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ARTICLE INFO ABSTRACT

The transmembrane helices of membrane proteins often are flanked by interfacial charged or aromatic residues
that potentially help to anchor the membrane-spanning protein. For isolated single-span helices, the interfacial
residues may be especially important for stabilizing particular tilted transmembrane orientations. The peptide
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Arginine RWALP23 (acetyl-GR2-AW(LA)sWLAR??A-amide) has been employed to investigate the interplay between inter-
Tryptophan facial arginines and tryptophans. Here we replace the tryptophans of RWALP23 with A5 and A19, to investigate
GALA

arginines alone with respect to helix fraying and orientation in varying lipid bilayers. Deuterated alanines incor-
porated into the central sequence allow the orientation and stability of the core helix to be assessed by means
of solid -state 2H NMR in bilayers of DOPC, DMPC and DLPC. The helix tilt from the bilayer normal is found to
increase slightly when R2 and R22 are present, and increases still further when the tryptophans W5 and W19
are replaced by alanines. The extent of helix dynamic averaging remains low in all cases. The preferred helix
azimuthal rotation is essentially constant for all of the helices in each of the lipid membranes considered here.
The alanines located outside of the core region of the peptide are sensitive to helical integrity. The new alanines,
A5 and A19, therefore, provide new information about the length of the core helix and the onset of unraveling
of the terminals. Residue A19 remains essentially on the central helix in each lipid membrane, while residues
A3, A5 and A21 deviate from the core helix to an extent that depends on the membrane thickness. Differential
unraveling of the two ends to expose peptide backbone groups for hydrogen bonding therefore acts together with
specific interfacial side chains to stabilize a transmembrane helix.

1. Introduction

The folding of membrane proteins within lipid bilayers often is dom-
inated by one or more a-helical segments. Multiple helices may be con-
nected by flexible loop regions that join the individual helices into a
multi-helix bundle. In this arrangement, the interfacial residues where
transmembrane helices begin or end become important for defining the
overall membrane protein structure. Polar and aromatic amino acids
are hypothesized to assist in anchoring helices to the polar lipid head
groups at the membrane-aqueous interface [1]. Indeed, arginine and
tryptophan residues at membrane interfaces or somewhat submerged,
either alone or together, are important for the properties of potassium
channels [2,3], a glucose transporter [4], human immunodeficiency
virus envelope glycoprotein [5,6], Ras-like phosphate-binding loop GT-
Pases [7], low-density lipoprotein receptor [8], chemotaxis receptors

[9] and thrombopoietin receptors [10], among other membrane pro-
teins. While the principles for folding membrane proteins are complex,
model experimental peptide systems and molecular simulations have
proven useful for understanding the nature of protein-lipid interactions
[11]. This article will address some of these principles for examples of
transmembrane domains that possess arginine alone, tryptophan alone,
or tryptophan and arginine together at the respective membrane inter-
faces while, importantly, a defined central membrane-spanning core he-
lix is held constant.

The synthetic “GWALP” peptide model [12] was adapted from an
original “WALP” peptide model [13]. The WALP23 model contains four
interfacial tryptophan (W2, W3, W21, W22) residues that serve to an-
chor the transmembrane helix. Though these peptides were useful for
a variety of experiments, including modulations of the lipid phase be-
havior and initial investigations of the helix tilt, their high dynamic av-
eraging raises barriers for understanding single-residue mutations. The
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sequence variant GWALP23 (acetyl-GGALW®(LA)cLW'°LAGA) was dis-
covered to have a well-defined transmembrane orientation, with lower
dynamic averaging [14], stabilized in part by unraveling of the helix
terminals at the membrane interface [15]. This peptide has only two in-
terfacial tryptophan residues (W5 and W19) located on either side of the
central helix of repeating leucine-alanine residues. Due to the hydropho-
bicity of the Leu-Ala repeats, the core of the peptide adopts strong a-he-
lical structure that spans the non-polar interior of a membrane [16].
The two tryptophan residues exhibit preferred locations near each po-
lar lipid-water interface [16], thereby providing the peptide helix with
a well-defined tilted transmembrane orientation within the bilayer that
can be observed using solid-state NMR spectroscopy. These properties,
along with the defined dynamic nature of GWALP23, allow for investi-
gations of the effects of “guest” residue substitutions on the helix orien-
tation, dynamics and terminal unraveling within membrane bilayers of
differing thickness.

As previously mentioned, aromatic as well as charged amino acids
are important for anchoring a transmembrane helix to the polar regions
of a lipid bilayer. The interfacial interactions have been shown to af-
fect the helicity toward the termini as well as the orientations of helices
within different lipid membranes [15,17]. Lipid-bilayer thickness will
play an additional role for the interactions. Thicker bilayers may stretch
the proteins more, lowering the helix tilt angles and perhaps increas-
ing the dynamic averaging of peptide helices. Another important stabi-
lizing factor could be the helix fraying that will expose peptide back-
bone groups for intermolecular hydrogen bonding at membrane inter-
faces [17].

