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ABSTRACT: Membrane proteins are vital for biological function
and are complex to study. Even in model peptide-lipid systems, the
combined influence or interaction of pairs of chemical groups still
is not well understood. Disordered proteins, whether in solution or
near lipid membranes, are an emerging paradigm for the initiation
and control of biological function. The disorder can involve
molecular orientation as well as molecular folding. This paper
reports an astonishing induction of disorder when one Glu residue
is introduced into a highly stable 23-residue transmembrane helix.
The parent helix is anchored by a single Arg residue, tilted at a well-defined angle with respect to the DOPC bilayer normal and
undergoes rapid cone precession. When Glu is introduced two residues away from Arg, with 200° (or 160°) radial separation, the
helix properties change radically to exhibit a multiplicity of three or more disordered states. The helix characteristics have been
monitored by deuterium (2H) NMR spectroscopy as functions of the pH and lipid bilayer composition. The disordered multistate
behavior of the (Glu, Arg)-containing helix varies with the lipid bilayer thickness and pH. The results highlight a fundamental
induction of protein multistate properties by a single Glu residue in a lipid membrane environment.

■ INTRODUCTION
While a distinctively folded protein structure was an early
paradigm for understanding protein function1 and enzyme
activity,2 over time, the importance of disordered protein
domains increasingly has been recognized and appreciated.3,4

By the year 2000, about 91 proteins were known to be
“natively unfolded” or “intrinsically disordered”,5 and the
number of domains or whole proteins identified as disordered
has only continued to grow at a rapid pace. Indeed, the
abundance and functional significance of protein disorder in
eukaryotes now are well established.6,7 The functional
importance is highlighted by the observation that many
eukaryotic proteins contain both structured and disordered
regions.6 The disorder can involve changes in molecular
recognition as well as small or large changes in backbone
folding, local or global. Disordered proteins and multisite
recognition play central roles in protein interaction networks,
in the regulation of cell signaling, and in the ordered assembly
of macromolecular complexes such as ribosomes, chromatin,
and microfilaments.6 As such, single-residue mutations within
disordered domains may be associated with human disease. To
this end, it is important to understand fundamental systems
wherein a single-residue change may influence protein
disorder.
Intrinsically disordered proteins or protein domains are

characterized by low sequence complexity and a low content of
bulky hydrophobic amino-acid residues. Rather than folding
into a well-defined globular structure, a disordered domain
fluctuates rapidly over an ensemble of conformations.6 The

molecular interactions with small or large binding partners are
transient and dynamic. A multiplicity of interaction motifs
brings forward advantages for signaling. The content and
distribution of charged residues exert profound influence for
such interactions6 such that changes in net charge or charge
distribution strongly guide conformational propensities and
binding partner recognition events.
The landscape of membrane proteins also embraces protein

disorder in terms of not only global folding but also local
unwinding, binding interactions, and molecular recognition.
Disordered proteins are featured in key aspects of physiology
such as signaling and membrane trafficking, highlighted by
their remarkable specificity for binding diverse biological
membranes.8 A disordered domain may gain a structure, in
particular the helical structure, upon membrane binding.
Binding specificity is encoded partly in the primary sequence
and can be modified by single mutations or post-translational
modifications.8,9 As such, single-site changes can be highly
relevant for regulating the protein disorder.
Within the above context, it remains difficult fundamentally

to predict the consequence of a single modification for the
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protein multistate behavior. Below, we report dramatic results
when a single positively charged residue is joined by a negative
residue near a lipid membrane interface. We will briefly
describe the background properties of the parent peptide’s
helical framework and then will introduce and assess
experimentally the mutation that causes the multistate
properties.
The hydrophobic pept ide GWALP23 (acety l -

GGALW5LALALALALALALW19LAGA-amide) spans a lipid
bilayer as a transmembrane helix while exhibiting low to
moderate dynamic averaging and a helix tilt angle that scales
with the bilayer thickness to satisfy hydrophobic matching
principles.10,11 Several features contribute to the orientation
and dynamic properties of such a helix. An isolated helix
undergoes rapid rotational averaging about the bilayer normal,
as evidenced by the solid-state NMR spectra of oriented
samples when aligned with the bilayer normal perpendicular to
the magnetic field.12,13 This universal “first-level” dynamic
averaging for a well-oriented helix has been described as cone
“precession”, which confers an advantageous rotational entropy
that favors a finite non-zero helix tilt angle τ0.

