolecular in-
teractions make histidine a highly versatile amino acid [4,5]. Indeed,
the histidine side chain engages in several aromatic interactions with
neighboring residues which help to stabilize proteins [4,6–8]. The cru-
cial role of His residues for the activation [9] and selectivity [10] of
the M2 proton channel of influenza A is well established. The pH de-
pendency of the histidine imidazole side chain is equally important for
functions of a variety of membrane proteins. For example, the proto-
nation of some histidine residues in Diphtheria toxin triggers conforma

tional changes of the T domain [11,12] that are necessary for catalysis.
The electrostatic repulsion between protonated states of two histidine
residues, H257 and H223, initiates the initial conformational change
[13]. In case of prion proteins, whose misfolding is believed to be the
cause of a group of rare and fatal neurodegenerative diseases [14], the
protonation of some important histidine residues destabilizes the pro-
teins [15].

Several related model amphipathic peptide helices with four his-
tidines have been observed to transition from transmembrane to a sur-
face state typically with a midpoint near pH 6 [16–18], with the lipid
head group identity and the bilayer thickness also influencing the tran-
sition [19]. Other model helices with multiple lysines or even one Arg
residue also transition between transmembrane and surface orienta-
tions [20–23], as do antimicrobial peptides such as zervamicin [24],
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alamethecin [24] and PGLa [25], and a channel-forming Leu-Ser pep-
tide [26].

To explore further the influence of individual histidine residues on
transmembrane peptide helix behavior, especially when located within
the hydrophobic region of membranes, we have utilized the well-studied
framework of GWALP23 (acetyl-GGALW[LA]6LWLAGA-amide). Many
sequence variants of this host helical peptide have been reported and
characterized. For example, the presence of more than two interfacial
Trp or Tyr residues tends to increase the extent of motional averaging
[27,28], while the level of dynamic averaging remains low with only
two interfacial tryptophans, at positions 5 and 19, on the same face of
the helix [29]. Moreover, the presence of a charged residue, whether
lysine[30] or arginine, [21,31] causes dramatic effects when located
within the central region of the helix.

The advantages of the GWALP23 framework are not limited to stud-
ies of the influence of specific amino acid residues upon the overall be-
havior of the peptide helix. GWALP23 also has been employed to reveal
the pKa values of several membrane-embedded charged residues includ-
ing histidine [32], glutamic acid [33], lysine [30] and arginine [30,31]
in the lipid membrane environment. In several of the studies, a posi-
tively charged side chain located close to the center of a transmembrane
helix sequence is found to titrate with a pKa value that is about 2–4 pH
units lower than the standard value in aqueous solution [30,32]. Nev-
ertheless, the arginine side chain is observed not to titrate [30,31], and
the Arg guanidinium group would prefer to exit the lipid bilayer rather
than to release a proton [21]. In the case of histidine, which is of par-
ticular interest for this work, the imidazole side chain has shown a pH
sensitivity in the GWALP23 helix framework. When located at the cen-
ter of the helix, the protonation of residue H12 drives the helix to the
membrane surface, whereas residue H14 responds with modification of
the helix tilt angle [32].

To further analyze the significance of the histidine side chain and its
ionization behavior with respect to protein-lipid interactions, we have
incorporated a pair of histidine residues at positions 8 and 16 within
the hydrophobic core of GWALP23, but not adjacent to each other and
not at the center of the helix. Rather, the two His residues are partially
buried and are equidistant from the center of the helix. Residues H8
and H16 also are closer to each other than double histidine mutants of
GWALP23 reported previously [34]. It is of interest also that positions 8
and 16 were previously examined with arginine residues [35]. The aim
now is to compare the changes in helix orientation induced by the dou-
ble histidine as opposed to double arginine replacements at positions 8
and 16 in GWALP23. Additionally, for better understanding of the be-
havior of GWALP23-H8,16, additional peptides with only one histidine at
position 8 or position 16, namely GWALP23-H8 and GWALP23-H16, also
will be reported here. Analysis and comparison of the biophysical prop-
erties of these related peptides will provide deeper understanding of the
principal effects of one or two buried histidine residues as well as their
ionization properties for the interaction of a hydrophobic α-helix with
lipid bilayer membranes.

2. Materials and methods

The designed peptides were synthesized on a model 433A
solid-phase peptide synthesizer (Applied Biosystems, from Life Tech-
nologies (Foster City, CA)) using a modified FastMoc™ chemistry on a
0.1-mmol scale, with extended times for deprotection or coupling where
needed. Prior to synthesis, commercial L-alanine-d4 (Cambridge Isotope
Laboratories, Andover, MA) was Fmoc-protected using Fmoc-ON-succin-
imide, as described [36,37]. Other N-Fmoc amino acids and rink amide
resins were purchased from NovaBiochem (San Diego, Ca), Anaspec
(Fremont, CA) and Bachem (Torrence, CA). Histidine and tryptophan
side chains were additionally protected with trityl and t-butoxycar-
bonyl protecting groups. For each peptide synthesis, typically two deu-
terium-labeled alanines with 50% and 100% isotope abundance were
incorpo

rated to help with the 2H spectral assignments. Signal intensity can
decrease as |Δνq| increases and furthermore is sensitive to motions
[38,39]. When necessary, peak assignments were confirmed by omitting
a particular data point in a test calculation.

Synthesized peptides were cleaved from resin using a cleavage cock-
tail of 85:5:5:5 mixture of trifluoroacetic acid:phenol:triisopropylsi-
lane:water at 22 °C for 2 h. After filtering off the resin support and
precipitation of free peptides, purification of crude peptides was per-
formed be means of reversed-phase HPLC. A Zorbax SB-C8 column
(9.4 × 250 mm) packed with 3.5 μm octyl-silica from Agilent Technolo-
gies (Santa Clara, CA) was used for purification, with an elution gradient
of 90–98% methanol (with 0.1% trifluoroacetic acid) over 40 min. The
purified peptides were quantified using UV–Vis spectroscopy to measure
the absorbance of Trp residues at 280 nm [40]. MALDI-TOF analysis
was used for to verify the peptide molecular mass and extent of deuter-
ation.