Deuterium-labeled alanine residues facilitate solid-state NMR experi-
ments for measurement of the ?H quadrupolar splittings and determina-
tion of the transmembrane helix integrity and orientation [15,18]. Typ-
ically, the 2H-Ala residues are introduced in pairs within the core helix
at 50% and 100% relative isotope abundance, to facilitate spectral as-
signment [14]. Additionally, the Ala residues 3 and 21 near each ter-
minal of the peptide allow for investigations of the secondary structure
at the ends of the sequence. It is therefore possible to examine whether
the peptide ends are helical or frayed as well as how fraying affects pep-
tide-lipid interactions.

Previous research investigated the tilt of the parent helix with tryp-
tophans W5 and W19 and either glycines, G2 and G22, or arginines,
R2 and R22 near the peptide terminals [14]. In both cases the helices
showed well-defined transmembrane orientations with low dynamic av-
eraging. Now we investigate the influence of removing the tryptophans,
replacing them with A5 and A19, with arginines R2 and R22 present.
Additionally, we label the juxta-terminal alanine residues (A3 and A21)
to examine the potential unraveling of each helix, in the context of
“only” tryptophan, “only” arginine, or both tryptophan and arginine,
at the membrane interface. The three residue separation (2 versus 5,
and 22 versus 19) for the candidate anchor residue placements are ap-
propriate based on the known relative preferred locations for positively
charged side chains as opposed to aromatic indole side chains at the
membrane interface, an approximate 3-4 A displacement [19]. Further-
more, when the tryptophans are absent from the sequence, the replace-
ment alanines (A5 and A19) provide additional opportunities for deu-
terium labeling, leading to more detailed investigations of the central
helix.

The results of this research are important for understanding the ef-
fects of single or double, cooperating or competing, interfacial “anchor-
ing” residues for the properties of a well-defined transmembrane helix.
The candidate peptides and their sequences are shown in Table 1, and a
model of the basic molecular architecture with positions for ?H-alanine
labeling is shown in Fig. 1. Each of the synthesized peptides was exam-
ined in oriented bilayers of DLPC, DMPC, and DOPC.
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Table 1
Sequences of GWALP23-like peptides.

Name Sequence Reference
GW >19ALP23  Ac-GG 2ALW SLALALALALALALW '°LAG %2A-amide [14]
RW >19ALP23  Ac-GR 2ALW SLALALALALALALW '°LAR ??A-amide [14]
RA 51°A1P23 Ac-GR 2ALA SLALALALALALALA '°LAR %?A-amide This work

R22

Fig. 1. Model to illustrate schematically the unwinding of peptide terminals of
RA>1°ALP23 oriented in a DLPC bilayer, drawn using PyMol [20]. The side chains of
arginines 2 and 22 are shown with green carbon atoms and blue nitrogen atoms. The ala-
nine methyl groups available for deuterium labeling are shown as space filing, with the
pB-carbons colored black for core alanines A5 to A19 and red for the outer alanines A3 and
A21.

2. Materials and methods

Peptides were synthesized in solid phase on a 0.1 mmol scale, using
an Applied Biosystems 433A Peptide Synthesizer from Life Technolo-
gies (Foster City, CA), with extended times for deprotection or coupling
where needed. N-fmoc amino acids, including side chain protected Trp
(boc group) and Arg (pbf group), were purchased from NovaBiochem
(San Diego, CA), Anaspec (Fremont, CA), and Bachem (Torrence, CA).
Deuterated alanines from Cambridge Isotope Laboratories (Tewksbury,
MA) were manually derivatized with the N-fmoc protecting group, fol-
lowing the procedure described previously [21,22]. Each peptide was
synthesized with two deuterated alanines differing in isotope abundance
(50% and 100% d4) at particular positions, to distinguish and assign the
2H signals observed by solid-state deuterium NMR spectroscopy.

After the completion of synthesis, peptides were cleaved from Rink
amide resin at 22 °C for 3 h using an 85:5:5:5 solution of TFA:triiso-
propylsilane:H,O:phenol (v/v; w/v for phenol). The cleavage mixture
was filtered and peptide precipitated using methyl-t-butyl ether:hexane
(50:50) and lyophilized several times from acetonitrile:water (50:50)
to remove traces of solvent. Peptides were purified by reversed-phase
HPLC on an octyl-silica column (Zorbax Rx-C8, 9.4 x 250 mm, 5 pm
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particle size) from Agilent Technologies (Santa Clara, CA) using a gradi-
ent of 90-94% (for RA>!9ALP) or 92-96% (for RW>1°ALP) methanol in
water containing 0.1% TFA (v/v). Due to the absence of aromatic groups
in RAS19ALP23, the detector wavelength was set to 220 nm while puri-
fying and quantifying this peptide, whereas the Trp-containing peptides
were detected based on absorbance at 280 nm. The molecular masses
and deuteration patterns were verified by MALDI-TOF mass spectrome-
try.

