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Protein Folding in Membranes: Insights from Neutron Diffraction Studies
of a Membrane B-Sheet Oligomer
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ABSTRACT Studies of the assembly of the hexapeptide Acetyl-Trp-Leus (AcWLs) into B-sheets in membranes have provided
insights into membrane protein folding. Yet, the exact structure of the oligomer in the lipid bilayer is unknown. Here we use
neutron diffraction to study the disposition of the peptides in bilayers. We find that pairs of adjacent deuterium-labeled leucines
have no well-defined peak or dip in the transmembrane distribution profiles, indicative of heterogeneity in the depth of mem-
brane insertion. At the same time, the monomeric homolog AcWL, exhibits a homogeneous, well-defined, interfacial location in
neutron diffraction experiments. Thus, although the bilayer location of monomeric AcWL, is determined by hydrophobicity
matching or complementarity within the bilayer, the AcWLs molecules in the oligomer are positioned at different depths within
the bilayer because they assemble into a staggered transmembrane B-sheet. The AcWLs assembly is dominated by protein-
protein interactions rather than hydrophobic complementarity. These results have implications for the structure and folding of
proteins in their native membrane environment and highlight the importance of the interplay between hydrophobic comple-

mentarity and protein-protein interactions in determining the structure of membrane proteins.

INTRODUCTION

The folding of hydrophobic polypeptide segments of mem-
brane proteins in their native environment occurs in the con-
text of the highly anisotropic lipid bilayer. About half of the
thickness of the lipid bilayer is attributed to the essentially
nonpolar hydrocarbon core, whereas the other half is the
chemically heterogeneous bilayer-water ‘‘interface’ (1,2).
The bilayer is thus characterized by a complex distribution of
hydrophobicity (or polarity) along the bilayer normal (3). A
prevailing view of protein folding in membranes is that the
complementarity between the hydrophobicity of an embed-
ded segment and the bilayer hydrophobicity profile is the
predominant driving force determining polypeptide disposi-
tion across the bilayer (3,4). Specific protein-protein inter-
actions occur within the structural bounds determined by this
complementarity. An alternative scenario can be considered
in which protein-protein interactions can be a predominant
driving force for membrane protein folding, such that the
hydrophobic complementarity can be compromised to sat-
isfy protein-protein interactions (5-8). In this article, we ad-
dress this issue by determining the depth of penetration of
amino acids within the membrane-embedded oligomer of the
hexapeptide Acetyl-Trp-Leus (AcWLs) and its monomeric
homolog Acetyl-Trp-Leuy (AcWL,).

The hexapeptide AcWLs has been used as a model system
for studying folding of proteins in membranes (9—12). Based
on numerous biophysical experiments, a hypothetical model
was proposed in which AcWLs forms antiparallel 8-sheets
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that are centered in the hydrocarbon core in the bilayer.
Although we know that hydrogen bonding is the main driv-
ing force for folding of AcWL5 in membranes (11), this
model also contains the implicit assumption that hydropho-
bic complementarity determines the transbilayer disposition
of the peptide. In the work presented here, we used neutron
diffraction to study the transbilayer distribution of AcWLs,
and we found no well-defined position of selected leucines
within the bilayer thickness. Thus, the peptide must be
forming an asymmetric or staggered [3-sheet across the bi-
layer, and hydrophobic complementarity is not the only
determinant of the oligomer structure. Instead, the structure
of the assembled AcWLs oligomer is largely determined by
protein-protein interactions, particularly backbone hydrogen
bonding within the membrane.

Although these results are obtained for a membrane-
embedded peptide 3-sheet, we propose that they can be gen-
eralized to highlight a principle of membrane protein folding
that applies to transmembrane (TM) helices also.

MATERIALS AND METHODS
Peptide synthesis

Fmoc amino acids, Leu, Trp, and Trp(Boc), were purchased from Novabio-
chem (San Diego, CA), and deuterated Fmoc amino acid, Fmoc-Leu (D10,
side chain completely deuterated), was from CDN isotope (Pointe-Claire,
Quebec). Preloaded Fmoc-Leu Wang resin (~0.9 mmol/g) and 2-chlorotrityl
resin (~1 mmol/g) were obtained from Advanced Chemtech (Louisville, KY).

The peptides Acetyl-Trp-Leu-Leu-Leu-Leu (AcWLZ‘) and Acetyl-
Trp—Leu(DlO)—Leu(DlO)—Leu—Leu(AcWL}?) were synthesized via solid-
phase peptide synthesis on a model 431 ABI peptide synthesizer using
Fmoc chemistry (13—15). The peptides Acetyl-Trp-Leu-Leu-Leu-Leu-Leu
(AcWLY), Acetyl-Trp-Leu(D10)-Leu(D10)-Leu-Leu-Leu (AcWLD?), and
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Acetyl-Trp-Leu-Leu-Leu-Leu(D10)-Leu(D10) (AcWLE®), were synthesized
as described previously (12). The identity of each peptide was confirmed by
MALDI-TOF mass spectrometry, and purification was done using a VyDAC
218TP510 C18 column using a water/acetonitrile gradient in the presence
of 0.1% trifluoroacetic acid. Circular dichroism (CD) and fluorescence
spectroscopy in membranes, described below, were used to demon-
strate identical structure, folding, and membrane interaction for each peptide
synthesized.

