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Geometry and Intrinsic Tilt of a Tryptophan-Anchored Transmembrane
a-Helix Determined by ?H NMR

Patrick C. A. van der Wel,* Erik Strandberg,’ J. Antoinette Killian,” and Roger E. Koeppe, II*

*Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701 USA; and "Department of Biochemistry
of Membranes, Center for Biomembranes and Lipid Enzymology, Institute of Biomembranes, Utrecht University,
3584 CH Utrecht, The Netherlands

ABSTRACT We used solid-state deuterium NMR spectroscopy and an approach involving geometric analysis of labeled
alanines (GALA method) to examine the structure and orientation of a designed synthetic hydrophobic, membrane-
spanning a-helical peptide in phosphatidylcholine (PC) bilayers. The 19-amino-acid peptide consists of an alternating
leucine and alanine core, flanked by tryptophans that serve as interfacial anchors: acetyl-GWW(LA)sLWWA-ethanol-
amine (WALP19). A single deuterium-labeled alanine was introduced at different positions within the peptide. Peptides
were incorporated in oriented bilayers of dilauroyl- (di-C12:0-), dimyristoyl- (di-C14:0-), or dioleoyl- (di-C18:1.-) phos-
phatidylcholine. The NMR data fit well to a WALP19 orientation characterized by a distinctly nonzero tilt, ~4° from the
membrane normal, and rapid reorientation about the membrane normal in all three lipids. Although the orientation of
WALP19 varies slightly in the different lipids, hydrophobic mismatch does not seem to be the dominant factor causing
the tilt. We suggest rather that the peptide itself has an inherently preferred tilted orientation, possibly related to peptide
surface characteristics or the disposition of tryptophan indole anchors relative to the lipids, the peptide backbone, and
the membrane/water interface. Additionally, the data allow us to define more precisely the local alanine geometry in this

membrane-spanning a-helix.
INTRODUCTION

Understanding the structures and lipid interactions of inte-
gral membrane proteins represents an important challenge.
Genome analysis predicts that 20-30% of open reading
frames in complex organisms encode membrane proteins
(Wallin and Von Heijne, 1998). Although several dozen
crystal structures of complex membrane proteins have been
solved, the crystallization of membrane proteins remains a
significant practical problem that limits the number of avail-
able structures. Furthermore, the crystallization conditions
often involve membrane-mimetic conditions instead of ac-
tual membrane lipids. Even in successfully determined
structures the lipid membrane itself may not be visible, and
so the actual orientation of the protein components with
respect to the lipids cannot be measured directly and is
therefore usually deduced based on assumptions.

The interiors of membrane proteins are similar in hydro-
phobicity to those of soluble proteins and are packed just as
tightly (White and Wimley, 1999). Their properties differ in
that amino acids of outer surfaces of membrane proteins,
facing the lipid acyl chains, are hydrophobic, whereas the
outer surfaces of water-soluble proteins are hydrophilic. For
proteins that have multiple membrane-spanning segments
(a-helices or B-sheets), the relative orientations of those
segments presumably can be determined largely by protein-
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protein interactions. For membrane-spanning a-helices in
bundles, the helices typically tilt significantly with respect
to the bilayer normal, averaging ~22° = 11° within several
sets of bundle proteins that have been analyzed (Bowie,
1997; Ulmschneider and Sansom, 2001). For proteins in
which lipid interactions dominate, such as those with a
single membrane-spanning «-helix, the situation is less
clear. Model lipid/protein systems that employ single mem-
brane-spanning helices would be useful for investigating
these lipid interactions and the resulting intrinsic tilt of the
peptide helix.

Important differences between soluble proteins and mem-
brane proteins arise because of the dielectric gradient across
a membrane, the properties of the membrane/water inter-
face, and the directional orientation of membrane-spanning
proteins. The fluid-mosaic model (Singer and Nicolson,
1972) allows membrane proteins to diffuse within the bi-
layer, yet restricts them firmly to the bilayer plane and
permits little motion in the perpendicular direction. An
anchoring relative to the bilayer normal could be accom-
plished through specific interactions at the interface. To
investigate a variety of lipid interactions, we have devel-
oped a useful model system of tryptophan-anchored, un-
charged, membrane-spanning peptides, sometimes desig-
nated as WALP peptides, in which pairs of Trp residues
near the N- and C-terminals flank a highly a-helical (Leu-
Ala), hydrophobic core (Killian et al., 1996). The WALP
peptides orient strongly in a transmembrane direction (Kil-
lian et al., 1996), seem to experience little or no aggregation
under typical experimental conditions (de Planque et al.,
1998), and influence lipid phase behavior as a function of
the relative hydrophobic matching of the lipid and peptide
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lengths (Killian et al., 1996; de Planque et al., 1999; van der
Wel et al., 2000).