14 Additional
dynamic properties include a “wobble” (στ) of the helix about
the finite tilt angle and a rotational “slippage” (σρ) about the
axis of the tilted helix.15,16

In the above framework, many transmembrane helices have
shown a small wobble στ of about 5−10°. The parent helix of
GWALP23 exhibits such wobble and additionally an azimuthal
slippage σρ in a moderate range of 40−50°.16 When R14 is
introduced (Table 1), the 2H NMR spectra sharpen, the helix

tilt τ0 increases by about 10°, the bilayer exhibits local
thinning, the mean azimuthal rotation ρ0 about the helix axis
changes by about 80°, providing the R14 guanidinium group
access to the membrane interface, and σρ decreases below
30°.17−19

Given the stable properties of the parent uncharged
GWALP23 helix in lipid bilayers and the dramatic changes
when R14 is introduced, we sought to investigate the
consequences of E16 on an opposite face of the helix. As a
further background, E16 alone confers spectral broadening
with little or no pH dependence for the core helix orientation
yet significant local unwinding at high pH.20 We now examine
the influence of E16 upon the very stable Arg-anchored R14
helix, acetyl-GGALW5LALALALAR14ALALW19LAGA-amide,
in bilayer membranes. Notably, the Glu residue is placed on
the opposite face of the helix from that of the Arg residue, with
200° (or 360−200°) radial separation (Figure 1). The goal of
this work is to uncover and understand the combined influence
of the single Glu and Arg residues near a membrane interface
for the lipid interactions of the transmembrane helix. The
results will reveal benchmarks to guide understanding of the

membrane protein structural order and the importance of
molecular interactions at the lipid interface.

■ RESULTS
The mere introduction of glutamic acid E16 causes disorder
for the otherwise very stable transmembrane helix of
R14GWALP23. The 2H NMR spectra for labeled alanines in
the core helix of R14GWALP23 show extremely sharp
resonances, revealing moreover resonances for some of the
Cα deuterons (Figure 2), which typically are problematic to

detect unless both the molecular alignment and the macro-
scopic sample alignment are exquisitely good.19 In stark
contrast, the introduction of E16 causes an array of molecular
disorder that is revealed in the NMR spectra (Figure 2A). The
immediate revelation is that the target helix with E16 and R14
occupies a multiplicity of states with respect to the DOPC
membrane.
The findings of molecular and spectral disorder were

confirmed with measurements in different lipid membranes
and by varying the pH. In bilayer membranes of DLPC or
DMPC, the peptide helix is more ordered and adopts a major

Table 1. Sequences of Peptides

name sequencea reference

GWALP23 acetyl-
GGALWLALALALAL14ALALWLAGA-
amide

11

R14GWALP23 GGALWLALALALAR14ALALWLAGA 17
E16GWALP23 GGALWLALALALALAE16ALWLAGA 20
R14E16GWALP23 GGALWLALALALAR14AE16ALWLAGA this

work
aAll of the peptide terminals are blocked with N-acetyl and C-amide
groups. The parent sequence of GWALP23 has no charges.

Figure 1. Model of R14E16-GWALP23, highlighting the Trp (W)
indole rings and the Arg (R) guanidino and Glu (E) carboxyl side
chains, with 200° radial separation of R from E. The space-filling
methyl groups depict the deuteration sites on five of the six Ala
residues of the core helix.