Neutron sample preparation and data analysis

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased
from Avanti Polar Lipids (Alabaster, AL), and D,O was from Cambridge
Isotope Labs (Andover, MA). Purified peptides were dissolved in methanol,
and their concentrations were determined using the tryptophan absorbance at
284 nm. Mutilayer samples containing 5 mol % AcWL4H, ACWLE, ACWL?,
ACWL?”, or ACWL5D56 were prepared by mixing POPC in chloroform and
peptides in methanol in appropriate ratios and depositing on a thin glass
slide, followed by complete evaporation of the solvents in vacuum. The
multilayer sample size was ~12 mm X 12 mm X 0.5 wm.

Neutron diffraction experiments were performed at the Advanced
Neutron Diffractometer/Reflectometer at the National Institute of Standards
and Technology center for Neutron Research, Gaithersburg, MD. Relative
humidity (RH) of 76% was achieved using a saturated NaCl solution, as
described (16). Each multilayer sample was hydrated using HO mixed with
0%, 20%, and 40% D,0. The wavelength of the neutron beam was 4.99 A.

Neutron diffraction experiments and data analysis have already been
described in detail (16). Structure factors were calculated as the square root
of the integrated intensities after absorption and Lorentz factor corrections,
and phases were assigned as previously described (16). We adopted the
so-called ‘‘absolute’ scale, ‘‘scattering length per lipid per unit length
(i.e., per unit bilayer thickness)’’, defined by White and colleagues (17-20).
Diffraction intensities were measured at 3 different H,O/D,O ratios for each
sample at 76% RH. As discussed previously, data collection for various
H,0/D,0 ratios allows the determination of the phases of the structure
factors (16). It also allows us to reduce the random noise in the experi-
mental data (20,21), which is important because large random errors in
the experimental structure factors can obscure the contrast provided by the
deuterium label. The random errors in the experimental structure factors
are minimized by placing the structure factors for each peptide on a self-
consistent arbitrary scale and linearizing them with D,O concentration, as
described previously (16). The fact that such linearization was achieved
(see Fig. 4) demonstrates that the D,O/H,O replacement is isomorphous, as
expected (16,20).

Data collected for different bilayers can be compared only if the structure
factors and the profiles are scaled and placed on an absolute (per lipid) scale
(17). Determination of the absolute profiles requires knowledge of the unit
cell contents as well as the instrumental constants k, which are the scale
factors that relate the experimentally determined structure factors to the
absolute structure factors (22). As discussed previously (20,21), the instru-
mental constants and the absolute structure factors can be determined by
comparing the scattering profiles of two samples with isomorphous unit
cells that have the same structure except for a few atoms with different
scattering lengths. The difference in scattering acts as a ‘‘label’” for the sub-
stituted atoms.

The relation between the absolute profiles p(z) and the scaled absolute
structure factors F(h) is given by:

. A 2mhz
o' (2) = p(2)S = g+ 2x 1 S Flyeos (27,
k& d

where d is the Bragg spacing, p?f is the average scattering length density of
the unit cell calculated from the known sample compositions, and /s is the
highest observed diffraction order. This equation was used to produce the
profiles shown below (see Figs. 5 A, 6,7 A, and 8 A).
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Methods for structure factors scaling: an overview

Two methods were used to scale the structure factors: the ‘real space’” and
the “‘reciprocal space’’ scaling methods.

The “real space” scaling method

This method was used by Wiener and White to scale fully resolved 1,2
dioleoyl-sn-glycero-3 phosphocholine profiles at low hydrations (20). The
idea behind the scaling is that the profiles of the isomorphous unit cells are
identical in a region that is never visited by the labeled moiety. Two points,
zy and z,, within this region are used in equations describing the profile
overlap to determine the instrumental constants for the two isomorphous
samples. Then, the parameters of the label distributions are found by fitting
Gaussian distributions to the difference profiles.

For profiles that are not fully resolved, the calculated absolute structure
factors may depend on the choice of z; and z, (21). In addition, the fitting is
based on the a priori assumption that the two profiles overlap completely at
Z1 and Z3.

The “reciprocal space” scaling method

A modified procedure was used by Hristova and White (21) that allows
precise scaling of both fully resolved and underresolved profiles, provided
that at least four structure factors are observed. This procedure takes into
account that the experimentally observed label distributions are Gaussian
and gives the instrumental constants and the parameters of the Gaussian
distribution in one step by minimizing the difference between calculated and
experimentally observed structure factors.

Isomorphous labeling

In the neutron diffraction experiments, contrast was introduced in two
ways: 1), by incorporating peptides with deuterated amino acids and 2), by
exchanging a fraction of the hydrating water with heavy water. Thus, the
“‘label’’ used in the scaling procedure could be either the 1), deuterons of the
leucine side chains or 2), the deuterons of the hydrating water molecules.
Both labels can be used to scale the data, provided that the number of
deuterons per unit cell is known. The peptide/lipid ratio was chosen as
desired during sample preparation (after careful measurements of peptide
and lipid concentrations), and therefore, the number of protein-associated
deuterons is known. In the experimental setup, however, the number of
water molecules could not be chosen as desired. Although the RH of the
atmosphere is controlled, the amount of water taken up by the bilayer
depends on the bilayer structure and the incorporated peptides. Generally,
bilayers with peptides take up water differently than pure bilayers (23,24).
Because of the uncertainty in the number of waters per unit cell, previously
scaling has been performed using labels associated with lipids or peptides
(20,21,23,24).