As in soluble proteins, internal hydrogen bonding of
a-helices and 3-sheets is important for membrane proteins
and, in fact, even more important because of the energetic
cost of burying a non-hydrogen-bonded peptide amide in a
lipid bilayer (White and Wimley, 1999). The secondary
structure elements of membrane proteins strongly resist
denaturation and (to span the membrane) tend toward
greater average lengths than in soluble proteins (Haltia and
Freire, 1995). Members of the WALP peptide family were
found to be highly a-helical based on circular dichroism
(CD) and attenuated total reflection Fourier transform infra-
red spectroscopy (ATR-FTIR) measurements (de Planque et
al., 2001). Furthermore, the backbone N-H bonds of the
membrane-spanning a-helical (Leu-Ala), core are very sta-
ble (for weeks) against solvent (*H,O) deuterium exchange
(Demmers et al., 2000, 2001). CD spectra from oriented
WALP peptide/lipid samples are consistent with peptides
aligned in an orientation that is approximately parallel to the
membrane normal (Killian et al., 1996). The polarized
ATR-FTIR spectra additionally suggest that WALP pep-
tides of a total length between 16 (WALP16) and 25
(WALP25) residues have tilt angles of less than 10° from
the dimyristoylphosphatidylcholine (DMPC) bilayer normal
(de Planque et al., 2001).

In this study, we use solid-state deuterium NMR spec-
troscopy to narrow the range and define more precisely the
tilt of the 19-amino-acid (WALP19) member of the WALP
peptide family, acetyl-GWWLALALALALALALWWA-
ethanolamine, in three different bilayer-forming lipids, di-
lauroylphosphatidylcholine (DLPC), DMPC, and dio-
leoylphosphatidylcholine (DOPC). Single, specific alanines
in WALP19 were labeled with deuterium, and the corre-
sponding spectra were recorded using oriented, hydrated
lipid/peptide samples. The results are consistent with a
small but well defined helix tilt and spectral averaging about
the bilayer normal but not about the helix axis. This *H
NMR method for investigating the transmembrane helix
orientation, based on the geometric analysis of labeled ala-
nines (GALA) can complement other methods that include
oriented "N NMR (Harzer and Bechinger, 2000), two-
dimensional '"H-">N dipolar coupling/'°N chemical shift
polarization inversion with spin exchange at the magic
angle (Marassi and Opella, 2000; Wang et al., 2000), and
site-specific infrared dichroism (Kukol and Arkin, 1999,
2000; Torres et al., 2000). A GALA-type approach was
described before in the examination of the orientation and
motion of the transmembrane domain of the epidermal
growth factor (Jones et al., 1998). In addition to the
peptide orientation, we also were able to refine the ge-
ometry of the alanine side chains with respect to the
a-helical backbone.
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MATERIALS AND METHODS
Materials

Fmoc-L-Ala Wang resin and Fmoc-protected amino acids were purchased
from Advanced ChemTech (Louisville, KY) and NovaBiochem (San Di-
ego, CA). Deuterated L-alanine-d, and deuterium-depleted water were
obtained from Cambridge Isotope Laboratories (Andover, MA). DLPC
(di-C12:0-PC), DMPC (di-C14:0-PC), and DOPC (di-C18:1.-PC) were
obtained from Avanti Polar Lipids (Alabaster, AL). 2,2,2-Trifluoroethanol
was purchased from J.T. Baker (Phillipsburg, NJ), and methanol was from
Burdick and Jackson (Muskogee, MI).

Peptide synthesis

The peptides were synthesized by solid-phase synthesis on an Applied Bio-
systems (Foster City, CA) 433A synthesizer using fastMoc chemistry (Great-
house et al., 1999, 2001). Beforehand, deuterated L-alanine-d, had to be
coupled to an N-terminal Fmoc protecting group, as described in Greathouse
et al. (1999). The peptide sequence was acetyl-GWW(LA),LWW A-ethanol-
amine, with ?H-labeled alanines at position 5, 7, 9, 11, 13, or 15. Peptide
identity and purity were confirmed by mass spectrometry and reversed-phase
high-performance liquid chromatography.

Oriented NMR samples

The oriented NMR samples consist of macroscopically aligned lipid bi-
layers containing the peptides in a membrane-spanning orientation. These
experiments were done at a 1:20 peptide/lipid ratio, but a test with a 1:40
peptide/lipid ratio yielded identical results. The procedure for aligning the
samples was based on a number of previously published techniques (Cor-
nell et al., 1988; Lee and Cross, 1994; Koeppe et al., 1996). A peptide-lipid
mixture was prepared from 4 wmol of peptide and 80 wmol of lipid
dissolved in trifluoroethanol and chloroform, respectively. The solvents
were removed under nitrogen flow followed by drying under vacuum.
After dissolution in 1 ml of either methanol or 95% methanol/5% water
(v/v), the mixture was distributed over 40 glass plates (4.8 X 23 X 0.07
mm; Marienfeld Laboratory Glassware, Lauda-Konigshofen, Germany).
Solvents were removed by drying under vacuum (=0.010 torr) for 2 days.
The sample plates were hydrated with an amount of deuterium-depleted
water required for a 40% (w/w) hydration and immediately stacked to-
gether. Increased and faster alignment was obtained by applying some
pressure to the stacked plates. The stack was inserted into a glass cuvette,
empty glass slides were added if necessary to ensure a tight fit, and the
cuvette was carefully sealed with quick-drying epoxy.