Oriented samples for solid-state NMR experiments were prepared
mechanically on thin glass slides as described previously [41], with 1:60
peptide:lipid (mol:mol) ratio. The DLPC, DMPC, DPoPC and DOPC lipids
from Avanti Polar Lipids (Alabaster, AL) were used to form the bilayer
membranes. Peptide/lipid films were deposited on the slides from 95%
methanol, dried under vacuum (10−4 Torr for 48 h), and hydrated (45%
w/w) with deuterium-depleted water (Cambridge Isotope Laboratories,
Andover, MA) containing 20 mM glycine or citrate buffer at a specific
pH value between 2 and 8 [32,31]. The hydrated slides were stacked
in 8 mm cuvettes, sealed with epoxy and incubated at 40 °C for at least
48 h to enable bilayer alignment.

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 (Bil-
lerica, MA). The 31P NMR spectra were recorded in a Doty 8 mm wide
line probe (Doty Scientific Inc., Columbia, SC) with broadband 1H de-
coupling on a Bruker Avance 300 spectrometer at both β = 0° (bilayer
normal parallel to magnetic field) and β = 90° (bilayer normal per-
pendicular to magnetic field) macroscopic sample orientations. Before
Fourier transformation, an exponential weighting function with 100 Hz
line broadening was applied. The chemical shift was referenced exter-
nally to 85% phosphoric acid at 0 ppm.

The 2H NMR spectra were recorded at 50 °C with macroscopic sam-
ple orientations of β = 90° and β = 0°. A quadrupolar echo pulse se-
quence [42] 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.

Samples for circular dichroism spectroscopy were prepared by form-
ing small lipid vesicles incorporating 0.063 μmol peptide and 3.75 μmol
lipid (1/60 peptide:lipid) using ultrasonication in unbuffered water. The
peptide concentrations were determined by UV–Vis spectroscopy using
a molar extinction coefficient for Trp at 280 nm of 5600 M−1 cm−1. An
average of ten scans was recorded on a Jasco J-1500 spectropolarimeter,
using a 1 mm cell path length, 1.0 nm bandwidth, 0.1 nm slit and a scan
speed of 20 nm/min.

Helix orientation and dynamics were analyzed using two methods,
a semi-static Geometric Analysis of Labeled Alanines (“GALA”) [41]
and a modified Gaussian approach [28,43,44] for fitting the 2H NMR
signals from the CβD3 groups of Ala-d4 residues. A Cα deuteron also
is present and has been observed in some samples [22,31], although
the Cα-D was not detected here. The measured CβD3 quadrupolar split-
tings were estimated to 0.1 kHz and were reproducible to ±1 kHz with
duplicate samples. The 2H methods are complementary to 15N based
methods for revealing helix orientations; the 2H and 15N methods also
can be used in combination for characterization of membrane helices
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[45,39,29,46]. For cases where alanine A7 did not fit the core helix (see
Results section), the 2H quadrupolar splitting for A7 was not included
in either method of analysis. The GALA method uses the quadrupolar
splitting values from 2H-NMR spectra and fits a principal order parame-
ter Szz, an average helix tilt magnitude τ0 and the direction of tilt also
known as helix azimuthal rotation (ρ0), while maintaining an ε∥ angle
between the alanine Cα−Cβ bond vector and the helix axis fixed at 59.4°
[41]. The modified Gaussian approach involves three variable parame-
ters, an average helix tilt τ0, mean azimuthal rotation ρ0 and rotational
slippage σρ, with fixed values for Szz and στ (helix wobble) following
[44]. Fixing a value for στ reduces the number of variables when con-
sidering limited data sets. It has been well established that σρ is more
important than στ for describing the dynamic properties of individual
membrane helices [29,43,44]. Nevertheless, the appropriate range for
στ may differ between transmembrane and surface helix orientations
(see Results section). For transmembrane orientations, therefore, we
maintained στ at 100; but because this value would not fit the surface
orientations, we maintained στ of 25o or 35o for the surface orientations,
as validated previously by Lipinski et al. [35]. Other examples of model
peptides having στ near 25° have been noted [47,48] (see Discussion
section).

3. Results

The indicated peptides (Table 1; Fig. 1) were successfully syn-
thesized and characterized. The MALDI-TOF mass spectra of
GWALP23-H8,16 and GWALP23-H8 (Fig. S1 of the Supporting Informa-
tion) confirm the expected molecular masses and isotope distributions
for labeled peptides with full or partial deuteration of two alanines. The
CD spectra are characteristic of α-helices in DLPC, DMPC and DOPC
lipid vesicles, with a distinct minimum at 208 nm and a broad shoul-
der around 222 nm (Fig. S2). The alignment of lipid molecules in the bi-
layers with the incorporated peptides has been assessed and confirmed
by means of 31P NMR spectroscopy (Figs. S3, S4, S5). We will present
solid-state 2H NMR results that reveal the helix orientations and pH de-
pendence for bilayer-peptide samples when a single His residue is pre-
sent and then will compare the properties when histidines H8 and H16
are present together.

3.1. GWALP23-H8 and GWALP23-H16 individually

To examine the influence of one particular His residue, we incor-
porated histidine instead of leucine at position 8 or 16 to give the
resulting single-His mutants of the parent GWALP23 peptide, namely
GWALP23-H8 or GWALP23-H16 (Table 1). The orientations and titra-
tion behavior of the resulting helices were examined in bilayer mem-
branes.

Table 1
Sequences of buried single and paired histidine and arginine mutants of GWALP23 pep-
tides.

Name of
peptide Sequence Reference

GWALP23 Acetyl-GGALWLALALALALALALWLAGA-amide [71]
GWALP23-H 8 Acetyl-GGALWLAH 8ALALALALALWLAGA-amide This

work
GWALP23-H 16 Acetyl-GGALWLALALALALAH 16ALWLAGA-amide This

work
GWALP23-H 8,16 Acetyl-GGALWLAH 8ALALALAH 16ALWLAGA-

amide
This
work

GWALP23-R 8,16 Acetyl-GGALWLAR 8ALALALAR 16ALWLAGA-
amide

[35]

Fig. 1. Models to illustrate the positions of histidine residues introduced within the helix
of GWALP23 and the orientations of two peptides relative to a vertical bilayer normal in
DLPC lipid bilayers, drawn using Pymol [69].