Water uptake was measured gravimetrically, as described below. These
measurements are, however, associated with an experimental uncertainty
because of waters that remain associated with the bilayer even under vacuum
(see below). This uncertainty affected the calculated instrumental constants
and the absolute scattering profiles. However (see Figs. 7 C and 8 C), the
difference profiles describing the distribution of deuterated leucines were not
affected.

Calculations of water distributions

The water distribution across the bilayers was determined by fitting
Gaussians to the difference between the profiles acquired for 0% D,O and
20% D,0 using the *‘reciprocal space’” scaling method. For AcWL,, the fit
gave the position and width of the water distribution and the number of water
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molecules per lipid. For AcWLs, the profiles were scaled assuming hydra-
tion of five water molecules per lipid. This fit gave the position and width of
the water distribution and the instrumental constants in one step.

Spectroscopy

Fluorescence spectroscopy was performed on a Fluorolog-3 fluorometer
(Jobin Yvon, Edison, NJ). An excitation wavelength of 290 nm was used,
and excitation and emission slits were 2 nm. POPC multilayers with 5 mol %
AcWL, or AcWLs were prepared in the same manner as neutron diffraction
samples. The multilayers were deposited on a 25 X 25 X 5 mm quartz glass
slide, which was placed in the sample chamber. Measurements were per-
formed at 76% and 100% RH, which were achieved using a saturated solu-
tion of NaCl and distilled water, respectively. The angle between the slide
and the incident beam was 35° (25).

CD measurements were performed using a 1 mm cuvette with a Jasco
J710 spectrometer. Phosphate buffer (10 mM, pH = 7) was used because of
its weak near-UV absorbance. Samples of 5 mol % AcWL?, AcWL4D,
AcWLY, AcWLP?, and AcWLD® in POPC unilamellar vesicles were pre-
pared by the following method: the peptide was first dissolved in methanol;
the methanol was removed, extruded unilamellar POPC vesicles in phosphate
buffer were added to the dry peptides, and the sample was equilibrated by
cycling three times between room temperature and 90°C.

Oriented circular dichroism (OCD) measurements were performed with
multilayer samples of POPC containing 5 mol % AcWLY, AcWL, AcWLY,
ACWL?B, and AcWL?SG, at 76% and 100% RH. Experimental details are
described elsewhere (23,26).

Determination of sample hydration

The weight of a glass slide was measured in vacuum and in a 76% RH
environment, and the difference was negligible. Multilayer samples of lipids
and peptides were prepared in the same way as for neutron diffraction
experiments. After deposition, the samples were placed in vacuum over-
night. The weights were measured as dry weights. Then the samples were
hydrated in a humidity chamber for 6 h to overnight. The weights of the
samples were then measured as the wet weights. The difference between
the wet weight and the dry weight was the weight of the water taken up. This
procedure was repeated 10 times, and the average was used to calculate the
number of water molecules per lipid. The humidity chamber was a desic-
cator with NaCl solution inside instead of desiccants.

Measurements with pure bilayers have shown that there are a minimum
of 0.2 residual waters per lipid associated with thoroughly dried lipids (27).
Our own control measurements with pure bilayers showed that one water
molecule remained associated with each lipid under ‘‘dry’’ conditions. We
assumed that the same is true for bilayers with peptides, such that the
measured hydration was corrected by adding a water molecule per lipid. It is
possible that additional water molecules may remain associated with the
peptides under vacuum. Thus, gravimetric measurements of water content
may have uncertainties in addition to the experimental errors (i.e., standard
deviations derived from 10 separate measurements) reported below. These
uncertainties impact the scaling of the structure factors and the amplitudes of
the scattering profiles but not the final results for the transbilayer distribution
of the leucine labels (see Figs. 7 C and 8 C), which are derived from
difference profiles.

Molecular modeling

Molecular modeling was used to compare the observed depth distributions
of deuterons from neutron diffraction to the distributions obtained from
putative structures of AcWLs and AcWL,. We used a database of leucine
residues in random configurations from the protein data bank (28) to deter-
mine the hard-sphere distribution of side-chain protons in leucine residues.
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The distribution was Gaussian and had a 1/e half-width of 3.06 A. We then
convoluted the ‘‘hard sphere’” distribution of deuterons across the bilayer
with a conservatively large B-factor of 200 A to give an effective Gaussian
1/e half-width of 4.66 A. The B-factor is derived from diffraction studies
(1,23) and takes into account the thermal disorder in the bilayer, with the
assumption that the peptide thermal disorder is similar to the largest lipid
thermal disorder. We started with a molecular model of an ideal octameric,
antiparallel B-sheet of AcWLs (12) in which the 3-sheets and 3-strands are
perpendicular to the bilayer. In the model the B-sheets have no twist. We
then determined the possible distributions of deuterons of the two pairs of
adjacent leucines (L2-L3 and L5-L6) for various hypothetical transbilayer
structures in which we maintained the parallel orientation of the strands but
staggered them, thus changing the distributions of strands within the sheet.
All hypothetical models that were roughly symmetric (see, e.g., Fig. 11 A)
produced peaks in the deuteron distributions that were larger than the
experimentally observed distributions. Only models with a nonsymmetric
stagger between S-strands (see Fig. 11, B and C) were consistent with the
experimental data, giving no high-contrast peaks in the transbilayer profile.