NMR measurements

All NMR measurements were performed at 40°C to ensure that the lipids
are in the liquid crystalline phase. Lipid alignment within the samples was
measured by oriented solid-state *'"P NMR with proton decoupling, using
a custom-made *'P NMR probe from Doty Scientific (Columbia, SC) and
a Bruker AMX2 300 spectrometer, modified for wideline operation.

Oriented deuterium NMR experiments were performed using a quadru-
polar echo pulse sequence with full phase cycling (Davis et al., 1976), with
a 3-us pulse time, 30—75-us echo delay, and a 30-ms interpulse time.
Experiments in which the interpulse time was varied from 30 to 900 ms
showed no significant change in the spectra. The aligned samples were
measured in two different orientations: with the normal to the lipid bilayers
aligned either parallel to the applied magnetic field (8 = 0°) or perpen-
dicular to it (8 = 90°). After application of a 100-Hz line-broadening to the
spectra, the magnitude of the quadrupolar splitting (|Avq|) of each doublet
was determined as the distance between the peak maxima.
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TABLE 1 Definitions of structural parameters used in
this manuscript

Parameter Description

B Angle between the membrane normal and the magnetic
field

e Angle between the alanine side chain (C,-Cz bond) and the
helix axis

p Rotational angle of the helix, defined relative to glycine 1

T Tilt angle of the helix, relative to the membrane normal

0 Angle between labeled group (C,-Cg bond) and the

magnetic field

Analysis procedure

In the absence of motion, the ?H NMR signals of a deuteron are separated
by a quadrupolar splitting Av, that can be related to the orientation of the
carbon-deuterium bond relative to the applied magnetic field using the

equation:
Ay, = (;)(6 ZQ)(; [3 cos?0 — 1])

The magnitude, but not the sign, of Ay, can be determined experimentally.
The ratio e’qQ/h is the quadrupolar coupling constant (QCC), and 6 is the
angle between the magnetic field and the C-D bond direction (see also
Table 1). Aliphatic carbon-deuterium bonds have a QCC of 168 kHz
(Burnett and Muller, 1971) in a static situation in which there is no
motional averaging. In the case of oriented gramicidin A in lipids, an 8%
reduction of this value is sufficient to account for wobbling motions of the
backbone (Hing et al., 1990; Prosser et al., 1991; Killian et al., 1992).
Because the WALP19 a-helix is likely to exhibit at least as much backbone
motion as the gramicidin B-helix, most of our calculations employ a
reduced value of 155 kHz (92% of 168 kHz); nevertheless, calculations that
used either the static value of 168 kHz, or a further reduced value of 140,
led to similar conclusions. The very rapid rotation of the alanine methyl
group results in a local motional averaging of the methyl deuteron splitting,
equivalent to multiplying the quadrupolar coupling constant by —'5 (Kil-
lian et al., 1992). (Deviation of the methyl group from an ideal tetrahedral
geometry might slightly modify this effective QCC.) Also in this case, 6 is
defined as the angle between the magnetic field and the C,-Cg bond of the
alanine. Additional motional averaging is caused by rapid axial reorienta-
tion around the membrane normal, as is typical of components in liquid
crystalline bilayers. When the axis of motional averaging (i.e., the mem-
brane normal) is aligned with the magnetic field, the observed splittings are
not affected by this motion. However, when 3 = 90° (defined above) this
motion reduces the splittings of all affected signals by 50%, relative to their
quadrupolar splitting at B = 0°.

In the context of an a-helical peptide, several characteristics influence
the observed quadrupolar splittings. For the rapidly rotating CD; group, for
instance, the 6 angle is dictated by the precise local direction of the C,-Cg
bond as well as by the global helix orientation. The local side-chain
orientation can be characterized by defining two separate angles, one along
the helix direction (g)) and another within the plane perpendicular to the
helix direction (e ). For our initial structural model, we used the amino
acid library associated with the molecular modeling program Insight II
v2000 (Accelrys, Princeton NJ), which assigned to alanines in an a-helix
the values € = 56.2° and €, = 43.3° (Fig. 1, 4 and B). Similarly, Jones
et al. (1998) reported using Insight II to obtain values of 56° for € and
37.4° for €,. Interestingly, for the B-carbons of 17 other amino acids
(excluding glycine and proline) in a-helices, the Insight II library assigns
values that range from 55° to 60° for € and from 41° to 48° for €, .

Using the WALP19 model for determining the relative orientations of
all involved CD; bonds, the peptide was allowed to sample a range of
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possible orientations away from alignment with the membrane normal. The
tilted orientation is defined by two parameters: a rotation angle p, for
rotation around the helical axis, and a tilt angle T between the helix axis and
the membrane normal. We choose p as the angle between the direction in
which the peptide is tilted and a line that joins the helix center and the
C,-carbon of glycine 1. Fig. 1 C illustrates exactly how these angles were
used to first rotate and then tilt the helical peptide model. During the
calculation, the peptide was rotated to p being 0—360°, in steps of 2°, and
for each p, tilted from 7 of 0° to a maximum 7 of 45°, in steps of 0.2°.
Additional calculations were performed in which also the uniform local
geometry of all alanine side chains was changed, by varying the position of
Cj while keeping both the bond length and the C,, position fixed. These
calculations varied € by up to 5° from the initial side-chain orientation;
allowing a larger change was physically unreasonable and did not yield any
additional solutions. The perpendicular angle €, was kept at the initial
value, because a change in this parameter is geometrically indistinguish-
able from changing p. The potential variation in €, is not expected to
significantly affect the final conclusion of our analysis, however (see
Discussion).