Mechanically aligned samples for solid-state NMR spectroscopy were
prepared using 1.33 pmol peptide and 80 pmol lipid (1:60, mol:mol),
using DLPC, DMPC, or DOPC phospholipids from Avanti Polar Lipids
(Alabaster, AL), as described [18,23,24]. Initially, a peptide-lipid mix-
ture was prepared from peptide dissolved in trifluoroethanol and lipid
dissolved in chloroform. The solvents were removed under nitrogen
flow followed by drying under vacuum. After dissolution in about 1 mL
of 95% methanol/5% water (v/v), the mixture was distributed evenly
over about 40 glass plates (4.8 x 23 X 0.07 mm; Marienfeld Labora-
tory Glassware, Lauda-Konigshofen, Germany). Solvents were removed
by drying under vacuum (< 0.010 Torr) for two days. The resulting
peptide-lipid films were hydrated with deuterium-depleted water (Cam-
bridge) to achieve 45% (w/w) hydration. The slides with the hydrated
films were immediately stacked, sealed in a glass cuvette [18] and al-
lowed to incubate for at least 48 h at 40 °C to achieve bilayer align-
ment. For confirmation of bilayer alignment within each sample by
means of 3'P NMR, a wide-line probe (Doty Scientific, Columbia, SC)
was employed with broad-band 'H decoupling on a Bruker Avance 300
spectrometer. Deuterium (*H) NMR spectra were recorded at 50 °C us-
ing both § = 90° (bilayer normal perpendicular to magnetic field) and
f = 0° macroscopic sample orientations, utilizing a quadrupolar echo
pulse sequence [25] with full phase cycling, 105 ps echo delay, 3.2 ps
pulse length and 120 ms recycle delay. Approximately 0.9 to 1.5 million
free induction decays were recorded during each 2H NMR experiment.
An exponential weighting function with 100 Hz line broadening was ap-
plied prior to Fourier transformation.

For circular dichroism measurements, small unilamellar lipid vesi-
cles with incorporated peptides (1:60, peptide:lipid, mol:mol) were pre-
pared by sonication, with peptide concentrations of about 100 pM. The
spectra were recorded with a Jasco J-1500 spectropolarimeter, using a
1 mm cell path length, 1.0 nm bandwidth, 0.1 nm slit and 20 nm/min
scan rate, and averaging ten scans.

The helix orientations, dynamic properties and unraveling of ends
were analyzed by means of the semi-static GALA (geometric analysis of
labeled alanines) method, taking the average tilt 7 of the helix axis, az-
imuthal rotation py about the helix axis and principal order parameter
S,, as variables [18,26]. We additionally employed a modified Gaussian
approach [27] involving three variables, 1o, po and o, (rotational slip-
page), with fixed values for S,, and o, (helix wobble), as described pre-
viously [24].

3. Results

To examine the interactions of interfacial arginines, alone and with
tryptophans, flanking the transmembrane segments of biological pro-
teins and their possible roles with respect to the terminal fraying or the
orienting of the helix axis in a lipid bilayer, we have employed deriv-
atives of the established GWALP23 peptide framework [14,24]. Pairs
of arginine residues were introduced to replace glycines 2 and 22 to
give the sequence acetyl-GR?ALW°LALALALALALALW!°LAR??A-amide
(Table 1), which has been investigated in part by Vostrikov et al.
[14,24] Then, for comparison, the tryptophan residues W5 and W19
were replaced with alanine residues (A5 and A19), to yield a peptide
anchored only by arginine residues, R2 and R22. These substitutions
also provide a longer aliphatic core and additional Ala residues for
deuterium labeling, compared to the GWALP23 parent peptide (Table
1 and Fig. 1). We have addressed the influence of terminal arginine
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residues, in the presence and absence of interfacial tryptophans, the
length of the core helix, and the fraying of terminal residues.

The new analogue “RAALP23,”
acetyl-GR2ALASLALALALALALALA'’LAR??A-amide (Table 1), lacking
tryptophans, was synthesized successfully and its molecular mass was
confirmed by MALDI-TOF mass spectrometry (Fig. S1). The circular
dichroism spectra in several lipid bilayer membranes confirm a largely
a-helical secondary structure for RAALP23, with pronounced double
minima near 208 nm and 222 nm (Fig. S2). When macroscopically ori-
ented hydrated lipid-peptide samples were prepared, the bilayers were
well aligned, as indicated by the 3'P NMR spectra of the lipid head
groups in the p = 0° and § = 90° sample orientations (Fig. S3).