3.2. 2H NMR in thinner DLPC and DMPC bilayer membranes

The 2H NMR spectra for the aligned samples of GWALP23-H8 re-
veal well-defined signals and distinct quadrupolar splittings of core Ala
residues in lipid bilayers of DLPC and in DMPC at low pH (Fig. 2). In-
terestingly, the signals change with pH (see below). The spectra indicate
single tilted transmembrane orientations except when the pH is raised
in DMPC. The quadrupolar splitting magnitudes |Δνq| of GWALP23-H8

range at pH 2 from about 2 kHz to 24 kHz in DLPC and 1.5 kHz to
23 kHz in DMPC. While the |Δνq| ranges are comparable to those of the
parent GWALP23, suggesting well aligned helices, the radial distribu-
tion of values changes dramatically when H8 is introduced. For example,
|Δνq| for alanine A7 changes from 26 kHz (DLPC) and 22 kHz (DMPC)
to 1 or 2 kHz in each lipid (Table 2), indicating large differences in the
azimuthal rotation of the tilted helix with H8.

The helix tilt analysis using either the semi-static GALA or the Gauss-
ian analysis reveals similar orientations with similar tilt angles of 10–12°
for the GWALP23-H8 helix in DLPC and DMPC (Table 3; Fig. 3). Com-
pared to the parent GWALP23 helix, GWALP23-H8 displays a large ro-
tational difference Δρ of 150° about the helix axis and loses the sensi-
tivity of tilt angle to bilayer thickness (Table 3). Indeed, the observed
azimuthal rotation ρ0 for GWALP23 in DLPC and DMPC is about 305° –
311°, compared to 155° – 160° for GWALP-H8. The modified Gaussian
analysis shows agreement, with similar values of τ0 and ρ0 and only a
moderate rotational slippage σρ of about 40°.

3.3. 2H NMR in thicker and unsaturated DOPC lipid membranes

In the case of GWALP23-H8, as the acyl chain length and bilayer
thickness increase from DLPC to DOPC at neutral pH, there is a dis-
tinct decrease in spectral quality. The spectra become characterized by
poor signal-to-noise ratio where individual quadrupolar splittings are no
longer distinguishable (Fig. 4); rather the multiple overlapped signals
give rise to broad peaks for each labeled alanine in DOPC, suggesting
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Fig. 2. 2H NMR spectra of labeled alanines in the GWALP23-H8 core helix in DLPC (A) and DMPC (B) bilayer membranes at pH 2 and pH 8. Sample orientation is β = 90o, 1:60 pep-
tide:lipid at 50 °C. The changes in quadrupolar splittings in DLPC and spectral quality in DMPC indicate the response of the helix to the change in ionization state of histidine H8. Levels
of deuteration, Ala identities and representative peak assignments are indicated.

Table 2
2H NMR quadrupolar splitting magnitudes of labeled core alanines of GWALP23 family
peptides with single and double histidine substitution.

Peptide Lipid pH Ala CD3 quadrupolar splittings a

A7 A9 A11 A13 A15 A17

GWALP23 DLPC 26.4 25.5 26.9 14.6 20.7 3.4
DMPC 21.9 8.9 20.9 3.8 17.6 2.9
DOPC 16.6 1.7 16.7 1.5 15.4 2.6

H 8 DLPC 2 2.2 22.2 11.7 24.0 10.7 21.1
8 2.3 16.1 7.5 19.7 2.2 15.2

DMPC 2 1.4 20.7 10.7 23.0 8.3 16.8
8 b 1, 13 3, 14 2, 9

DOPC 8 b 2, 7, 14, 20 7, 11, 20, 23 2, 6, 12, 16
H 16 DOPC 2 5.8 19.6 3.2 14.4 7.2 5.2

6 0.6 12.8 1.0 9.6 8.4 3.8
H 8,16 DLPC 4 33.7 33.7 30.2 29.8 8.4 18.5

DMPC c

(major)
28.4 29.2 24.6 25.8 – –

DMPC
(minor)

24 24 16.2 1.8 – –

DPoPC 24.1 24.0 16.1 1.7 13.7 29.0
DOPC 22.3 23.8 16.0 1.4 13.4 31.2

a Values are reported for β = 0 o sample orientations. The experimental uncertainty is
about ±1 kHz. The GWALP23 samples were unbuffered at neutral pH.
b Since multiple weak and overlapped signals are observed for each double-labeled sam-
ple, it was not possible to assign the exact |Δνq| values for GWALP23-H 8 in DMPC or
DOPC lipids at pH 8.
c The signals from labeled alanines of GWALP23-H 8,16 in DMPC display multiple broad
and overlapped signals. To address the Δνq values, we have reported here the average val-
ues of overlapped signals. The assignments for A15 and A17 in DMPC were not possible to
retrieve due to a poor signal to noise ratio.

multi-state behavior or perhaps a distribution of orientations around
an average τ0 [49,50]. Due to a high noise level in the spectra of the
DOPC samples that complicates the individual assignments of quadrupo-
lar splittings, the |Δνq| magnitudes listed in Table 2 for the DOPC ex-
periments are approximate. For the same reason, the GALA quadrupolar
wave plot for GWALP23-H8 in DOPC cannot be constructed at this time.

Considering now GWALP23-H16, the multi-state behavior is not ob-
served in DOPC. Rather, distinct individual 2H resonances are observed

for the labeled core alanines (Fig. S6 of the Supporting Information), and
a tilt angle of about 6° – 8° from the bilayer normal can be deduced for
the transmembrane helix (Table 3; Fig. 3C). The tilt of GWALP23-H16

indeed is distinct from that of GWALP23 and previously characterized
single mutants having H12 or H14 [32]. A pH dependence of the tilt an-
gle also can be measured (see below). Notably, the helix with H16 shows
a single transmembrane state that can be titrated, whereas the helix with
H8 occupies a distribution of states in DOPC.