For each fixed conformation, defined by (7, p) and €, one can determine the
angle of each of the C,-CgD; bonds with respect to the magnetic field and
calculate the corresponding quadrupolar splittings. Each conformation is char-
acterized by an error represented by the square root of the mean squared
difference (RMSD) between the calculated values and the actually measured
splittings. These error values were used to compare the quality of fit for each
combination of local helix geometry and global helix orientation.

RESULTS
Sample alignment

The lipids in each sample were well aligned, as determined
by solid-state >'P NMR. As an example, the *'P NMR
spectra for samples of DOPC with and without 5 mol %
WALP19 are shown in Fig. 2. The spectra for § = 0° show
an intense low field peak due to the lipids in the oriented
bilayers in both samples. A small additional NMR signal
with a high field maximum can be seen, indicating the
presence of a minor population of non-oriented lipids. The
aligned lipid fraction constitutes ~90% of the signal inten-
sity, regardless of whether or not 5 mol % WALPI9 is
present in the liquid-crystalline lipid sample. The spectra at
B = 90° reconfirm the alignment. The lipid alignment of
samples containing DLPC or DMPC was generally similar
to, or better than, that of the DOPC samples (results not
shown).

WALP19-A’-d, in DOPC

The orientation of the membrane-spanning WALP19 pep-
tide was studied by ’H NMR when 8 = 90° or B = 0°. One
expects two pairs of peaks for an Ala-d,-labeled peptide: an
intense doublet for the rapidly rotating Cg methyl group and
a weaker doublet for the backbone deuteron, attached to the
C,, carbon. For a completely rigid, standard a-helix that is
perfectly aligned with the membrane normal, the 6 angles
would be identical to the angles that the alanine C,-D and
C,-C bonds make with the helix axis. Based on the initial
model a-helical structure, from the Insight II library, € was

Biophysical Journal 83(3) 1479-1488
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FIGURE 1
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Parameters to define helix geometry and orientation. (4) Schematic representation of the WALPI19 a-helix, illustrating the initial

conformation used in the calculations. The z axis is defined parallel to the membrane normal, and the peptide helix axis is aligned with this direction. The
X axis is set to intersect with the C,, of glycine 1 (indicated by a black dot). (B) Definition of angles € and €, that describe the Ala side-chain orientation.
€| is the angle between the C,-Cg vector and the helix axis, whereas €, is the angle with the vector pointing from the helix center through the C,, atom.
(C) Rotation and subsequent tilting of the helix. The top figure shows a rotation of the helix by p degrees. A subsequent tilt by 7 degrees yields the final
orientation, as shown in the bottom figure. The z axis remains aligned with the membrane normal. One tryptophan and the backbone atoms are shown in

a black stick representation, with the Gly, C, shown as a black dot.

61.4° for the alanine C,-D bond, and € was 56.2° for the
C,-Cp bond. These angles would correspond to 39-kHz and
3-kHz quadrupolar splittings, respectively, for the g =
sample orientation, using an effective QCC of —52 kHz.
Fig. 2 shows *H NMR spectra for WALP19-A’-d, in
DOPC. The B = 0° spectrum contains a high-intensity
doublet with a quadrupolar splitting [Av,| of 11.4 kHz.
When B = 90°, a high intensity doublet is observed with
|Av,| of 5.8 kHz. These intense signals are assigned to the
deuterons of the alanine side-chain methyl group. Thus, the
quadrupolar splitting deviates significantly from the value
expected for a nontilted standard a-helix. The observed
factor-of-two reduction in |Av| is consistent with a rapid
uniaxial reorientation of the peptide around the membrane
normal, as expected for oriented peptides in liquid-crystal-
line bilayers. The relatively narrow lineshape of these peaks
suggests that the peptide adopts one clearly defined orien-
tation within the bilayer, although the possible occurrence
of multiple orientations that undergo fast motional averag-
ing (relative to the NMR timescale) cannot be excluded.
Unfortunately, the backbone signals could not be ob-
served for this sample. In addition to their weak intensities,
it is possible that the backbone deuterons have a much

Biophysical Journal 83(3) 1479-1488
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FIGURE 2 NMR measurements of samples consisting of WALP19 in
oriented liquid-crystalline DOPC bilayers, at B = 0° (4, C, and E) and B =
90° sample orientations (B, D, and F). The *'P NMR spectra of the oriented
bilayers, either with 5 mol % WALP19 incorporated (4 and B) or without
peptide (C and D), indicate that the lipids are highly aligned on the glass
plates, both in the presence and absence of peptide. The 2H NMR spectra
of 5 mol % WALP19-A’-d, in DOPC bilayers (£ and F on the same
absolute intensity scale) contain a well defined doublet, ascribed to the
labeled methyl group. The twofold reduction in quadrupolar splitting of
this doublet at B = 90° (F), compared with 8 = 0°, shows that the peptides
undergo rapid uniaxial reorientation around the normal to the oriented
membrane. All measurements were performed at 40°C.
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FIGURE 3 2H NMR spectra of WALP19-A*-d, aligned in the three

lipids DLPC, DMPC, and DOPC. The sample orientation in all of these
experiments is 3 = 90°, and all lipids are in the liquid-crystalline phase at
the experimental temperature of 40°C.