Using 2H solid-state NMR methods, we have deduced the average
orientation and dynamic properties of the RAALP23 helix with respect
to the lipid bilayer normal in DLPC, DMPC and DOPC membranes. Be-
cause the guanidinium group of Arg remains universally charged up to
at least pH 13, as confirmed extensively [28-31,32], we hydrated the
samples with unbuffered H-depleted water. In this work we present the
orientation analysis and potential unraveling of the RAALP23 helix and
compare its properties with related membrane-spanning helices.

3.1. Orientation analysis of RAALP23 and RWALP23

The H NMR spectra for the oriented samples of RAALP23 in lipid
bilayers reveal defined sets of signals for the ?H-labeled methyl groups
of core alanines including A5 and A19 (Figs. 2 and S4). (Apart from
the major symmetric pairs of peaks, minor peaks near zero kHz are at-
tributed to natural-abundance deuterium in the water or lipids or oc-
casionally to miss-oriented peptide components.) Focusing on the 2H
quadrupolar splitting magnitudes |Avg| of the central alanines 7, 9, 11,
13, 15 and 17 for RAALP23, we observe that this new helix displays
a relatively large range of 2H quadrupolar splitting magnitudes, from
7 to 35 kHz in DLPC, 5-28 kHz in DMPC and 5-23 kHz in DOPC. The
wide ranges of |Avg| values suggest a significant bilayer-dependent tilted
orientation of the peptide helix with low dynamic averaging in each
membrane. It is noteworthy that these magnitudes individually and as a
range throughout the helix appear to be even larger in RAALP23 than
in the related RWALP23 helix [14] in DLPC, DMPC, and DOPC bilayers.
The results indicate similar well-ordered orientations with low dynamics
for the RAALP23 and RWALP23 helices, with a somewhat larger helix
tilt when tryptophan is absent at the bilayer interface (see below).

By replacing tryptophans 5 and 19 with 2H-labeled alanines, we were
able to record signals and measure quadrupolar splittings for two ad-
ditional alanine residues (Table 2). We addressed the helix orientation
and dynamic properties using a semi-static GALA analysis [18,26] of the
observed ?H quadrupolar splittings of the central six core alanine methyl
side chains, to determine the lowest RMSD based on the helix tilt (t), ro-
tation (p) and principal order parameter (S,,) as variables. Additionally,
we treated the helix dynamics using a modified Gaussian analysis based
on T, po, and a distribution width o, as three variables, with a fixed o,
as described previously [24].

From the results of GALA analysis of the six central deuterated ala-
nine methyl groups (Table 3), the quadrupolar wave plots (Fig. 4) in-
dicate similar helix properties when the tryptophan residues W5 and
W19 are removed. The azimuthal rotation appears to be similar be-
tween the helices with and without the tryptophans in all lipids, vary-
ing within only a small range from 302°-318° (Table 3). The S,, values
ranging from 0.70 to 0.86 indicate modest dynamic averaging. The he-
lix tilt without tryptophans is about 4° larger for RAALP23 compared
to RWALP23 in all lipids (Fig. 4; Table 3). While small, the difference
in tilt is consistent and reproducible in each lipid membrane, thereby
illustrating the high sensitivity of the ?H quadrupole splitting to small
changes in molecular orientation. The similarity in dynamic averaging
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Fig. 2. Deuterium NMR spectra for labeled core alanines of (A) RA>'°ALP23 and (B) RW>!°ALP23 in oriented bilayers of DOPC. The locations and abundance of the H labels are indi-

cated. p = 90° sample orientation; temperature 50 °C.

Table 2

Observed 2H quadrupolar splitting magnitudes (|Avg|) * of Ala methyl side chain for RW >1°ALP23 and RA >1°ALP23 in three lipids *.

Alanine residue DLPC DMPC DOPC

RA 519ALP RW 519ALP " RA 519ALP RW 519ALP " RA S19ALP RW 519ALP "
5 27.8 = 1kHz - 18.3 - 8.8 -
7 31.0 25.7 28.2 25.7 22.7 18.7
9 34.5 28.9 21.7 16.9 10.4 4.7
11 29.9 29.0 25.6 24.8 21.1 18.3
13 22.2 17.2 12.8 10.4 5.1 3.0
15 22.2 22.4 19.0 19.3 15.1 16.2
17 7.4 4.0 4.9 3.0 5.2 2.4
19 2.2 — 4.9 - 5.2 -
3 27.1 26.6 ¢ 24.3 24.2°¢ 20.1 20.4°
21 18.9 14.9° 16.6 12.5° 14.5 8.2°

2 Quadrupolar splittings are reported in kHz for the § = 0° sample orientation for RA »!°ALP and RW >'°ALP. Each value (in kHz) is the average of the magnitude observed at f=0°
and twice the magnitude observed for a p=90° sample orientation. The estimated uncertainty from duplicate samples is + 1 kHz. Values not listed () were not recorded.

b Values listed are from [14].
¢ Data points for A3 and A21 are newly reported here.