RESULTS

We have previously shown that neutron diffraction can be
used to determine the location of groups of amino acids in a
TM «a-helix in bilayers with respect to the bilayer normal
(16). In this work, we extend the methodology to the un-
structured peptide AcWL, and to the peptide AcWLs, known
to form B-sheets in bilayers. The main goal of this work
was to determine the structure of AcWLs in the bilayer by
determining the depth of penetration of its deuterated leu-
cines. These results were compared with results for AcWL,,
known to reside in the interfacial region as a monomer (29).

We synthesized five peptides, AcWL!, AcWLP, AcWLY,
AcWLD% | and AcWLEC. In each deuterated peptide, two
leucines were deuterated, introducing 20 deuterons per pep-
tide (Fig. 1 A). We have previously shown that at least 10
deuterons per peptide, at peptide concentration of a few mole
percent, are required for sufficient contrast in the neutron
diffraction experiments (16).

Neutron diffraction results for AcWL,

AcWL, is an unstructured peptide used for the development
of the first experimentally based membrane hydrophobicity
scale (29). Here we used neutron diffraction to determine the
transbilayer distribution of two of its leucines (see Fig. 1 A)
within the bilayer. Such neutron diffraction experiments rely
on the assumption that replacing amino acids with deuterated
ones does not affect the structure of the peptides or of the
bilayer with incorporated peptides. Fig. 1 B shows the CD
spectra of ACWL4H (solid line) and ACWLE (dashed line) in a
phosphate buffer in the presence of POPC large unilamellar
vesicles. The CD spectra, with minima at ~200 nm, are
characteristic of random coil peptides (30) and are identical,
as expected. The OCD signals of the two peptides are also
identical (Fig. 2 A) because the observed differences in
amplitudes are not statistically significant.

Neutron diffraction experiments were carried out with
POPC multilayers with 5 mol % AcWL} and AcWLY. The
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FIGURE 1 (A) Amino acid sequences of the five peptides studied here.

AcWL, partitions into bilayer interfaces as a monomer, whereas AcWLs
forms B-sheet oligomers. The deuterated amino acids are shown in bold. (B)
CD spectra of AcWL, (solid line) and AcWL4D (dashed line) in phosphate
buffer (pH = 7) in the presence of POPC unilamellar vesicles. The spectrum
is characteristic of unstructured proteins. (C) CD spectra of ACWL? (solid
line), AcWLE? (dotted line), and AcWLE® (dashed line) in a phosphate
buffer (pH = 7) in the presence of POPC large unilamellar vesicles. The
spectra, with minima at 215 nm and strong maxima at 198 nm, are charac-
teristic of an antiparallel 3-sheet structure. The peak in the vicinity of 230 nm
is caused by tryptophan (32). All the spectra were measured in a Imm cu-
vette containing 68 uM peptide in 10 mM phosphate solution of 1.3 mM
POPC vesicles.

diffraction patterns were indicative of lamellar phases with
Bragg spacing of ~51 A. Importantly, the width of all four
observed diffraction peaks was identical, indicative of lack
of lattice disorder and fully resolved, thermally disordered
structures (18) (see Fig. 3 for a typical diffraction pattern).
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FIGURE 2 (A) Oriented CD spectra of 5 mol % AcWL, and ACWL? in
POPC multilayers, equilibrated at 76% and 100% RH. (B) Oriented CD
spectra of 5 mol % AcWLs, AcWLP? and AcWL2® in POPC multilayers,
equilibrated at 76% and 100% RH. Peptides and lipids (molar ratio 1:19)
were mixed in methanol/chloroform, deposited on a quartz slide, and
hydrated to form multilayers. Note that the amplitude of the signal depends
on the thickness of the sample, which is hard to control. Thus, the observed
difference in amplitude in the experimental spectra is not statistically
significant (15,16).

The mosaic spread was low; a typical full-width at half-
maximum was 0.6°. The Bragg spacings for AcWLﬁI or
ACWL4D were very similar, an indication that the underlying
structure of the bilayer with incorporated peptide does not
change in the presence of the deuterium label.