larger longitudinal relaxation time than the methyl groups,
but even when using longer interpulse times, we were
unable to observe backbone signals. The situation stands in
contrast to oriented transmembrane gramicidin channels, for
which C,_-*H backbone deuterons consistently are observed
at quadrupolar splittings that uniformly indicate a B-helix in
near perfect alignment with the bilayer normal (zero tilt)
(Killian et al., 1992; Lee et al., 1995; Jude et al., 1999). Due
to the lack of C_-?H signals, only the methyl group peaks
can be used for geometric analysis. The quadrupolar split-
ting of the methyl doublet of alanine 7 is significantly larger
than the expected value for an untilted a-helix. Such a
deviation could be indicative of a number of different sce-
narios. Labeling several different alanines within the
WALP19 sequence allows a more detailed analysis.

Multiple alanine labels

WALP19 peptides containing a *H-labeled alanine at posi-
tion 5, 7,9, 11, 13, or 15 were incorporated within oriented
lipid bilayers and examined by *H NMR. Fig. 3 shows the
B = 90° spectra for each differently labeled peptide in
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TABLE 2 Magnitudes of methyl group quadrupolar splittings
observed for deuterated alanines at positions 5, 7, 9, 11, 13,
and 15 in WALP19

Peptide [Avy| (kHz2)
WALP19-A*-d4 DLPC DMPC DOPC

Ala-5 7.2 6.6 44
Ala-7 33 7.8 11.4
Ala-9 11.3 8.7 7.0
Ala-11 2.6 4.6 6.8
Ala-13 14.0 12.8 11.9
Ala-15 0.0 0.0 1.5

All |Avq| values are for a 8 = 0° sample orientation and a temperature of
40°C. The experimental errors in these values are ~0.5 kHz.

DLPC, DMPC, and DOPC. In some cases low-intensity
signals were observed at both sample orientations and were
ascribed to the methyl groups in a minor fraction of non-
aligned peptide. As for WALP19-A’-d, in DOPC, unam-
biguously assignable backbone peaks were not observed in
these spectra. At B = 0°, the (methyl) signals had quadru-
polar splittings twice as large as observed in the displayed
spectra at B = 90°. Those splittings at 8 = 0° are listed in
Table 2. Based on repeated measurements and duplicate
preparations of several of the samples, the experimental
error in |Ay,| is estimated to be +0.5 kHz. This equates to
~=*0.26° difference in 6 angle. The observed differences as
functions of alanine sequence position and lipid environ-
ment are much larger than this experimental error.

Based on the initial model structure of a nontilted a-helix,
each alanine methyl group should give an identical splitting
of ~3 kHz, independent of sequence position. Alterna-
tively, a tilted, but straight helix that rotates rapidly around
its own axis also would give identical |Av,| values for all of
its alanines, with the value determined by the helix orien-
tation. A significant variation in the quadrupolar splittings
was observed however, showing a specific trend that cor-
relates well with the positions of the alanines on a helical
wheel plot (see Fig. 4). This trend is the basis for the more
detailed quantitative investigation that follows.

Analysis: spectral fitting

The model of a straight but tilted helix was used in an initial
simulation of the observed data. Limited global motional
averaging was simulated by using a reduced effective QCC
of —155/3 kHz. The initial calculations, based on an un-
modified WALP19 model from the Insight II library,
yielded a similar optimal peptide orientation in each lipid.
These best fits have low 7 tilt angles, 4.0° in DLPC, 4.4° in
DMPC, and 4.6° in DOPC, and a rotational angle p of
between 122° and 130°. For each lipid, Fig. 4 4 graphs the
helical-wheel-position dependence of the methyl groups’
quadrupolar splittings, both for the theoretical peptide mod-
els and the experimental data. Despite a general match

Biophysical Journal 83(3) 1479-1488
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>

FIGURE 4 Comparison of experimental and the- A
oretical *H NMR quadrupolar splittings [Av,|. (4)
Optimal solutions found using the initial Ala side-
chain angle of g = 56.2° from the Insight II library.
(B) The same as A after fine tuning of this parameter.
The lines represent the theoretical graphs on which
the quadrupolar splittings of the alanines would lie,
for the predicted WALP19 orientation in DLPC (sol-
id blue line), DMPC (dashed red line), and DOPC
(dotted black line). The measured data are shown as

=}
h
.

|Av,| (kHz)
°

(=
1

squares, triangles, and diamonds, respectively. 0

between experiment and simulation, the associated RMSD
errors, between 2.4 and 3.7 kHz, are much larger than
expected based on the experimental errors.