indicates that the helix properties are dominated by the arginine
residues, R2 and R22. The tryptophan residues in RWALP23 appear to
neither increase nor decrease the extent of the dynamic averaging. The
modified Gaussian analysis shows general agreement in predicting once
again moderate dynamic averaging, indicated by the o, values gener-
ally between 30°-50° (Table 3). As is typical [27,33,34], the more
detailed treatment of the dynamics goes hand in hand with somewhat
higher predictions for the helix tilt (Table 3), with the overall trends
remaining intact. The A5 and A19 data points for the RAALP23 helix

were excluded from the GALA calculations and are illustrated next to
the wave plots in Fig. 4. The relative proximities of the |Avg| values
for A5 and A19 to a quadrupolar wave reveal continuation or termina-
tion of the central helix (see next section). Because the A19 data point
is consistent with the core helix in each lipid membrane, we were able
to use seven data points for full Gaussian calculations of the RAALP23
helix dynamics (fitting . as well as ;) in each lipid membrane. These
full Gaussian fits are shown alongside the modified Gaussian results in
Table 3. The full Gaussian fits confirm that o, is less than about 15°
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Table 3
Orientations and dynamics of the membrane-spanning RW >1°ALP23 and RA >19ALP23 helices in three lipid membranes °.
Peptide Lipid GALA analysis results ’ Modified Gaussian analysis results *
T p S,z RMSD 70 po o; ) RMSD Ref.
G 222\ 519 ALP23 DLPC 21° 305 071 07kHz 23° 304° 15° 33" 07kHz [24]
DMPC 9° 311° 0.89 1.1 13° 308° 10° 42° 1.2 [17]
DOPC 6° 323° 0.87 0.6 9° 321° 9° 48° 0.7 [24]
R 222w 519 ALP23 DLPC 23° 305 070 1.0 23° 305 15° 24" 11 [14],
this
work
DMPC 14° 307° 0.80 0.6 22° 303° 15° 44° 1.9
DOPC 7° 318° 0.86 0.7 13° 315° 15° 54° 1.1
R 2227 519 ALP23 DLPC 27° 302° 073 12 32°  300° 15° 32° 12 This
work
pLPC* 33 299° 14 34 0.9 This
work
DMPC 18° 302° 0.77 0.8 24° 300° 15° 40° 0.7 This
work
pMmPC 20° 302° 12° 32° 0.7 This
work
DOPC 11° 302° 0.81 0.6 18° 299° 15° 52° 0.8 This
work
popC* 14° 301° 8° 44° 0.4 This
work

@ The methods were described previously [24]. The units for RMSD are kHz.

b The semi-static GALA analysis [18] was based on the 2H quadrupolar splitting magnitudes for the six central alanine side chains of residues A7, A9, A11, A13, A15 and A17.

¢ Unless otherwise noted, the modified Gaussian analysis was based on the 2H quadrupolar splitting magnitudes for the six central alanine side chains of residues A7, A9, A11, A13,
A15 and A17 [24,27]; with o, being assigned the fixed value noted in the table and S,, assigned the fixed value of 0.88.

¢ A full Gaussian analysis (varying also o.) [27] was performed based on seven data points for deuterated alanines 7, 9, 11, 13, 15, 17 and 19.

and o, retains modest values between about 30°-45° in each lipid mem- 3.2. Fraying of RAALP23 and RWALP23

brane. Overall, each of the peptides in Table 1 folds into a transmem-

brane helix that is significantly tilted and exhibits only a low level of To address the fraying [15] of the N- and C-terminals of RAALP23

dynamic averaging. and RWALP23, we recorded the 2H NMR spectra for A3 and A21 for
each peptide, labeled with 50% and 100% deuterium respectively (Fig.
3). In all cases, the spectra reveal sharp and distinct 2H signals for each

A B

DLPC

DMPC

DOPC

L 1 1 1 | 1 1 1 1 |
T T T T T T

20 kHz 0 -20 20 0 .20

Fig. 3. 2H NMR spectra for the labeled juxta-terminal alanines A3 (50% dg4) and A21 (100% dg) in (A) RA>19ALP23 and (B) RW>19ALP23, in oriented bilayers of DLPC, DMPC and DOPC.
B = 90° sample orientation; temperature 50 °C.
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of the terminal alanines 3 and 21 in DLPC, DMPC and DOPC. Observa-
tions of different |Avyy| values for A3 and A21, separated by 18 residues
or five turns of a “perfect” helix in the same sample, imply helix unwind-
ing at one or both ends [15]. Comparing then the quadrupolar splitting
magnitudes of A3 and A21 in RAALP23 (Table 2) with the values for the
control peptide RWALP23, one observes that the 2H quadrupolar split-
ting for the A3 methyl group remains unchanged in all three lipid sys-
tems, yet is farther from the helix that contains the tryptophans (Fig. 4).
The 2H | Avg| value for A21 varies when the tryptophans are substituted
by alanines, yet remains in all cases away from the quadrupolar wave
that is defined by the central helix (Fig. 4). The fraying of the N-termi-
nal appears to be reduced when W5 is absent, while the fraying of the
C-terminal appears comparable in both helices.