Figure 2. Deuterium NMR spectra illustrating the influence of E16
replacing L16 in R14GWALP23 in DOPC. Spectra are shown for 2H-
labeled alanines A11 and A13 in oriented samples of
R14X16GWALP23 in DOPC bilayers, hydrated at pH 6.4, where X
is (A) Glu or (B) Leu. Sample orientation β = 0°; 1:60, peptide:lipid;
50 °C. The spectrum (B) has been reproduced from ref 17.
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transmembrane configuration at neutral pH (Figure 3),
contrasting with the situation in DOPC. The NMR spectra
in Figure 3 indicate a major well-defined molecular population
in each bilayer membrane, characterized by the 2H quadrupolar
splittings that are listed in Table 2. The major population in
DMPC or DLPC consists of a transmembrane helix that is
tilted much less than when R14 is present alone without E16.
The helix orientation is essentially the same in DLPC and
DMPC, with a tilt of about 10° from the bilayer normal and an
azimuthal rotation that differs by about 25° from the value
observed when R14 is present alone without E16 (Figure 4).
When a sample is turned from β = 0° to β = 90°, a factor of 2
reduction is observed for the magnitude of the 2H quadrupolar
splitting |Δνq| (Figure 3), indicative of rapid precession14,21 of
the tilted helix about the DLPC or DMPC bilayer normal. The
changes to the transmembrane helix orientation, including the
tilt of the helix axis and azimuthal rotation around the axis,
when first R14 and then also E16 are introduced, are illustrated
by the fits to the deuterium quadrupolar wave plots in Figure 4.

Because the helix of R14E16GWALP23 is disordered in
DOPC at neutral pH, we sought to examine the helix behavior
when the pH is changed. Unless the pH is very low, multiple
disordered states are observed. At pH 2.4, nevertheless, the
predominant transmembrane helix orientation in DOPC can
be compared with the results observed in DLPC and DMPC.
As shown in the lower panel of Figure 4, the R14E16GWALP23
helix at pH 2.4 in DOPC is tilted to a similar extent (about
10°) as in DLPC or DMPC yet is rotated by an additional 20°
about the helix axis (see also Table 3). If we summarize the
rotational trends, starting from the parent helix of GWALP23,
then the presence of R14 alters the azimuthal rotation of the
transmembrane helix by about 45° in DLPC, 55° in DMPC,
and 75° in DOPC (Table 3). Then, the further introduction of
residue E16 continues these trends (in the same rotational
direction) by an additional 25° in DLPC, 20° in DMPC, and
35° in DOPC (Table 3). The endpoint is a similar rotation of
the R14E16GWALP23 helix in DLPC and DMPC but a value
that is about 20° different in DOPC (when the helix

Figure 3. Deuterium NMR spectra of R14E16GWALP23 in DMPC (left) and DLPC (right) with 2H-labeled alanines A7 and A9 (A), A11 and A13
(B), and A15 and A17 (C), shown for β = 0° (upper) and β = 90° (lower) sample orientations; pH 6.4, 50 °C; 1:60, peptide:lipid.

Table 2. Deuterium Quadrupolar Splittings in kHz for 2H-Labeled Ala Side Chains in GWALP23 Peptides, Oriented in Lipid-
Bilayer Membranes, with Variable Residues at Positions 14 and 16a

residue IDb Ala CD3 quadrupolar splittings in kHza

14 16 lipid pH A7 A9 A11 A13 A15 A17 ref

L L DLPC --c 26.4 25.5 26.9 14.6 20.7 3.4 11
R L DLPC --c 33.0 21.1 25.7 9.3 6.8 30.8 19
L E DLPC 6.1 13.0 5.0 19.2 13.4 21.4 14.2 20
R E DLPC 6.4 18.3 1.7 7.1 14.6 1.6 17.2 this work
L L DMPC --c 21.9 8.9 20.9 3.8 17.6 2.9 11
R L DMPC --c 30.6 14.1 21.3 10.3 3.7 29.1 19
L E DMPC --d -- -- -- -- -- 20
R E DMPC 6.4 17.3 2.2 6.6 15.0 2 18 this work
L L DOPC --c 16.6 1.7 16.7 1.5 15.4 2.6 11
R L DOPC --c 26.6 5.5 16.0 13.1 1.3 28.0 17
L E DOPC 6.1 N.A.e N.A. N.A. N.A. N.A. N.A. 20
R E DOPC 8.5 -- -- 37 37 -- -- this work
R E DOPC 6.4 N.A.e N.A. 8, 12, 28, 37, 50 N.A. N.A. this work
R E DOPC 4.9 -- -- 4, 20, 37, 42, 62 -- this work
R E DOPC 4.5 -- -- -- -- 2, 6 26, 40 this work
R E DOPC 3.3 -- -- 3, 19, 37, 41, 62 -- -- this work
R E DOPC 2.4 -- -- 3 20 2 25 this work