Additional fine-tuning of the simulation was performed
by allowing small deviations of the alanine CD; groups
from their orientation in the initial library model, by up to 5°
in €. This minor adjustment led to a significant improve-
ment of the fits to the data, indicated by large reductions of
the RMSD values. The best results were observed for ¢
angles (identical for each alanine in the helix) of 58.6° in
DLPC, 58.8° in DMPC, and 59.2° in DOPC (see Table 3).
Whether this apparent trend from lipid to lipid has physical
significance is unclear. The RMSD values are reduced to
less than 1 kHz, in agreement with the errors in the exper-
imental measurements. Such deviations correspond to a
deviation in the 6 angles of less than 0.5°. The obtained
peptide orientations have a slightly reduced tilt angle 7 of
between 3.6° and 4.0° and rotational angles p that are offset
by 40-90° from the preliminary values. Fig. 4 B displays
the comparison of these improved fits with the experimental
results, illustrating the high level of matching that was
obtained with these structural parameters.

These final simulations were examined in more detail by
graphing the RMSD errors for all tilt and rotation angles,
using contour plots (Fig. 5). The calculations were per-
formed with € of the methyl groups set to each of the
optimal angles as listed in Table 3. As before, the €, angle
was kept at its original value. The contour plots clearly
indicate a preference for one well defined orientation in all

TABLE 3 WALP19 orientations in DLPC, DMPC, and DOPC

0 120
Helical Wheel Position (°)

- 0 T T
360 0 120 240
Helical Wheel Position (°)

240 360

lipids. It is furthermore clear that the error is significantly
more sensitive to changes in 7 than to changes in p.

Analysis: dynamics/motion

The calculations described above were performed using an
effective QCC of —(0.92 X 168 kHz)/3 = —52 kHz, to
simulate a similar extent of overall motional averaging, as
has been reported for the backbone of gramicidin channels.
To explore the effect of an uncertainty in the exact value of
the QCC, the calculations were also performed with QCCs
of —56 and —47 kHz. A value of —56 kHz is equivalent
with a static situation, and the —47-kHz value signifies a
significantly larger motion than seen in gramicidin. As seen
in Table 3, using these two extremes leads to only minor
changes in the T and €| angles, whereas the rotational angles
and RMSD values remain largely unaffected. These data
show that even if the actual dynamics of the peptide deviate
from our primary assumption, the results remain valid.

DISCUSSION

The tryptophans of WALP peptides exhibit affinity for the
membrane-water interface and are responsible for anchoring
the peptides in approximately transmembrane orientations.
WALP peptides were the first membrane-spanning a-heli-
cal peptides that were shown to influence phospholipid
phase behavior as a function of the relative hydrophobic

DLPC DMPC DOPC
QCC RMSD RMSD RMSD
(kHz) (7, p) g (kHz) (7, p) g (kHz) (7, p) g (kHz)
—47 (4.0, 172) 59.0 0.87 (4.0, 196) 59.2 0.84 (4.4,212) 59.6 0.66
—-52 (3.6,172) 58.6 0.87 (3.6, 194) 58.8 0.83 (4.0, 216) 59.2 0.66
—56 (3.4,172) 58.2 0.86 (3.4,192) 58.6 0.85 (3.6, 210) 58.8 0.66

The combination of tilt (1) and rotation (p) angles defines the optimal helix orientation, and the angle & describes the optimal alanine side-chain
conformation (for all labeled alanines in the helix). The error value indicates the difference between the calculated and measured splittings, expressed as

the RMSD.

Biophysical Journal 83(3) 1479-1488
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40+ A
FIGURE 5 Conformational dependence of the qual-  —~
ity of fit. (4—C) The error in the three lipids DLPC, 3]
DMPC, and DOPC varies as a function of the peptide ~ @
tilt and rotation. The contour levels indicate confor- %‘)20-
mations with a RMSD between the calculated and ff_.
measured splittings of 0—10 kHz. These results were :

. . .. . . . 104

obtained using the optimized alanine side-chain geom-
etries and a QCC of —52 kHz.

OU 120

lengths of the peptide and lipid molecules (Killian et al.,
1996). In this article, we have examined the WALP19
orientation with respect to the membrane normal in more
precise detail than was previously possible using CD or
polarized ATR-FTIR.

Measurements using two different sample orientations
(B = 0° and 90°) indicate that the peptides experience rapid
axial reorientation about the membrane normal, typical of
fluid membrane components. The magnitude of the quadru-

FIGURE 6 Schematic representation of the WALP19 orientations in
DLPC (4 and B) and DOPC (C and D). (4 and C) A side view from a
direction perpendicular to the plane in which the peptide is tilted, with the
membrane normal indicated by a solid line and the helix axis by a dashed
line. (B and D) Corresponding top views as seen down the membrane
normal. The backbone and one tryptophan are shown in a black stick
representation. The arrows indicate the direction of tilt.

Rotation Angle p (°)
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360°0

polar splittings and their variation with sequence position
indicate that the peptide is restricted from experiencing
rapid reorientation around its own axis and has a small
nonzero tilt away from the membrane normal. Remarkably,
this tilt was found to be close to 4°, seemingly independent
of the lipid environment in which the peptide is imbedded.
The main difference between the lipid systems is the way
the peptide is rotated within the membrane. Fig. 6 shows the
WALP19 orientations in DLPC and DOPC to illustrate the
(small) peptide adjustments in the different lipid systems
and for comparison with the untilted conformation.