In RAALP23, the two extra alanine residues (A5 and A19) pro-
vide the opportunity to investigate an extended view of the core helix,
thereby the onset of fraying at each end. The results will complement
those reported recently for the helix of A*SGWALP23 [17]. To exam-
ine this issue, we analyzed the quadrupolar wave plot for the six central
deuterated alanines (odd-numbered residues A7 to A17) and overlaid

40T

0 T { ] I Ll T 1
0 120 240 360
:,;:l 40T — RAS'SLP —— RWS5PALP
= 1 DOPC
3
0‘"
(&)
)
<
tv
0 } T T T T 1
0 120 240 360

Radial location, degrees

Fig. 4. Quadrupolar wave analysis of tilted transmembrane peptides RA>'°ALP23 (black)
and RW>1°ALP23 (red) in lipid bilayers of DLPC, DMPC and DOPC, as indicated. The |Avg|
values for alanines 3, 5, 19 and 21 were not used in the analytical fits to generate the
curves, yet are numbered and shown with open symbols. Residue A19 generally resides
closer to the curve for the core helix than residue A3, A5 or A21.
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the data points of the remaining four residues A3, A5, A19 and A21
relative to the wave plot (Fig. 4). Importantly, the latter four data
points, those outside of the central core, were not used for calculating
the quadrupolar wave. It appears that A19 of RAALP23 is essentially in-
tegrated into the central helix in all lipid membranes. Indeed, quadrupo-
lar splittings of A19 in DMPC and DOPC are very close to the helical
wave and deviate only slightly in DLPC (Fig. 4). On the other hand,
residue A5 remains off the helix plot in each lipid bilayer. These results
along with those for A3 and A21 (see above) reveal that there is asym-
metric fraying of the ends of the helix, with the core helix extending
from at least residue 7 to 17 in DLPC, and from 7 to 19 in DMPC and
DOPC.

3.3. Deviation of frayed residues from a-helix

Knowing that the peptide termini are unwound involving at least 3
to 5 residues on each side of the central helix, next one can examine
and compare the extent of fraying for each end of the RAALP23 and
RWALP23 transmembrane helices. The histograms in Fig. 5 show the
deviations of residues A3, A5, A19 and A21 from a theoretically “per-
fect” helix. From the histograms for the outer alanines 3 and 21 in Fig.
5, it is evident that the deviation of A3 from the core helix of either
RAALP23 or RWALP23, does not follow the actual tilted transmembrane
orientation of the helix in bilayers of different thickness, contrary to the
observations for GWALP23 [17]. Rather, A3 is more unraveled when
the helices are less tilted, with maximum deviation in the thickest DOPC
membrane. The deviations of A3 from the core helix are larger when
tryptophan residues W5 and W19 are present (Fig. 5). In RAALP23, ob-
servations are available also for A5. Residue A5 follows a different sce-
nario, with the magnitude of deviation from the central helix decreasing
gradually when the helix is moved from thinner to thicker lipid mem-
branes.

While the |Avg| magnitudes for residue A3 are higher than the val-
ues predicted from the central helix (Fig. 5), those for residue A21 are
lower. This opposite trend for the C-terminal compared to the N-termi-
nal residues has been observed previously for a number of transmem-
brane helices [17]. One notes further that residue A19 is essentially on
the central helix in DOPC and DMPC, while slightly displaced in DLPC
(Fig. 5). Residue A21 behaves similarly whether A19 or W19 is present
(Fig. 5) and is maximally displaced in DLPC, where the helices adopt
the highest tilt from the bilayer normal. By contrast, when arginines are
absent, in the presence of G2, G22, W5 and W19 in GWALP23, the devi-
ation of residue A21 from the core helix is essentially constant in DLPC,
DMPC and DOPC membranes [17]. These findings reveal that the diver-
gence of some residues involved in the helix unwinding is lipid depen-
dent for peptides anchored by arginine.

Considering the ensemble of results, we note that even though the
quadrupolar splitting values of A3 remain very similar when W5 is re-
placed by A5 (Table 2), A3 nevertheless is more consistent with the
core helix when A5 is present, as opposed to W5 (Fig. 5). At the other
end, residue A21 deviates from the core helix to about the same extent,
regardless of whether A19 or W19 is present.

4. Discussion

We have investigated possibilities for cooperation or competition be-
tween interfacial charged and aromatic amino-acid side chains for gov-
erning the properties of membrane-spanning helices. While such chemi-
cal groups make work together, for example in chemotaxis Tar receptors
[9] or Kir6.2 potassium channels [3], the respective protein-lipid inter-
actions are complex. For the model systems under consideration to es-
tablish the biophysical groundwork, we find that aspects of both collab-
oration and competition between Arg and Trp residues may come into
play.
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Fig. 5. Deviations of the experimental |Avg| values for juxta-terminal residues A3, A21, A5 and A19 from the theoretical values fitting the core a-helix of RAS1°ALP23 and RW>1°ALP23

in lipid bilayers of different thickness.