Structure factors were first scaled using the reciprocal
space scaling method, as described in Materials and Methods.
The isomorphous substitution utilized in the scaling was the
exchange of 20 hydrogens with deuterons within the protein
leucines. The structure factors were measured for three dif-
ferent H,O/D,O ratios, and the random errors in the exper-
imental structure factors were minimized by placing the
structure factors for each peptide on a self-consistent arbi-
trary scale and linearizing them with D,O concentration
before scaling. The absolute structure factors are plotted in
Fig. 4 as a function of D,0 content, the values at 0% DO are
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FIGURE 3 Raw neutron diffraction data recorded for POPC bilayers with
5 mol % AcWLs, 100% H,0, 76% RH.

shown in Table 1, and the difference structure factors are
shown in Table 2. The absolute scattering length density
profiles of POPC bilayers containing 5% ACWL4H (solid line)
and ACWL4D (dashed line) are shown in Fig. 5 A. The
absolute difference profile (Fig. 5 B), a result of the direct
subtraction of the two absolute profiles, corresponds to the
transbilayer distribution of the deuterium label in AcWL}.
The absolute difference profile has a maximum at ~17 A
from the bilayer center and reaches zero scattering length at
the midplane of the bilayer, consistent with the expectation
that AcWL, does not penetrate deep into the bilayer
hydrocarbon core (29). The distribution of the label is well
described by two Gaussians, centered at 17.2 = 0.1 A with a
1/e half-width of 7.1 £ 0.1 A. These errors are calculated as
described (1,21). Thus, the neutron diffraction results
provide a direct proof that AcWL, is located in the interfacial
region of the bilayer.

Because the deuterium label is assumed not to reside in the
center of the bilayer, the data were also scaled using the real
space-scaling method. For any choice of z; and z, close to the
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FIGURE 4 Absolute structure factors of POPC bilayers with 5 mol %
AcWL, and AcWL4D as a function of D,O mole percentage. The structure
factors were scaled as described in Materials and Methods, using the re-
ciprocal space-scaling method. The experimental uncertainties were calcu-
lated as described previously (16). The linear dependence of the structure
factors on D,O mole percentage shows that the H,O/D,O exchange is an
isomorphous replacement. These plots were used to determine the signs of
the structure factors (Table 1), as described (20,21).
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bilayer center, this alternative fitting procedure yielded a
Gaussian distribution with center 17.2 = 0.1 A and 1/e half-
width 7.1 = 0.1 A, identical to the results for the reciprocal
space-scaling method. Thus, the calculated distribution of
the label is not affected by the choice of z; and z, or the
method of scaling. This is an indication that the profile is
fully resolved; i.e., no structure factors are lost as a result of
peak widening until the peak is lost in the noise because of
lattice disorder (31).

The water uptake of the bilayer was determined by com-
paring absolute profiles of bilayers hydrated in 100% H,O,
i.e., 0% D,O (shown in Fig. 5 A), and 80% H,0 + 20% D,0
(not shown). By fitting Gaussians to the absolute difference
profiles, we determined the center and the width of the water
distribution in the presence of AcWL, as 24.6 A and 6.1 A,
respectively, as well as the number of water molecules per
lipid as 5.6 waters per molecule (see Fig. 9 A). The fitted
water Gaussians are shown in dashed lines. The solid lines,
which closely follow the experimental profiles (thick dotted
lines), are the envelopes of the two water Gaussians from ap-
posing bilayers.

To verify the calculations of water uptake by the bilayer in
the presence of AcWL,, we measured the number of water
molecules gravimetrically, as described in Materials and
Methods. The measured value was 5 * 1 waters per lipid.
Thus, the calculation produced a value that was within the
experimentally determined range.

Neutron diffraction results for AcWL5

AcWLs behaves very differently in bilayers, as compared
with AcWL4. Whereas AcWL, is an interfacially bound ran-
dom coil, AcWLs cooperatively self-assembles in membranes
into highly ordered, oligomeric B-sheets (9-12). Fig. 1 B shows
the CD spectra of AcCWLY (solid line), AcWLD* (dashed line),
and AcWLE® (dotted line) in phosphate buffer with POPC
large unilamellar vesicles. The spectra of membrane-bound
AcWLs, characterized by minima at 215 nm and strong maxima
at 198 nm, are highly characteristic of classical antiparallel
B-sheet structures (12). The peak in the vicinity of 230 nm is
caused by tryptophan (32). The overlap among the three spec-
tra indicates that the three peptides behave in the same way
under the experimental conditions. The H/D exchange does
not change their biophysical properties in terms of mem-
brane partitioning and folding. The OCD spectra of the three
peptides are also very similar (Fig. 2 B).

Neutron diffraction experiments were carried out with POPC
multilayers with 5 mol % AcWLY, AcWLP? | and AcWLD.
The measured Bragg spacing was 51.3 A for all three mul-
tilayer samples, consistent with the fact that the underlying
structure of the bilayer with incorporated peptide does not
change in the presence of the deuterium label.

An attempt was made to scale the structure factors using
the reciprocal space scaling method, similarly to the fit carried
out for AcWL,, by comparing structure factors between
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TABLE 1 Observed absolute structure factors and their experimental uncertainties for POPC multilayers with 5 mol %

peptide at 76% RH

h* POPC AcWLH! AcWLD AcWLY AcWLD? AcWLD®

1 —7.95 —7.28 * 0.03 —8.21 * 0.03 —4.99 + 0.01 —4.89 * 0.02 —4.83 + 0.02
2 —4.27 —3.97 = 0.02 —4.48 * 0.04 —3.39 = 0.01 —3.19 £ 0.01 —3.13 £ 0.01
3 4.85 431 = 0.03 4.72 = 0.03 3.65 = 0.01 3.55 + 0.02 3.36 = 0.01
4 —3.48 —3.17 = 0.04 —3.24 £ 0.02 —2.37 £ 0.01 —2.55 £ 0.02 -2.19 £ 0.02
5 —0.56 —0.50 * 0.03 —0.36 * 0.04 —0.48 + 0.04
Kt 0.49 * 0.04 0.56 * 0.04 0.45 + 0.03 0.41 = 0.03 0.46 + 0.03
Rt 0.035 0.030 0.0034 0.0046 0.0049
Raigre* 0.10 0.050 0.044

d A)I 524 +0.2 51.7 = 0.3 51.1 =03 513 =03 513 =03 513 £ 03

*Diffraction order.