3.4. Individual titrations of H8 and H16

Because the sequences of GWALP-H8 and GWALP-H16 contain only
single ionizable residues, changes in the 2H NMR spectra might enable
estimation of the titration point of H8 or H16 in a membrane environ-
ment. The 2H NMR spectra of GWALP23-H8 under pH conditions from
acidic to basic are shown in Fig. 5 and supplementary Fig. S7. In DLPC,
the spectral quality remains unchanged from pH 2 to pH 8 while the
methyl 2H quadrupolar splittings of A11 and A13 decrease from about
12 kHz to 7.5 kHz, and 24 kHz to 20 kHz, respectively (Table 2). Using
the |Δνq| values over a pH range from 2 to 8, titration curves are ob-
tained for A11 and A13 in DLPC (Fig. 6A). Although the plateau levels
at low pH are not entirely established, both curves show midpoints at
about pH 3.6, indicating an upper limit of 3.6 for the pKa of the H8 im-
idazole side chain in DLPC.

In DMPC, there are additional spectral changes, including changes
in the quadrupolar splittings. In an acidic environment, from pH 2 to
pH 4, the signals from the 2H-Ala labels of GWALP-H8 are well resolved
with noticeable movement of the peaks for labeled A11 and A13, result-
ing from changes in quadrupolar splitting values. As the sample pH is
raised incrementally from 4 to 8, there is then a progressive decrease
in spectral quality leading to overlapping of the primary peaks (Fig. 5).
To confirm these changes between pH 2 and pH 8, samples with other
2H-labeled core alanines were also hydrated with pH 8 buffer, and sim-
ilar poorly resolved spectra were observed at pH 8 in each case (Fig.
2B, rightmost panel). These results confirm the deprotonation of H8 side
chain in DMPC when the pH is in the basic range. Plotting the |Δνq| val-
ues of A11 and A13 versus pH in DMPC, an upper limit of about 3.2 is
estimated for the pKa of the H8 imidazole ring in DMPC bilayers (Fig.
6), similar to that observed in DLPC.

As noted above, GWALP23-H8 occupies multiple states in DOPC bi-
layers, states which cannot yet be assigned. Unfortunately, the distribu
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Table 3
Semi-static GALA and Modified Gaussian analysis results for GWALP23-H 8,16 and GWALP23-H 8 helices in lipid bilayers.

Peptide Lipid pH Semi-static Modified Gaussian Ref

τ0 ρ0 Szz RMSD τ0 ρ0 στ σρ RMSD

GWALP23 DLPC – a 20.7° 305° 0.66 0.71 23° 304° 15° 33° 0.7 [70,44]
DMPC – 9.0° 311° 0.89 1.06 13° 308° 10° 42° 1.19
DOPC – 6.0° 323° 0.87 0.57 9° 321° 9° 48° 0.7

H 8 DLPC 2 11.7° 160° 0.85 0.23 15° 160° 10° 38° 0.48 This
work

8 8.7° 148° 0.77 1.20 8° 144° 10° 0° 1.03
DMPC b 2 10.7° 156° 0.81 0.90 14° 156° 10° 42 0.98

H 16 DOPC 2 8.3° 101° 0.85 0.54 – – – – –
6 5.7° 90° 0.73 0.67 – – – – –

H 8,16 DLPC 4 25.0° 122° 0.82 1.06 29° 122° 10° 28° 0.94 This
work

DMPC
(major)

4 21.7° 116° 0.8 1.15

DMPC
(minor)

4 87° 31° 0.57 0.76

DPoPC 4 87.3° 32° 0.54 0.76 84° 28° 35° 16° 1.45
DOPC 4 87.6° 32° 0.55 0.82 83° 28° 35° 16° 1.18

a The GWALP23 samples were unbuffered at neutral pH.
b Since the individual quadrupolar splitting values for GWALP23-H 8 in DMPC at pH 8 and in DOPC were not possible to retrieve, GALA analysis was not performed for these cases.

tion of states in DOPC persists when the pH is changed. GWALP23-H8

continues to display weak resonances and remains multi-state or per-
haps somewhat aggregated irrespective of the pH (Fig. S7). By contrast,
GWALP23-H16 occupies a single transmembrane state in DOPC (Fig.
3C), and this state can be titrated. When the pH is lowered from 6 to 2,
the His imidazole side chain becomes charged, and changes in |Δνq| for
the 2H-methyl groups of core alanine residues, including A11 and A13,
are observed (Fig. 7). Collectively, the changes observed in |Δνq| reveal
a well-defined orientation for GWALP23-H16 at low pH and a different
orientation when the pH is raised to 6 (Fig. 3C). The changes in |Δνq|
for residues A11 and A13 reveal titration curves for GWALP23-H16 in
DOPC bilayers (Fig. 6C), indicating an upper limit of about 3.5 for pKa
of the H16 side chain.

As the quadrupolar splittings for GWALP23-H8 change with pH in
DLPC and DMPC membranes, it is reasonable that the orientation of
this helix also may change with pH. The GALA analysis results for
GWALP23-H8 at pH 2 and pH 8 (Table 3) and the quadrupolar wave
plots (Fig. 3) confirm the changes. The GWALP23-H8 helix in DLPC is
found to decrease its tilt by about 3° with no significant change in the
azimuthal rotation when the pH is raised from 2 to 8. In DMPC, because
of the overlapping of signals, the orientation of GWALP23-H8 could be
determined only when H8 is charged at low pH (Fig. 3B). When H8 is
positively charged, the helix orientation is similar in DLPC and DMPC
(Table 3). When H8 is neutral, the helix adopts a distribution of states
in DMPC, similar to its status in DOPC at all pH values; these states can-
not yet be defined. Notably, the titration of H16 changes the tilt of the
GWALP23-H16 helix in DOPC by about 3° and the azimuthal rotation by
about 10° (Table 3).