Based on considerations of hydrophobic matching and the modu-
lation of lipid phase behavior by Trp-flanked or Lys-flanked peptides
of different length, it was revealed that the optimal location for Lys
(eNH3*) is about 3.4 A closer to the aqueous phase than that of Trp
(NH) [19]. These different “anchoring” positions for Lys and Trp on
transmembrane helical peptides validate the choices to investigate the
influence and possible interactions of Arg residues (#2 and #22) spaced
three positions or about one helical turn outside of Trp residues (#5
and #19) on both ends of a membrane-spanning helix having 23 total
residues (Table 1).

The relevance for fundamental biophysical investigations comes
from a number of important membrane proteins. The residues flank-
ing a membrane-spanning helix are important for membrane protein
assembly and function. For example, a conserved Trp in the Arf and
Sar GTPases is located structurally near a myristoylation site and may
play a role in membrane association [7]. Tryptophans W491 and W515
flank the single transmembrane domain of a thrombopoietin receptor,
for which molecular dynamics simulations suggest that mutations of
W515 to leucine or lysine influence the helix tilt angle and rotational
distribution [10]. Clinically, some mutations to W515 are associated
with thrombocytopenia and myelofibrosis [10]. Such mutations there-
fore may influence the receptor dimerization propensity and subsequent
partner phosphorylation that would influence a signaling cascade re-
lated to platelet formation.

Interfacial or embedded arginines also are functionally important for
membrane proteins. For example, a notorious central (midspan) argi-
nine in the transmembrane domain of the envelope glycoprotein gp41
of HIV causes water defects in lipid-bilayer membranes [5,6]. These de-
fects seem to be crucial for viral fusion and infection and are relieved if
the critical Arg is mutated to Leu [5]. The midspan arginine is perhaps
held in place because of strong stabilizing interactions for additional in-
terfacial arginines that flank the defect-causing transmembrane helix of
gp41 [6]. In another case, a mutation from Gly to Arg, G8O5R, in the
transmembrane domain of the low-density lipoprotein receptor causes
familial hypercholesterolemia, by destabilizing the receptor and causing
ectodomain cleavage while preventing y-secretase cleavage [8]. The ef-
fects may relate to a less efficient incorporation of the receptor protein
in the endoplasmic reticulum membrane [8].

Sometimes Trp and Arg may act together. The transmembrane sig-
naling domain of the E. coli Tar receptor consists of a hydrophobic he-
lical core of QLAVIALVVVLILLVA flanked by tryptophan on each end
and then by outer arginines four residues away from each Trp [9]. No-
tably the design of the Tar receptor helix is similar to the model he-
lices used for our experiments (see Table 1). Mutations of either Trp
or Arg influence the piston-like signaling mediated by the Tar helix to
activate a downstream kinase [9]. Likewise, two conserved residues, in-
terfacial and interacting Trp and Lys from adjacent transmembrane he-
lices, govern the kinetics of ATP-dependent gating of inward-rectifying
Kir6.2 potassium channels [3]. These and other examples illustrate the
biophysical importance of interfacial aromatic and charged residues for
membrane protein function.

Notably, Trp and Arg differ in their side-chain conformational free-
dom. The tryptophans are more restricted and, in particular, the N-ter-
minal and C-terminal tryptophans are impacted differently by the a-he-
lix. The Trp C,-Cg bond is directed toward the N-terminal at an an-
gle of ~58° [18]. Therefore, while the C,-Cy bond orientation inher-
ently directs the N—H bond of an indole ring near the N-terminal of a
transmembrane helix toward the bilayer surface, indole rings near the
C-terminal must reorient to achieve optimal surface hydrogen-bonding
propensity for their Ne-H groups [35]. The preferred sets of (x1, x2)
torsion angles therefore differ for N-terminal and C-terminal Trps on
a transmembrane helix, with y1 commonly observed near 180° for the
C-terminal Trps but near 60° for the N-terminal Trps. Importantly, as
a corollary, Trps near the C-terminal also experience much more mo-
tional freedom than those near the N-terminal [35]. These differences
are likely responsible for the distinct observation that W19 is more im-
portant than W5 for defining the transmembrane properties of the ar-
chetypical GWALP23 helix [36]. Key differences are observed also for
tryptophans and consequences of Trp replacement at the two end of
the Tar receptor helix [9]. The torsional contrasts for Arg arise when
comparing surface-located and partially buried Arg residues. Arginine
is able to use many torsions to “snorkel” and effectively lengthen or
shorten the effective “reach” of its side chain [37-39]. The snorkeling
is likely to be important for arginines that are somewhat submerged
in a lipid bilayer [5,11,40] but less important for arginines at a mem-
brane surface, such as those considered in the present experiments. Arg
and Trp both prefer the membrane interface over the membrane inte-



S.J. Sustich et al.

rior, but the arginine preference is stronger. While tryptophan may be
relatively well tolerated near the bilayer center [17], arginine is not.
Notably, a bilayer-embedded arginine will tend to exit the membrane
[11,40] or, if stabilized, will induce a water defect [5,6].