Hnstrumental constants (i.e., scaling factors), which are determined by experimental details such as the amount of sample of the beam, etc.

¥Self R factor, Ryt = Y, o(h)|/ 31 |

F(h)|, describing the quality of the experimental data.

SDifference R factor, Ryt = Z:Z“I |(F(h) — FP(h))|/ 2221 |F(I)|, where F() and FP(h) are the structure factors in the absence and presence of the peptide

deuterium label. In all cases, Rgifr > Rier-
'“Bragg spacing.

POPC bilayers containing 5 mol % ACWLIS'I and ACWLISDB
and between POPC bilayers containing 5 mol % A(:WLgI and
ACWL?SG. In both cases, no fit was achieved, implying that
the deuterium label does not have a well-defined distribution.

In the previously published model of the membrane-
bound AcWLs oligomer (see Fig. 11), the peptide resides in
the hydrocarbon core of the bilayer (11,12). According to
this model, the deuterated amino acids in ACWL?B and
ACWLSD56 do not reside close to the edge of the unit cell. There-
fore, a fit was attempted using the real space scaling pro-
cedure by assuming that the scattering length density profiles
of POPC bilayers containing 5 mol % AcWLE, AcWLP>,
and ACWL5D56 overlap at points z; and z; in the range 20-25
A from the bilayer center (close to the edge of the unit cell).
For all choices of z; and z,, the fit yielded negative scaling
factors, suggesting that the assumption that the deuterium
distributions in ACWL]5312 and AcWL{i345 vanish at the edge
of the unit cell is not correct.

Thus, scaling using the deuterated leucine label was not
successful. Scaling was therefore performed using the D,O
label, despite the uncertainties in the measured hydration of
the bilayer at 76% RH (see Materials and Methods). Whereas
the absolute profiles in Fig. 6 depend on the hydration used
in the calculation, their difference does not. The exact num-
ber of water molecules does not directly enter the calculation
for the position and width of the water distribution; the only

requirement for such calculation is the identical hydration of
the two samples.

Measurements of water uptake were carried out gravimet-
rically; the measured value was 5 = 1 waters/lipid. With this
value, the bilayer profiles with 5 mol % AcWLY, AcWLD>,
and ACWL5DS6 were scaled independently. The absolute pro-
files are shown in Fig. 6 and then compared in Figs. 7 and 8.
The values of the structure factors at 0% D,0O are presented
in Table 1.

Fig. 7 A shows the scattering length density profiles for
POPC bilayers containing 5 mol % AcWLIS“I (solid line) and
AcWLD? (dashed line). Fig. 8 A shows results for POPC
bilayers containing 5% A(:WLgI (solid line) and ACWL?56
(dashed line). Figs. 7 B and 8 B show difference profiles,
reporting the distributions of the labeled leucines in
AcWLD® and AcWLE3C. In sharp contrast to AcWLy, no
well-defined distribution of the label is observed in either
case, suggesting a broad distribution of the deuterium label
along the bilayer normal.

The Gaussian profiles describing the distribution of
hydrating water can be obtained from the absolute structure
profiles shown in Fig. 6. The center and width of the water
distribution in the presence of AcWLs was calculated as
22.1 A and 6.0 A, respectively. The fitted water Gaussians
are shown with the dashed lines in Fig. 9 B. The solid lines,
which are in close agreement with the experimental profiles

TABLE 2 Difference structure factors describing the distributions of water at 76% RH

¥ AcWLY AcWLY AcWLY AcWLD? AcWLD%®

1 —3.78 = 0.05 —4.17 = 0.07 —3.36 = 0.01 —3.32 = 0.03 —3.31 = 0.03
2 ~2.42 * 0.04 —2.65 = 0.04 —1.84 = 0.01 —1.76 = 0.01 —-1.72 = 0.01
3 1.15 = 0.04 1.17 + 0.03 0.52 =+ 0.01 0.44 = 0.01 —0.42 = 0.01
4 —0.39 = 0.02 —-0.43 = 0.05 —0.03 = 0.01 —0.08 = 0.02 —0.03 = 0.02
5 —0.06 * 0.03 —0.11 = 0.04 —0.08 * 0.04

The values are obtained by subtracting the structure factors measured for 100% H,O from the structure factors measured for 20% D,O.

*Diffraction order.
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FIGURE 5 (A) Scattering length density profiles for POPC bilayers
containing 5 mol % AcWLff (solid line) and ACWLE (dashed line). (B) The
difference profile (solid line) corresponds to the transbilayer distribution of
the deuterium label in AcWLY. This profile reveals the location of the
deuterated leucines in AcCWLY as 17.1 = 0.1 A from the bilayer center. The
dotted line depicts the uncertainty in the difference profile.