aThe values reported in kHz are for a β = 0° sample orientation. bResidues 14 and 16 are Leu in the parent sequence of acetyl-
GGALW(LA)6LWLAGA-amide. These were changed to R14 and/or E16 as noted. cUnbuffered at neutral pH. The peptide helix with leucine L14
and L16 has no ionizable groups. The peptide helix with R14 and L16 is not sensitive to pH.23 dValues not listed (--) were not measured. eNot
applicable (N.A.). Individual peaks could not be assigned in the broad 2H NMR spectra.
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orientation can be deciphered, at low pH). Remarkably, the
helix tilt is about the same as all three membranes.
As the pH is raised in DOPC membranes, dramatic changes

are observed. Already at pH 3.5, multiple 2H NMR peaks are
evident (Figure 5). Between pH 3.5 and 8, the
R14E16GWALP23 helix in DOPC is characterized by disorder
involving multiple low-occupancy states without a dominant
preferred orientation or location for the helix. While some of
the quadrupolar splittings can be measured, it is impossible to
know the number of states giving rise to the NMR spectra.
From two 2H-labeled alanines, one detects at least six sets of
quadrupolar splittings, as compiled in Table 2, with additional
low-intensity peaks also manifesting in Figure 5. Disorder
among many low-level states is the order of the day.

As the pH is raised above pH 2.4, the dominant state for the
helix in DOPC at low pH exists in equilibrium with an
assortment of many other states. Because of the multistate
properties as opposed to a two-state transition, the pH
dependence does not describe a true titration behavior. A
similar situation has been treated for residue K12 in
GWALP23, which confers multistate properties for the helix
in DOPC when the Lys side chain is charged.22 In a similar
fashion, one can estimate the pH dependence for losing the
major low-pH population for the R14E16GWALP23 helix as
residue E16 releases a proton and assumes a negative charge
when the pH is raised. Although not a two-state equilibrium
and not a true titration curve, one observes that one of the
high-pH states for R14E16GWALP23 is 50% populated at about
pH 4.5 (see Figure S3 of the Supporting Information). Because
the major state at low pH interconverts with multiple and
incompletely defined states at pH 4.5, the major population
when E16 is neutral will exceed the occupancy of any
individual state when E16 is ionized at pH 4.5 (see also ref 22).
The midpoint for changes in a 2H NMR peak intensity
therefore constitutes only an estimate for the pKa of E16 in
R14E16GWALP23. The pH dependence can be attributed to
the Glu residue (E16) because Arg (R14) remains charged
throughout the pH range,22,23 and no other titratable groups
are present. A relatively standard titration range with a
midpoint somewhat near 4.5 for glutamic acid residue E16 is
consistent with a relatively polar environment involving
perhaps aqueous access and/or proximity to the positively
charged R14 side chain. At still a higher pH, further transitions
occur as the multiple states coalesce toward an endpoint that
appears in the form of a Pake pattern at a pH of about 8
(Figure 5), reflecting immobilization that could be caused by
peptide aggregation or other factors. The complexities depend
upon the presence of both residues E16 and R14.