With the above background and knowledge of the preferred inter-
facial locations for Trp and Arg [19], we have compared in detail
the properties of helices having Trp only (G>??W>1°ALP23) with no
arginines, Arg only (R>?2A>1°ALP23) with no tryptophans, or Trp and
Arg together (R>22W>1°ALP23) at the membrane interfaces. The salient
trends (Table 3) for this family of helices are these: Each helix displays
a relatively low tilt angle from the DOPC bilayer normal; the tilt in-
creases in the thinner DMPC and DLPC bilayer membranes. The trend
follows the diminishing membrane hydrophobic thickness, from about
26.2 A for DOPC at 45 °C [41] to about 24.8 A and 20.8 A, respectively,
for DMPC and DLPC at 50 °C [42]. When the interfacial tryptophans
(W5 and W19) are removed, the helix tilt increases by about 3-4° in
each membrane. The preferred helix azimuthal rotation angle and the
low extent of dynamic averaging are essentially constant among all he-
lices from Table 1 in all membranes that were investigated. Remark-
ably, the removal of R2 and R22, or of W5 and W19, does not influence
the preferred azimuthal rotation about the helix axis. Graded trends are
seen for the unwinding of helix terminals, such that residues 5 and 19
are relatively close to continuations of the central helix, while residues
3 and 21 are notably unraveled.

The trends for the helix tilt support the concept of hydrophobic
matching. When tryptophan is removed, the helix tilt increases in each
membrane (Table 3), yet the trend for increasing the tilt in the thin-
ner bilayers remains in place. Indeed, for each of the helices, the tilt
from the bilayer normal increases by about 7° when moving from DOPC
to DMPC, and by an additional ~9° when moving from DMPC to DLPC
(Table 3). These results support early concepts for the “matching” of
helix hydrophobic length to bilayer membrane hydrophobic thickness
[13].

The preferred azimuthal rotation about the helix axis, relative to an
arbitrary reference point designated by residue G1, [18] remains re-
markably constant for each helix in each bilayer membrane (Table 3).
The constancy of the helix rotation may seem surprising, yet may also
reflect the “compatible” radial locations of the Arg and Trp residues that
are substituted when varying these peptide sequences (Table 1). Indeed,
the respective Arg and Trp residues occupy similar radial locations and
are spaced from the bilayer center according to their known energetic
preferences at a membrane interface [19]. Therefore, in retrospect, it is
not so surprising that the helix rotational choices remain similar when
Arg is replaced by Gly or when Trp is replaced by Ala. Namely, R2, R22,
W5 and W19 are each compatible with a highly similar azimuthal rota-
tion about the axis of the tilted transmembrane helix (Table 3). Further-
more, within this rotational context, the dynamic rotational “slippage”
(o, in Table 3) about the helix axis remains low in all of the cases tested
here. Again, we attribute these features to the compatible “anchoring”
locations for either Trp or Arg, or Trp and Arg together, at the mem-
brane interface.

The terminals of all helices are unwound, exposing peptide backbone
groups for intermolecular hydrogen bonding with head groups or water
at the membrane interface. This feature of transmembrane helix unrav-
eling has been postulated to help stabilize particular helix orientations
and limit the dynamics [15]. The examples observed here continue a
similar theme. Interestingly, residue A3 deviates from the core helix to
a greater extent (kHz deviation of the 2H |Avg|) when W5 is present in-
stead of A5, whereas residue A21 behaves about the same with W19 or
A19 (Fig. 5). Nevertheless, when the tryptophans are absent, residue
A19 is essentially on the core helix, whereas residue A5 shows a signifi-
cant deviation (Fig. 5).

In an overall sense, there is a strong expectation that particular
arginines will dominate the scene and dictate the helix properties [11].

BBA - Biomembranes xxx (XxxX) XXxX-XXX

While the expectation is largely borne out, we note nevertheless that
the parent GWALP23 helix exhibits only minor dynamic averaging when
Arg is absent. Indeed, it appears that buried or submerged Arg residues
dominate more than do interfacial Arg residues at a lipid membrane sur-
face. The interfacial Trp residues furthermore retain their importance.
When Arg is absent, the Trp residues are crucial for the properties of the
parent GWALP23 helix. In the presence of R2 and R22, the interfacial
Trp residues fine tune the helix properties (Table 3; Fig. 4). Our find-
ings confirm that aromatic and charged interfacial side chains are im-
portant for the biophysical properties of membrane proteins.
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