(thick dotted lines), are the envelopes of the two water
Gaussians from apposing bilayers.

A question may arise whether lipids and peptides form
separate phases, such that the peptide concentration in the
multilayers giving rise to the Bragg peaks is very low (33),
and thus the distribution of the deuterium label is hard to
observe. To address this question, we inspected both the
small- and the wide-angle signal using an area detector and
x-ray diffraction. A homogeneous sample gives rise to a
single set of Bragg peaks and a wide-angle diffuse peak that
is very similar to the one observed for a pure fluid lipid

Han et al.

bilayer. As discussed previously (33), a phase-separated sam-
ple shows either 1), two sets of Bragg peaks or 2), a single set
of Bragg peaks identical to pure lipid samples and one or
several sharp lines caused by protein aggregates appearing
between the wide- and small-angle signals. We observed no
indication for phase separation of AcWL5 and POPC at 76%
RH. Thus, peptides and lipids appear thoroughly mixed and
form a single phase.

Furthermore, inspection of the crystallographic R factors
presented in Table 1 shows that the contrast introduced by
the deuterium label, as reported by R 45, exceeds the random
noise in the experimental structure factors, measured by Rs;
i.e., Raief > Rger. Therefore, the incorporation of the deu-
terated amino acids changes the structure factors and the
scattering profiles, an indication that the peptide is present
but the label is not well localized.

Structural insights from fluorescence studies

Additional structural information was sought by measuring
tryptophan fluorescence in multilayer samples, to charac-
terize the environment in which the AcWL, and AcWLs
tryptophan residues reside. It is well documented that tryp-
tophan fluorescence is sensitive to environmental factors
such as polarity (34), and previous studies have shown that in
liposomes, the tryptophan residues in both AcWL, and
AcWLs are located in the interfacial region. Fig. 10 shows
the fluorescence spectra of POPC oriented multilayers at
76% RH in the presence of 5 mol % AcWLs and AcWL,.
When tryptophan residues are buried deep within the bilayer
hydrocarbon core, the emission maximum is ~320 nm (35).
In the experimental spectra in Fig. 10, the peak maxima are
~340 nm, indicating that the tryptophan residues in both
AcWL, and AcWLs are in the interface and not embedded in
the hydrocarbon core of the bilayer. As discussed below,
similar results were obtained for 100% humidity.

Refined molecular model of AcWL; in bilayers

Numerous spectroscopic and biophysical studies of AcWLs,
AcWL,, and related peptides in bilayers (9—12,29,36) have

FIGURE 6 Absolute neutron-scatte-
ring length-density profiles of POPC
bilayers with 5 mol % AcWLs,
AcWLD? and AcWLD%. Profiles are
shown for 0% D,O (solid lines) and
20% D,O (dashed lines). The differ-
ences between the profiles as a result
of the isomorphous H,O/D,O replace-
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ment were used to scale the profiles
assuming hydration of 5 waters per
lipid. The measured value is 5 *
1 waters per lipid, and the profile

Distance from bilayer center (&)

amplitudes depend on the particular value used (not shown). The differences between the dashed and the solid lines report the overlapping water
distributions of apposing bilayers (see Fig. 9 for water distribution parameters).
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FIGURE 7 (A) Absolute scattering length density profiles for POPC
bilayers containing 5 mol % ACWL? (solid line) and AcWL?23 (dashed
line). (B) The absolute difference profile, corresponding to the transbilayer
distribution of the deuterium labels in AcWLEB. The difference profile
reports the location of the two N-terminal leucines in AcWLs with respect to
the bilayer normal. No well-defined position can be determined. Results are
the same for 10 mol % peptide (inset). The dotted lines represent the
uncertainty in the difference profile caused by the experimental uncertainties
in the measured structure factors. (C) The difference profiles calculated
assuming 4, 5, and 6 waters (measured value is 5 * 1 waters/lipid).
Although the absolute profiles in Fig. 6 depend on the hydration used in the
calculation, but their difference does not.

led to a model of a transmembrane, antiparallel AcWLs
B-sheet, which we refine here using the information derived
from neutron diffraction. The important past observations for
AcWLs structure can be summarized as follows: 1), AcWLs
forms highly ordered, antiparallel 3-sheets in bilayers with
an oligomer number around 10 (12); 2), cross-strand hydro-
gen bonds are perpendicular to the bilayer normal (12); 3),
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FIGURE 8 (A) Absolute scattering length density profiles for POPC
bilayers containing 5 mol % ACWL? (solid line) and AcWL?56 (dotted line).
(B) The absolute difference profile (solid line) and experimental uncer-
tainties (dotted lines), showing no defined location of the two C-terminal
leucines in AcWL5 within the bilayer. (C) The difference profile does not
depend on the particular hydration level used in the scaling.