3.5. GWALP23-H8,16

3.5.1. Helix properties in thinner DLPC and thicker DOPC membranes
When H8 and H16 both are present, the solid-state 2H NMR spectra

of aligned samples display distinct signals for each 2H-labeled side-chain
methyl group of alanine residues 7, 9, 11, 13, 15 and 17 in DLPC
and DOPC lipid bilayers (Fig. 8). The quadrupolar splittings (|Δνq|)
span ranges that are quite large, 8–34 kHz in DLPC and 1–24 kHz in
DOPC, indicating good helix alignment and some possible changes in
helix orientation as a function of bilayer thickness (Table 2). Notably,

the 2H labels on the Ala residues next to H8 and H16, namely A7, A9,
A15 and A17, produce sharp and distinct resonances. Further analysis by
the semi-static GALA method reveals dramatically different helix orien-
tation with respect to DLPC and DOPC membranes (Table 3; Fig. 9). In
DLPC, the helix of GWALP23-H8,16 resides in the membrane as a trans-
membrane helix with a mean tilt angle (τ0) of ~25° from the bilayer
normal. Interestingly, the helix assumes an orientation on the surface of
DOPC membranes (Fig. 9B), where the helix tilt (τ0) is about 87° from
the bilayer normal (Table 3). Importantly, the experimental DLPC and
DOPC membranes are both in the liquid-crystalline phase. Residue A7
fails to fit the quadrupolar wave for the surface helix on DOPC (Fig. 9B),
as |Δνq| deviates by about 5.4 kHz (compared to an experimental un-
certainty of about 1 kHz). This deviation suggests that residues 1–7 miss
the helical geometry and thereby are unraveled from the surface-bound
core helix.

To confirm these results, we employed a modified Gaussian analy-
sis, described previously [28,44], to fit the average tilt and rotation τ0
and ρ0, and the azimuthal slippage σρ about the helix axis. This analy-
sis agrees with the results for GWALP23-H8,16 in DLPC and DOPC mem-
branes, by showing similar values of τ0 and ρ0 as those derived from
the GALA analysis (Table 3). Importantly, the surface orientation with
respect to DOPC bilayers also is confirmed by the modified Gaussian
analysis. Notably, the rotational slippage σρ remains always low, and is
even lower for the surface orientation (Table 3). Because of the very
different helix orientations with respect to DLPC and DOPC, we inves-
tigated the GWALP23-H8,16 helix also in bilayers of intermediate thick-
ness.

3.5.2. Helix properties in intermediate-thickness DMPC and DPoPC bilayers
In contrast to the well-defined individual 2H quadrupolar splittings

observed in the spectra from helices of GWALP23-H8,16 in DLPC and
DOPC bilayers, in DMPC the 2H NMR spectra from the labeled core
alanines are poorly resolved and display multiple resonances for each
Ala residue (Fig. 8). Notably, the acyl chains of DMPC have hydropho-
bic length of about 24.8 Å, intermediate between the lengths of DLPC
(20.8 Å) and DOPC (26.2 Å) acyl chains [51,52]. The peptide core he-
lix spans 1.5 Å per residue, namely about 22 Å from W5 to W19, but
only about 13 Å from H8 to H16. Although a transmembrane helix of
GWALP23-H8,16 spans a DLPC bilayer, the multiple low-intensity broad
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Fig. 3. Quadrupolar wave plots for the helices of (A) GWALP23-H8 in DLPC at pH 2 (red)
and pH 8 (blue), (B) GWALP23-H8 in DMPC at pH 2 (red), and (C) GWALP23-H16 in DOPC
at pH 2 (red) and pH 6 (blue). Reference curves are shown (dotted black curves) for the
orientation of the parent GWALP23 in each lipid helix at neutral pH (from ref. [70]). At
high pH, with a midpoint of 3.2 (see Fig. 10), the GWALP23-H8 helix transitions to mul-
tiple states in DMPC, so a single helix orientation cannot yet be determined. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

peaks NMR for GWALP23-H8,16 in DMPC suggest two or more states for
the peptide helix with respect to the lipid bilayer membrane, in slow ex-
change on the NMR time scale. By measuring the quadrupolar splitting
for each signal, one deduces two distinct sets of these magnitudes for the
set of alanine labels. One set of quadrupolar splittings matches closely
with the signals observed in DLPC, while the other set overlaps closely
with the signals from DOPC (Table 2). Due to a low signal to noise ra-
tio, we could not resolve the quadrupolar splitting values for A15 and
A17 in DMPC. For this reason, we performed semi-static GALA analysis
using only the signals from alanines 7, 9, 11 and 13.

The semi-static GALA analysis reveals two orientations of the
GWALP23-H8,16 helix in DMPC membranes. One state is a transmem-
brane orientation with a tilt (τ0) of ~22o, slightly lower than the tilt in

Fig. 4. 2H NMR spectra of labeled alanines in the GWALP23-H8 core helix at pH 8 in DOPC
lipid bilayers. Multiple peaks are observed for each labeled alanine. Sample orientation is
β = 90o, 1:60 peptide:lipid at 50 °C.

DLPC, while the other orientation is surface bound similar to that found
on the surface of DOPC membranes (Fig. 10, Table 3). The azimuthal
rotation (ρ0) for the surface helix remains remarkably similar to the ori-
entation on DOPC membranes. For the transmembrane orientation, the
helix azimuthal rotation (ρ0) differs by only about 5° from that observed
in DLPC. Since the signal intensity for transmembrane orientation pre-
dominates somewhat (although not tremendously) over that for the sur-
face orientation, we note that slightly more than half of the peptide helix
population adopts the transmembrane orientation in DMPC, while a sig-
nificant minority population leaves the membrane and embraces a sur-
face orientation (Fig. 10).