■ DISCUSSION
Protein disorder involving multiple states has important
functional consequences, for example among activation
domains for transcription and chaperones for protein folding,7

among others. In the realm of membrane proteins, locally
disordered domains may regulate signal transduction by
influencing the activation of key receptors.24,25 Membrane
binding of disordered domains, such as that of α-synuclein,8

may lead not only to membrane remodeling and the
promotion of normal functions such as neurotransmitter
release but also in some cases of diseased states such as
Parkinson’s disease.8 The sensing of membrane curvature and
regulation of synaptic vesicle fusion are influenced by order/
disorder transitions, as is protein aggregation. While such
transitions in turn may relate to specific mutations, tyrosine
phosphorylation, and helix/broken helix transitions,8 the
detailed molecular interactions that are responsible for local
or global changes are not yet fully comprehended. Single-site
consequences for the regulation of order/disorder transitions
need to be better understood.
The resulting protein and lipid interactions may have

functional repercussions. An important instance is a key Arg-
Glu interaction that stabilizes a recognition domain of an
essential chaperone for proper intracellular trafficking of the
crucial cardiac Nav1.5 channel.

26 Mutation of Glu to Asp in the
chaperone, or of Arg to Gln, or mutation of nearby Asp or Ser
residues, leads to cell surface accumulation of Nav1.5 and may
cause Brugada syndrome, cardiac conduction disease, or

Figure 4. Quadrupolar wave plots of R14E16GWALP23 (blue)
compared to R14GWALP23 (red) and GWALP23 (black) in bilayers
of DLPC (A) or DMPC (B) at neutral pH or DOPC (C) at low pH.
The respective pH values for the R14E16GWALP23 samples are 6.4
(A), 6.4 (B), and 2.4 (C). The identities and radial locations of the
2H-labeled Ala residues are indicated in panel (B). In DOPC, the
R14E16GWALP23 helix adopts a major defined orientation only at low
pH (see text). The spectra for GWALP23 and R14GWALP23 are
independent of pH.22,23
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sudden infant death syndrome.26 A distal Arg-Glu interaction
alters domain associations in brain ApoE4, a component of
high-density lipoprotein and a major regulator of lipid
metabolism in the central nervous system. The Arg-Glu
influence may lead to lower levels of ApoE4 in neuronal cells,
which in turn would diminish cholesterol transport and
contribute to neurodegenerative disorders such as Alzheimer’s
disease.27 As a further example of conformational regulation,
the gating of sodium channels in response to voltage changes is
enabled by at least four Arg residues, which switch their
interactions with several neighboring Glu and Asp residues,
leading to the rotation, tilting, and translocation of a voltage-
sensing helix.28,29 Domain rearrangements, whether subtle or
extensive, are significant for function.
Membrane association of disordered protein domains has

been characterized as “semi-specific”,9 to be contrasted with

explicit binding at a defined interface. The semi-specific
association can be driven by weak attractive forces such as
hydrogen bonding and van der Waals interactions that involve
dynamic local molecular rearrangements. The bound and
unbound states therefore may both retain diverse members
within their populations.9

The context of the present work elucidates the impact of a
single individual residue within a framework whose baseline
structure is helical and well defined. The parent framework for
the helix of R14GWALP23 is especially well structured in
bilayer membranes,17,19 giving sharp 2H NMR signals that arise
from a well-defined helix orientation along with rapid cone
precession about the bilayer normal. Additional motions
arising from helix wobble στ or rotational slippage σρ about
the helix axis also are averaged rapidly on the NMR time scale.
The introduction of E16 into the framework is dramatic. The
averaging slows, broadening the 2H resonance signals; new
states appear, increasing the number of signals, even at low pH.
As the pH increases, more signals appear until an apparent
endpoint is reached near pH 8 involving a disordered aggregate
of immobilized states indicated by a spectral Pake pattern.
Partial unwinding of the helix terminals is anticipated,30 even
for the parent R14 helix, with the extent of fraying notably
depending on the identities and ionization states of particular
residues near the membrane interface.20,31−33 While small
changes in the local fraying are detected easily by the highly
sensitive 2H NMR methods, such changes involving helix
terminal disorder may not necessarily be reflected in the
circular dichroism spectra.20,31 Notably, the helix disorder,
whether arising from changes in end fraying or orientations of
the core helix, is lipid-dependent as well as pH-dependent as
the detailed behavior varies among bilayers of DLPC, DMPC,
and DOPC. These features will be important for understanding
the plasticity of protein functional domains for which, notably,
the cholesterol content also is a significant regulatory
factor.23,34,35