A central issue in the GALA calculations is the position
dependence of the CD quadrupolar splittings. Fig. 7 illus-
trates how each parameter influences different aspects of the
sequence dependence. The cylindrical nature of the helix
dictates that the splittings should follow a sine-shaped
curve. The amplitude of this curve is determined by the
peptide tilt 7, the phase is determined mostly by the peptide
rotational angle p, and the zero level of the sine wave is
equal to the expected quadrupolar splitting for the untilted
peptide. This latter parameter is determined by the helical
structure itself, specifically by the € angle that defines the
precise orientation of the alanine side chain relative to the
helix axis. Because each different parameter affects a dif-
ferent aspect of the theoretical curve, it was possible to

I EIH

| 120 240 360

Quadrupolar Splitting

p_BJ.

Helical Wheel Position ()

FIGURE 7 Dependence of the Ay, trend on helical wheel position and
structural parameters. This figure illustrates how the different conforma-
tional and structural parameters used in this study affect the dependence of
the splitting on helical wheel position. The predominant factors affecting
each characteristic of the sine curve are noted in the figure (see text for
additional details).
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optimize each of them independently based on our experi-
mental data. One complication is that the sine phase is also
dependent on the €, angle. However, we observed a rela-
tively large uncertainty in the p angle and expect any
deviation of the €, angle to be small, as is the case for the
€ angle. This suggests that not knowing the exact value of
€, does not affect the general conclusions. Other experi-
ments will be necessary to study this parameter.

We found that the best fit was obtained when the g
side-chain angles were set to ~58.8°. At ~2.6° from the
original alanine angle in the Insight II library, this is well
within the range of angles assigned for the different types of
amino acids. This partial geometrical analysis of the a-he-
lical conformation of this peptide is remarkable both be-
cause of its apparent large sensitivity and the fact that it was
done with the peptide present in the hydrophobic core of the
lipid bilayer. It is conceivable that this environment could
affect the precise helical conformation and cause it to differ
slightly from a similar helix in a more hydrophilic environ-
ment. Such detailed information could be important for
increasingly detailed examination of membrane protein
structures and their interactions with each other and other
membrane components. (We note that € will be sensitive
to small adjustments in the backbone ¢ and ¥ angles.
Although standard protein structure refinement strategies
do not refine this parameter directly, a precise value for
€| could nevertheless be included as an additional con-
straint during the refinement of some a-helical portions
of structures.)

The membrane is known to be a highly dynamic envi-
ronment. Our “H NMR results are nevertheless consistent
with a tilted peptide that is motionally restricted. A re-
stricted (or slow) motion of a membrane-spanning peptide
was similarly observed in the examination of the epidermal
growth factor receptor (Jones et al., 1998). The simulated
reductions in QCC could correspond to limited transient and
local fluctuations in the a-helical structure, limited whole-
molecule motions, or even deviations of the methyl groups
from perfect tetrahedral geometry. Other possible types of
global motion would involve dynamic variations in the tilt
and/or rotation angles. Our data are inconsistent with a rapid
full rotation around the helix director, but the contour plots
in Fig. 5 do show that the error level is more tolerant of
changes in p than in 7. This finding would suggest that
whereas the tilt angle is relatively well defined, a larger
uncertainty, or slippage, is permissible for the rotational
angle. Some specific motions that were simulated, such as a
jumping motion (alternating between two specific p angles)
or a rolling motion (sampling a range of p-values), did not
significantly improve the calculated fits (results not shown).

In a format inspired by the PISEMA/PISA wheel dia-
grams that so elegantly illustrate the determined tilt direc-
tion (Marassi and Opella, 2000; Wang et al., 2000), a
graphical representation of our data is shown in Fig. 8. A
polar graph was used to produce a circular plot of the
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GI/A19

All

W18

FIGURE 8 Polar coordinates were used to chart the magnitude of |Avq|
as it varies around the helical wheel. Quadrupolar splittings of 0 kHz are
located on the origin. The magnitude of other splittings is indicated by the
distance from the graph’s origin, in the direction of the alanine positions
indicated along the outside perimeter. Data points are shown as squares
(DLPC), triangles (DMPC), and diamonds (DOPC). The curves indicate
the best-fit values. The position-independent Av, for the untilted peptide is
shown as a dashed circle (for g =~ 59°). Colored arrows indicate the
direction of tilt in the different lipids (see text for additional details).

dependence of the quadrupolar splitting on the position in a
helical wheel (the magnitude of |Av,| is indicated by the
distance from the graph origin). The experimental data and
the calculated curves are shown as colored data points and
lines, respectively. The figure illustrates that alanines char-
acterized by a large splitting are localized on one side of the
helix, close to the direction of peptide tilt (indicated by the
colored arrows). More precisely, the exact direction of tilt is
43° (i.e., €, ) farther along the helical wheel than the max-
imum on the theoretical Avq curve, as illustrated in the
figure for DOPC (black lines). This reflects the fact that the
peptide tilt causes the alanines on that side of the helix to
have their methyl groups oriented the farthest away from the
magic angle. Fig. 8 also allows one to examine the distri-
bution of the different amino acids around the helix and
relative to the direction of tilt. In WALP19 the tryptophan
interfacial anchors are all found on one side of the helical
wheel. Remarkably, in each of the lipids, the peptide tilt
appears to be directed toward this side of the helix.