For comparison with results in the 14-carbon and 18-carbon
acyl-chain DMPC and DOPC bilayers, we performed NMR experiments
with samples in oriented DPoPC bilayers. From the 2H NMR spectra of
helices in this 16-carbon unsaturated acyl-chain DPoPC lipid environ-
ment, it is evident that GWALP23-H8,16 exhibits one major set of dis-
tinct pairs of signals for the CD3 methyl side chains of all six core ala-
nines (Fig. 8), with quadrupolar splittings almost identical to those ob-
served for experiments in DOPC (Table 2). Nevertheless, the spectral
quality is not as well resolved as for the DOPC spectra, although the res-
onances are prominent and overlap closely with the DOPC signals (Fig.
8). Interestingly, there are a few additional signals with very low in-
tensity, whose quadrupolar splitting values are similar those from the
transmembrane helix in DMPC and DLPC. The minor peaks indicate the
existence of a minor membrane-embedded population of the helix in
DPoPC. Further orientational analysis confirms that the major orienta
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Fig. 5. Selected 2H NMR spectra for deuterated alanines A11 and A13 of GWALP23-H8

in DMPC hydrated with 20 mM buffer at the indicated pH values. Sample orientation is
β = 90o, 1:60 peptide:lipid at 50 °C.

tion of GWALP23-H8,16 on DPoPC bilayers is surface bound, as shown
by the quadrupolar wave plot in Fig. 9B, with identical τ0 and ρ0 val-
ues as the surface population on DOPC membranes. Modified Gaussian
analysis furthermore shows agreement with the semi-static GALA analy-
sis (Table 3).

3.6. Titration of the H8 and H16 combination

To address pH dependence, oriented samples of GWALP23-H8,16 with
2H-labeles at A11 and A13 were prepared in bilayers of DOPC under
acidic and basic conditions. Fig. 11 shows the spectra in DOPC lipid
membranes hydrated with buffers having pH from 2 to 8. Quadrupo-
lar splittings and overall spectral quality remain universally unchanged
over this pH range (Fig. 11), indicating no change in the orientation
of the GWALP23-H8,16 peptide helix, whether or not the ionization of
histidine side chains changes over this range of pH. These experiments
were performed also in DLPC and DMPC lipid membranes where, once
again, no noticeable changes were observed in either membrane (Fig.
11). In DMPC the peptide continues to display multiple signals irrespec-
tive of pH, with almost no changes in the positions of peaks or signal
intensities. These results involving no pH dependency in the peptide ori-
entations are consistent with other double histidine peptides, including
GWALP23-H12,16 and GWALP23-H12,14 [53], involving histidines par-
tially buried in the hydrophobic membrane, as well as H2,22WALP23 and
GH5,19ALP23 [34], where the histidines are located at the membrane in-
terface.

Fig. 6. Plots indicating the histidine titration for H8 in GWALP23-H8 in DLPC (A) and
DMPC (B) bilayer membranes. Graph (C) shows the titration for H16 in GWALP23-H16 in
DOPC. The curves for the |Δνq| magnitudes for the CD3 groups of A11 (red) and A13 (blue)
in each graph indicate similar pKa values of about 3.6, 3.2 and 3.5, in graphs A, B and C,
respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

4. Discussion

We have addressed questions of how the relative positions of one
or two histidine residues within or near the central hydrophobic re-
gion of a lipid-bilayer membrane affect the orientation and dynamics of
a transmembrane helix. The now canonical α-helical model transmem-
brane helix GWALP23 served as an initial “host” framework into which
the “guest” histidine residues were introduced singly or as a pair, so
that the influence of this aromatic and potentially positively charged
residue could be evaluated. The effects of the His residues H8 and H16
will be considered and compared with the baseline properties of the host
23-residue transmembrane peptide helix itself, or with arginines R8 and
R16.
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Fig. 7. Selected deuterium NMR spectra for labeled alanines 11 and 13 of GWALP23-H16
in DOPC bilayers, hydrated with 10 mM buffer at the indicated pH values. Sample orien-
tation is β = 90o, 1:60 peptide:lipid at 50 °C.

In the modifications of GWALP23 considered here, the His residues
at positions 8 and 16 are equidistant from the peptide center, with their
α-carbons displaced from each other by about 12 Å along the bilayer
normal and by about 80° radially (Fig. 1). Notably, the helix is not sym-
metric yet rather proceeds from N-terminal to C-terminal. Positions 8
and 16 therefore experience different environments and may exhibit dif-
ferent interactions with lipids. Consequently, differing properties may be
expected and are indeed observed for helices with H8 or H16 alone.

A previous study with mutations involving Arg residues at the same
positions showed interesting results [35]. Because of the potential “snor-
keling” of Arg side chains, the distance between the R8 and R16 guani-
dinium groups can increase and provide access of the side chains to
the membrane-water interface. As a result, the 23-residue helix with
R8 and R16 adopts transmembrane orientations in thinner membranes

such as DLPC and DMPC, while having a transition state in thicker DOPC
bilayers, where the major orientation is surface bound and a minor ori-
entation is transmembrane. The minor transmembrane orientation then
is completely absent when GWALP23-R8,16 is transferred to DEiPC bilay-
ers with 20-carbon acyl chains [35]. These results support the snorkel-
ing behavior of Arg side chains, a concept introduced by others in earlier
studies [54,55]. Similar snorkeling of lysine was also investigated [56].
Here, we have investigated whether histidine, with less steric flexibility
than Lys or Arg, has similar ability to confer a bilayer thickness depen-
dence to a transmembrane helix. Although the snorkeling effect may al-
low positively charged residues to be placed near the negatively-charged
phospholipid head groups [54,56,57], the situation could be more com-
plicated because the His side chain has a ring and not a flexible chain.
Histidine furthermore can titrate with a pKa that typically is close to
physiological pH in aqueous solution.

The results from the 2H NMR spectroscopy reveal orientation transi-
tions of GWALP23-H8,16 that depend on the thicknesses of bilayer mem-
branes. GWALP23-H8,16 exhibits a tilted transmembrane orientation in
DLPC with a tilt angle of about 25°, which is similar and slightly higher
than that of GWALP23 (Table 3). With arginines at the same positions,
the tilt of the GWALP23-R8,16 helix (τ0) is even higher (29°) [35]. Thus,
the observed magnitude of tilt τ0 is possibly tuned by the length of the
positively-charged side chains of residues 8 and 16. Moreover, the aro-
maticity of histidine may play a role, rendering the side chain some-
what compatible with the hydrophobic region of the bilayer. In DMPC,
the bilayer hydrophobic region increases by 4 Å to about 25 Å thickness
[51,52]; hence H8 and H16 may fail to snorkel to the membrane-water
interface. While some of the subtle details are unknown, the combined
effects eventually lead to multiple orientations for the GWALP23-H8,16

helix with respect to DMPC lipid bilayers. Although the major popula-
tion remains oriented as a transmembrane helix, a significant fraction
goes to the surface of DMPC bilayers (Figs. 9–10). Interestingly in the
case of the arginine cousin, a similar transition happens in DOPC mem-
branes as opposed to DMPC membranes [35]. Due to the length of the
Arg side chain, GWALP23-R8,16 preserves its membrane spanning orien-
tation in DMPC, while histidines with shorter side chains fail to do so
in the same membrane. Notably, when the helix of GWALP23-H8,16 is
moved to the comparatively thicker DPoPC or DOPC bilayers, the sur-
face orientation dominates as the major population of the peptide (Figs.
9–10).