While induced by E16, the disorder in the R14E16GWALP23
population can be attributed to both residues E16 and R14 and
their possible interactions and influence upon the core helix
orientations and terminal fraying. When E16 is present without
R14, the 2H resonances are broad20 yet the number of states
remains few. When R14 is present without E16, the 2H
resonances are very sharp17,19 and the core helix exhibits a
single unique state in each bilayer membrane. Moreover, it is
the combination of E16 with R14 that that gives rise to

Table 3. GALA and Gaussian Analyses of Helix Orientations and Dynamics Using Ala-CD3 |Δνq| Magnitudes of GWALP23
Family Peptidesa

GALA Gaussian

lipid peptide pH τ0 ρ0 Szz RMSD τ0 ρ0 σρ στ RMSD ref

DLPC GWALP23 --b 21° 305° 0.71 0.7 kHz 23° 304° 33° 5°c 0.7 kHz 16
R14GWALP23 --b 27° 259° 0.83 1.6 25° 260° 5° 5°c 1.6 19, this work
R14E16GWALP23 6.4 10° 234° 0.82 1.1 12° 233° 36° 5°c 0.95 this work

DMPC GWALP23 -- 9° 311° 0.88 1.0 13° 308° 44° 5°c 1.1 38
R14GWALP23 -- 25° 252° 0.79 1.3 26° 252° 28° 5°c 1.0 19, this work
R14E16GWALP23 6.4 10° 232° 0.78 1.2 11° 232° 40° 5°c 1.3 this work

DOPC GWALP23 -- 6° 323° 0.87 0.6 9° 321° 48° 5°c 0.7 16
R14GWALP23 -- 16° 246° 0.89 1.0 17° 246° 5° 5°c 1.2 19, this work
R14E16GWALP23 2.4 8° 212° 0.9 2.2 10° 212° 24° 5°c 2.2 this work

aThe modified Gaussian analysis followed Sparks et al.,16 with Szz fixed at 0.88 and στ fixed at 5°. bThe helix of GWALP23 has no ionizable
residues, so its tilt does not change with pH. The Arg in R14GWALP23 retains its positive charge under all conditions throughout the experimental
pH range, so its tilt also does not change with pH. cFixed value.

Figure 5. Deuterium NMR spectra for R14E16GWALP23 in differing
pH conditions in the DOPC lipid bilayer. Spectra for β = 90° (left)
and β = 0° (right) sample orientations are displayed. The 2H-labeled
alanines are A11 and A13; temperature, 50 °C; 1:60, peptide:lipid.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02800
ACS Omega 2021, 6, 20611−20618

20615

https://pubs.acs.org/doi/10.1021/acsomega.1c02800?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02800?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02800?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02800?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


disorder involving the plethora of states. The endpoint
involving the Pake pattern at high pH suggests that the
intermolecular ionic attraction between Glu and Arg may be
significant. Each of the charged residues plays a role as the
number of states and the tendency toward aggregation both are
diminished when the Glu residue is neutral at low pH.
Residue interactions indeed are a likely general feature with

respect to membrane protein order/disorder transitions. For
the Mycobacterium tuberculosis ChiZ protein, interactions
between Arg residues and acidic POPG lipids are significant
for defining the domain disorder and membrane association.9

More generally, membrane association often may involve
amphipathic helices that can “fold upon binding”.8 A repeating
consensus motif of KTKEGV is especially important for the
structural plasticity of α-synuclein.8 Mutations such as Gly to
Asp as well as phosphorylation or acetylation events
furthermore may influence ionic interactions, structural
properties, membrane association, and physiological function.8

Although initially framed as a straightforward example, the
present work illustrates a surprising complexity of even
pairwise residue interactions, not to mention the multiple
steps along pathways to higher-order interactions.

■ CONCLUSIONS

We illuminate conditions under which single Glu and Arg
residues introduce disorder into an otherwise stable trans-
membrane helix. Local variations in terminal unraveling and
lipid interactions on opposite faces of a protein helix as well as
intermolecular charge-mediated helix−lipid or helix−helix
interactions are likely to play significant roles. The results
highlight some of the complexities of order/disorder
transitions among membrane proteins.