An intriguing question relates to what factors could cause
the peptide to adopt such a specifically preferred and mo-
tionally restricted orientation. Although complex membrane
proteins largely determine their structures through interac-
tions of adjacent transmembrane helices, our system has
been shown to experience relatively little aggregation (de
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Planque et al., 1998). If WALP19 does dimerize, the nar-
rowness of the observed peaks would suggest that both
peptides are equivalent and in an identical orientation to the
magnetic field. Such a dimer would rotate freely around its
symmetry axis (which could be the membrane normal),
whereas the peptides would be fixed relative to each other,
with an approximate 8° crossing angle. However, such an
angle would seem quite small for traditional knobs-in-holes
side-chain packing, and it is not clear what other interac-
tions would be available to stabilize such a dimer.

The orientation could also be determined by peptide-lipid
interactions. A positive hydrophobic mismatch of a trans-
membrane peptide with a thinner lipid bilayer is one poten-
tial cause for tilting (Killian, 1998; Harzer and Bechinger,
2000). The hydrophobic thicknesses, defined as the distance
between the C-2 carbons of the acyl chains, of DLPC,
DMPC, and DOPC are ~24 A, ~26 A, and ~27 A, respec-
tively (Nagle and Tristram-Nagle, 2000). Unexpectedly, we
see very minor changes in tilt orientation under this range of
conditions, and we even observe a peptide tilt in the thickest
bilayer. Also, even a 5° tilt of WALP19 would only change
its effective transmembrane hydrophobic length by roughly
0.1 A (the difference in projection along the membrane
normal for a peptide of 19 residues, i.e., 19 X 1.5 A). This
will hardly be able to compensate for a hydrophobic mis-
match estimated to be several angstroms. Our experiments
therefore seem to agree with previous experiments that
already have indicated that mismatch conditions cause the
lipids to adjust, rather than the peptides. WALP19 causes
the order parameter of the lipid acyl chains of DLPC and
DMPC to increase, suggesting changes in lipid dynamics or
the effective acyl chain length in response to the presence of
WALPI19 (de Planque et al., 1998).

Because the peptide tilt is relatively insensitive to the
bilayer thickness, it appears that the peptide orientation
might be largely determined by features common to all three
lipids or by characteristics inherent to the peptide itself. For
instance, the surface pattern caused by the alternating ala-
nine and leucine residues might optimally interact with the
lipid acyl chains in a specific tilted orientation of the pep-
tide. Such a relation between surface characteristics and
transmembrane peptide behavior has recently been sug-
gested (Lewis et al., 2001; Zhang et al., 2001). Another
important characteristic is the presence of tandem trypto-
phan residues asymmetrically situated at the extremities.
(Although two tryptophans are present near each end of
WALPI19, their dispositions with respect to the directional
backbone will be different at the N- and C-terminals.) These
membrane interface anchors are thought to have a specific
preferred orientation in their interaction with the membrane
interfacial region (Yau et al., 1998), which should be similar
in all three lipids (Persson et al., 1998). To achieve quasi-
equivalent orientations for each indole ring, the peptide
could change its tilt and/or exploit the inherent flexibility of
the tryptophan side chains (Petrache et al., 2002). The role
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of the tilt would be to change the direction and depth of the
(backbone-linked) C,-Cg bonds relative to the membrane.
Naturally, with the small tilt angles found in this study, the
effect on these bond orientations is relatively subtle, in the
range of at most several degrees. Nevertheless, small ad-
justments in T and p might still allow the actual indole rings
access to more favorable environments and orientations.
The need to maintain a specific, optimized orientation for
each of these bulky aromatic side chains could also explain
the resistance of the peptide to reorientation around its own
axis. Examination of the behavior of labeled tryptophan side
chains in these peptides would enable further evaluation of
these ideas.

CONCLUSION

It was shown here that the geometric analysis of labeled
alanines (GALA) by solid-state “H NMR can be used to
place narrow limits on the orientation, conformation, and
lipid interactions of membrane-spanning peptides. Although
the flanking tryptophans indeed do anchor WALPI19 in an
approximately transmembrane orientation, “?H NMR spectra
from labeled alanines nevertheless are consistent with a
distinctly nonzero yet small tilt angle of ~4° for WALP19
in three different phosphatidylcholines. The tilt seems rel-
atively insensitive to the bilayer thickness or hydrophobic
mismatch, suggesting that the peptide orientation is largely
determined by characteristics inherent to the peptide itself.
A complete rationale for this behavior remains elusive but
could include an important role for the anchoring trypto-
phans. We were furthermore able to obtain some detailed
structural data on the helical geometry of a bilayer-travers-
ing peptide. These observations may provide insight con-
cerning the early stages of membrane protein assembly for
they illustrate that, even in the absence of extensive protein-
protein interactions, segments of a membrane protein
should be predisposed toward specific conformations and
orientations.

We thank Denise V. Greathouse and Matthew J. Whitley for valuable
contributions to the experiments and preparation of the manuscript.
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