Two other GWALP23 family peptides with pairs of histidine residues
(with H12,14 and H12,16) display also such surface-bound orientations in
DOPC. In each case, due to a failure to accommodate both histidine
residues within the bilayer, the helices leave the membrane and prefer
to sit close to the interface [53]. These peptides furthermore exhibit a
common feature of a transmembrane orientation in the thinner DLPC bi-
layer. All of these results suggest that histidine may somewhat extend or
“snorkel” its side chain, although to a lesser extent than lysine or argi-
nine.

To test for possible effects of histidine ionization in the two differ-
ent helix orientations experienced by GWALP23-H8,16, we performed
experiments with labeled A7 and A9 at acidic and basic pH. Interest-
ingly, no changes in spectral quality or quadrupolar splittings were ob-
served in any of the DLPC, DMPC or DOPC bilayer membranes between
pH 2 and pH 8 (Fig. 11). Because the individual H8 and H16 residues
are observed to titrate in the transmembrane helix (Figs. 5–7), the
results are puzzling for the combined pair of His residues Regardless
of pH, the GWALP23-H8,16 helix persists as transmembrane in DLPC,
multi-state in DMPC and surface-bound in DOPC. Now these results
seem to agree with previous findings that several other pairs of bi-
layer-buried His residues lose the pH response [53], whereas single iso-
lated histidines are sensitive to pH [32]. For helices with four histidines,
a distinct transition from surface-bound (at low pH) to transmembrane
(at high pH) has been noted to be possibly cooperative [16,58]. Never
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Fig. 8. 2H NMR spectra of labeled alanines in the GWALP23-H8,16 core helix in DLPC, DMPC, DPoPC and DOPC lipid bilayers hydrated with 20 mM buffer at pH 4. Sample orientation is
β = 90o, 1:60 peptide:lipid at 50 °C. Levels of deuteration, Ala identities and representative peak assignments are indicated.

theless, the helix of GWALP23-H8,16 tends to maintain the same bi-
layer-dependent orientation irrespective of pH. Notably, all interactions
that favor or disfavor one orientation of a helix will come into play
in each of the bilayer membranes [16,58], such that a pH dependence
could be overridden by other factors.

An individual His residue greatly influences the rotational orienta-
tion of the transmembrane helix, with H8 changing ρ0 by 150° and H16
by 210° (Table 3). When H8 and H16 are present together, for the trans-
membrane population, the helix rotation assumes an intermediate value
(Table 3) that is about 170° away from ρ0 for the helix with no his-
tidines. The rotational changes about the helix axis likely optimize the
interactions of the His imidazole groups with the lipid head groups and
other features of the membrane interface.

Notably, the helices with a single histidine at H16 or H14 [32]
remain transmembrane under all conditions that have been observed,
whereas the helices with H8 transition between transmembrane and sur-
face states. Similarly, the helix with H12 is transmembrane at neutral
pH yet transitions to the surface of DOPC bilayers at low pH [32]. He-
lices with H8 alone or with the (H8, H16) pair both transition, but dif-
fer in their dependence on the bilayer thickness. While GWALP23-H8,16

shows multiple states in DMPC (Fig. 9; Table 3) at all pH values (Fig.
11), GWALP23-H8 shows complex spectra (Fig. 4) that suggest multi-
ple states in DOPC, and a pH-dependent transition in DMPC (Figs. 2,
5). Indeed, GWALP23-H8 spans the DMPC bilayer at low pH but shows
complex properties at high pH (Figs. 3, 5).

It is likely that two populations of the H8 helix are present in DOPC,
as are seen for GWALP23-H8,16 in DMPC. Also in thicker membranes of
DEiPC lipid (C20:1; data not shown), GWALP23-H8 continues to display
multiple resonances, meaning the orientation transition is not yet com-
plete and the peptide seems to struggle to move to a single orientation.
With the presence of two histidines, the transition from transmembrane
to surface orientation is perhaps easier for the GWALP23-H8,16 helix.
These results suggest furthermore that the multi-state behavior shown
by GWALP23-H8,16 is mostly influenced by H8, although the transition
membrane identity changes when H16 is present as opposed to when H8
is alone in GWALP23-H8.

The dynamic extent of helix “wobble” στ about a mean tilt angle
τ0 differs between the transmembrane and surface orientations of the
helices observed here. For a number of transmembrane helices, a low

value of about 5°-10° fits nicely for στ [44,59], regardless of whether
the rotational “slippage” σρ is moderate or very large [29,28]. But when
the GWALP23-R8,16 helix moves to the surface of DOPC bilayers [35],
στ fits near 25° and not 5°. A similar observation holds for the corre-
sponding double His helix, as στ fits near 35° and not near 10° when
GWALP23-H8,16 moves to a membrane surface (Table 3). These individ-
ual helices seem to experience greater flexibility of their helix tilt an-
gle when on a membrane surface. Contrasting results were observed for
some highly charged peptides such as (KIAGKIA)3, which exhibits low
στ on a membrane surface but a higher value near 25° when inserted as
a peptide assembly [48]. In either case, the στ fluctuations are fast on
the NMR time scale because the resonances are sharp (e.g., Fig. 8).

pH Dependence In addition to lipid bilayer thickness, GWALP23-H8

as well as GWALP23-H16 is sensitive to pH, as the helices respond
when the pH of the bilayer environment varies, notably even though
the GWALP23-H8,16 helix properties do not change with pH (Fig. 11).
In DLPC and DMPC, titration points are observed for GWALP23-H8 in
the vicinity of pH 3.5 (Fig. 6). These low pKa values of a buried His
residue show general agreement with those observed previously for
GWALP23-H12 and GWALP23-H14 [32]. The results therefore suggest
and confirm that the pKa of the His side chain decreases somewhat (as
expected), to an extent that depends on the depth of burial of the imida-
zole ring, which also is observed for soluble proteins [60]. Among these
mutants studied so far, the depth of burial of H12 is highest and that
probably is the reason that H12 exhibits a pKa value below 3, the lowest
pKa compared to the others.