■ MATERIALS AND METHODS

Lipids were from Avanti Polar Lipids (Alabaster, AL), and
deuterated alanine (Ala-d4) was from Cambridge Isotope Labs
(Tewksbury, MA). Ala-d4 was protected by manual derivatiza-
tion with an N-fluorenylmethoxycarbonyl (Fmoc) group and
recrystallized from ethyl acetate/hexane, 80/20, as described
previously.36 Solid-phase peptide synthesis was carried out as
previously37 on a 0.1 mmol scale using an Applied Biosystems
433A synthesizer from Life Technologies (Foster City, CA).
N-Fmoc amino acids with additional side-chain protections
were purchased from NovaBiochem (San Diego, CA).
Glutamic acid with t-butyl ester, arginine with 2,2,4,6,7-
pentamethyl-dihydrobenzofuran-5-sulfonyl, and tryptophan
with t-butoxy-carbonyl protecting groups were used. The
cleavage of protecting groups and of peptides from a Rink
amide resin (NovaBiochem) was achieved using trifluoroacetic
acid to yield an amidated C-terminal. Two Ala-d4 residues with
differing isotopic abundances were incorporated in each
synthetic sample of R14E16GWALP23 (Table 1), according
to previous methods.11,37

Following completion of synthesis, peptides were cleaved
from resin using a trifluoroacetic acid (TFA) cocktail
composed of an 85:5:5:5 TFA:triisopropylsilane:H2O:phenol
ratio (v/v, w/v for phenol). After filtration of the cleavage
mixture, a crude peptide was precipitated using a 50:50
mixture of hexane:(methyl, t-butyl ether) and lyophilized from
a 50:50 mixture of acetonitrile:water. Peptides were purified by
reversed-phase high-performance liquid chromatography
(HPLC) on an octyl-silica column (Zorbax Rx-C8, 9.4 ×

250 mm, 5 μm particle size; Agilent Technologies, Santa Clara,
CA) using a gradient of 88−92% methanol, with 0.1%
trifluoroacetic acid over 30 min. Examples of the HPLC
purification profile and MALDI-TOF analysis to confirm
peptide identity are provided in Figures S1 and S2 of the
Supporting Information. The chromatographic purification
removed traces of incompletely synthesized shorter peptides as
well as any residual trifluoroacetic acid.
Solid-state NMR experiments were performed using

mechanically aligned peptide-lipid samples (1:60 mol:mol)
prepared as described13,38 using DLPC, DMPC, or DOPC for
individual samples. Peptide-lipid films were deposited on thin
glass 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, citrate, or tris buffer at a
specific pH value between 2.4 and 8.23,39 The hydrated slides
were stacked in 8 mm cuvettes, sealed with epoxy, and
incubated at 40 °C for at least 48 h to promote bilayer
alignment. Alignment was confirmed by 31P NMR at 121.5
MHz using a Bruker Avance spectrometer with broadband 1H
decoupling (4.2 kHz). Deuterium (2H) NMR experiments
were performed at 46 MHz using a 300 MHz Bruker Avance
spectrometer with a solid quadrupolar-echo pulse sequence40

with a 3.0 μs 90° pulse length, a 90 ms recycle delay, and 115
μs echo delay. The spectra were recorded using 0.9−1.4
million scans and were processed with 100 Hz line broadening.
In many cases, multiple Ala methyl CD3 peaks were

detected, indicating multiple states (see the Results section).
For samples where the Ala methyl CD3 resonances could be
assigned, the tilt of the core helix was estimated from the 2H
Ala quadrupolar splittings using a semi-static “geometric
analysis of labeled alanines” (“GALA”) method.13,41 Backbone
Cα deuterons also were present but were not detected or
assigned. The results for helix orientations were confirmed by
an independent modified Gaussian analysis.16,42 In principle,
either the tilt of the core helix or the multiplicity of states could
show a pH dependence. Because the arginine R14 side chain is
always charged,23 the side chain of E16 is the only titratable
group in the R14E16GWALP23 peptide sequence (Table 1).
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