Among the individual histidines, the results for titrating H16 are sim-
ilar to changes observed for GWALP23-H14 [32] or GWALP23-K14 [30].
Each of these helices maintains a transmembrane orientation, with the
side chain titration influencing the tilt and rotation of the helix. The ex-
tent of the rotational change is nevertheless much greater when titrat-
ing lysine than when titrating histidine. Interestingly, although H16 is
located closer to the membrane interface compared to H14, the pKa of
H16 is lowered (relative to the value in aqueous solution) to a somewhat
greater extent. The proximity of H16 to the bulky indole ring of W19
may influence the pKa of H16.

A significant reduction in the 2H NMR spectral quality (Fig. 5) sug-
gests complex behavior and perhaps multiple states for the GWALP23-

9



UN
CO

RR
EC

TE
D

PR
OO

F

F. Afrose et al. BBA - Biomembranes xxx (xxxx) xxx-xxx

Fig. 9. Quadrupolar wave analysis depicting two different orientations of the
GWALP23-H8,16 helix with respect to DLPC, DMPC, DPoPC and DOPC bilayer membranes
obtained by the GALA method [41]. Panel A shows the plots for transmembrane orienta-
tions with τ0=250 in DLPC (solid black) and with τ0 = 220 for the major population in
DMPC (solid green). In panel B, each plot represents a surface orientation with tilt angle of
~870 for the minor population in DMPC (dashed green) and major populations in DPoPC
(solid red) and DOPC (solid blue) lipids. Detailed results are listed in Table 3 and the
orientation transitions are represented in Fig. 10. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

H8 helix at pH higher than 4 in DMPC bilayers. The complex properties
persist in DOPC at all pH values (Fig. 4). By contrast, for GWALP23-H16

in DOPC, the helix occupies a stable transmembrane state and the H16
side chain titrates with a pKa of about 3.5 (Fig. 6C), again typical for a
submerged imidazole ring in a lipid bilayer. The influence of His titra-
tion upon the transmembrane helix orientation is in all cases modest,
affecting the tilt of GWALP23-H8 in DLPC by about only 3° and also the
orientation of GWALP23-H16 in DOPC by only 3° (Table 3). The small
3° change in each case reduces the helix tilt when the His imidazole ring
is neutral (Table 3); a similar small change was observed when H14
of GWALP23-H14 titrates [32]. The diverse properties of GWALP23-H8

in DOPC and in DMPC at high pH reflect the sensitivity of the trans-
membrane helix to the precise location and ionization state of the His
side chain. Notable GWALP23-H12 also occupies multiple states when
the H12 ring is neutral yet proceeds to a major surface state at low pH
[32].

The shift of pKa for a His imidazole ring in a membrane environ-
ment is indeed biologically relevant. For example, a pKa value of less
than 2.3 was found for a buried histidine H149 in xylanase [60]. On the
other hand, for H72 in bovine tyrosine phosphatase the pKa is close to 9
[61]. In the M2 ion channel of influenza A protein, the functionally im-
portant histidine residue H37 generates two different pKa values as the
folded protein changes its conformation [62]. Another example involves
the membrane insertion peptides such as pHLIP [63–65], which transi-
tions from a membrane-inserted state to a surface orientation depending
on the ionization of Asp residues [66,67]. Introduction of a His residue
at the opposite face of the helix is predicted to yield a His pKa of about
4.7, which in turn can shift the pKa of Asp and thereby stabilize a mem-
brane-inserted state within the 3.1–6.8 pH range [68]. Our results which
reveal varying pKa values for histidine that also affect the multi-state
properties, response to lipid thickness, and stability of a transmembrane
state, are consistent with these studies of larger membrane protein sys-
tems.

5. Conclusions

In summary, we have employed the GWALP23 peptide framework to
elucidate further the histidine side chain ionization properties and in-
fluence on helix properties when buried within the hydrophobic core of
lipid bilayer membranes. Two buried α-helical His residues essentially
equidistant from the bilayer center each titrate individually with a low
pKa between 3 and 4, but the pH dependence is no longer evident when
both histidines are present. Notably, both transmembrane and surface
orientations for the 23-residue helix are observed when H8 is present,
with a membrane thickness dependence for the transition between the
two states. The thickness dependence is modulated by the presence of
H16, but the surface orientation is not observed with H16 alone. The
findings support a minor extent of snorkeling for histidine side chains, in
line with previous observations for arginine and lysine. The results, in-
cluding the observed prominent effect of H8 over H16 for the properties
of the GWALP23-H8,16 helix, highlight the importance and complexity
of individual and pairwise histidine interactions for regulating the prop-
erties of membrane proteins.
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Fig. 10. Models to illustrate the transition of GWALP23-H8,16 from its tilted transmembrane orientation (in DLPC) to a primary orientation at the surface of DOPC bilayer membranes. In
the bilayer of intermediate thickness, DMPC, the major population of the helix adopts a transmembrane orientation with slightly smaller tilt than in DLPC, shown in the center panel. The
minor population in DMPC has a surface bound orientation (not shown) similar to that in DOPC (right panel).

Fig. 11. Selected 2H NMR spectra of GWALP23-H8,16 labeled alanines A11 and A13 in the core helix in DLPC (A), DMPC (B) and DOPC (C) lipid bilayers hydrated with 20 mM buffer at
the indicated pH. Sample orientation is β = 90o, 1:60 peptide:lipid at 50 °C.
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