the tryptophan residues in the B-sheet are found in a
homogeneous environment that is not deeply buried in the
bilayer but instead is partially water exposed (11,12); 4), the
middle leucine residue appears to be buried near the center of
the bilayer’s hydrocarbon core and interacts mainly with
lipid, indicating that the 3-sheets are single (isolated) sheets
rather than stacked three-dimensional structures (11); 5), the
terminal carboxyl group has a pK, of ~35, indicating that it is
exposed to water in the B-sheet (9); 6), AcWLs does not
significantly disrupt the integrity of bilayers even at very
high concentration (10 mol %) (12); 7), the end-to-end
distance of AcWLs is ~18 A, and the thickness of the

Biophysical Journal 94(2) 492-505



500

0.4}
AcWL, N, =5.620.64
03k z,=24.620.44
A= 612044

0.2

4

0.1

0.0

Distance from bilayer center, A

0.4

03

AcWL, z,=2212014

A,=6.02034

D,O scattering density per lipid x 10

0.2

0.1

0.0 freessssest™ -

Distance from bilayer center, A

FIGURE 9 (A) Experimental (thick dotted lines) and fitted difference
profiles describing the water distribution in bilayers with AcWL,. The fitted
water Gaussians, derived as described in Materials and Methods, are shown
with the dashed lines. The solid lines are the envelopes of the two water
Gaussians from apposing bilayers. (B) Fitted positions and widths of the
water uptaken by POPC bilayers with AcWLs. These parameters are
calculated from the absolute profiles shown in Fig. 6 and do not depend on
the hydration level used in the scaling. The fitted water Gaussians are shown
with the dashed lines, and their envelope is shown with the solid line.

hydrocarbon core in these bilayers is ~30 A; 8), a peptide
with one additional leucine, AcWLg, has the same secondary
structure as AcWLs but is extremely stable and can not be
unfolded under any conditions (9,12).

These previous observations led us to propose the model
shown in Fig. 11 A in which the antiparallel AcWLs 3-sheets
are symmetric and centered in the hydrocarbon core of the
bilayer to maximize the match in the hydrophobicity profiles
of peptides and lipids. Because the hydrophobic thickness
mismatch between peptide and bilayer is significant, we
envisioned that bilayer thinning and disorder would have to
occur around the B-sheets in the membrane. Using models
like the one in Fig. 11 A as the basis for a hypothesis, we
predicted that neutron diffraction experiments would detect
distinct high-contrast peaks for the deuterated AcWL5 mol-
ecules. Instead, what we observed was a continuum of deu-
terium across the bilayer, with no high-contrast peaks. This
observation has led to a refined model of AcWL5 B-sheets
shown in Fig. 11, B and C, created as described in Materials
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FIGURE 10 Tryptophan fluorescence emission spectra for POPC bilayers
in the presence of 5 mol % AcWL, and AcWLs. Data were acquired at 76%
RH and 100% RH. In all cases, the peak maximum is ~340 nm, indicating
that the tryptophan residues are located in the bilayer interface.

and Methods. In this new model, most of the features of the
previous model are retained; however, the B-strands are
offset and staggered (not symmetrical) in their hydrogen
bonding pattern, such that the depth of an individual residue
in the bilayer is variable, and the width of the -sheet is
larger than the length of a single 3-strand.

Further support for this model comes from comparing
water distributions in POPC bilayers with AcWL, and
AcWLs, shown in Fig. 9. The comparison suggests that the
water penetration into the bilayer in the presence of AcWLs
is deeper than that in the presence of AcWL,. The bilayers
have the same Bragg’s spacing, but the center of the water
distribution is at 22.1 A in the presence of AcWLs and at
24.6 A in the presence of AcWL,. This is consistent with the
refined structural model: the water penetrates deeper into bi-
layers with AcWLs than with AcWL,, by an additional 2.5 A,
covering an additional ~5 A of the bilayer thickness.

Effects of hydration

The neutron diffraction experiments were carried out at low
hydration, 76% RH. At high hydration, the lattice disorder in
the samples is known to broaden the diffraction peaks until
they cannot be resolved above the experimental noise (31).
This can lead to inaccuracies in data interpretation and
problems with absolute scaling. We have previously shown
that the structure of the bilayer does not change much with
hydration above 76% RH (21). A question remains, how-
ever, whether the disposition of the peptides changes on
changes in hydration. As an example of a peptide that is
highly sensitive to hydration changes, the pore-forming
peptide alamethicin undergoes a transition from an interfa-
cial to a TM orientation that can be easily followed using
oriented CD (OCD) (37). We therefore compared OCD and
fluorescence spectra of AcWL, and AcWLs at 76% RH and
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FIGURE 11 (A) Previous model and (B and C) revised
models for AcWLs [-sheets in membranes. Previous
models for the disposition of AcWLs B-sheets in mem-
branes, such as the one shown in panel A, had been created
by envisioning a structure that was driven by hydrophobic
complementarity to reside in the middle of the bilayer.
Such a structure would be symmetric, and some bilayer
distortion at the peptide-water interface would be neces-
sary to accommodate the relatively short peptide. Molec-
ular modeling predicted that any symmetric structure
would have given rise to distinct peaks in the neutron
diffraction experiments for the transbilayer distribution of
deuterons for either one or both of the deuterium-labeled
peptides that we studied, L2L3 and L5L6. The centers of
mass of the deuterons for model A, which are single
Gaussian distributions in each monolayer, are shown at the
left and right by black arrows. The revised models (B and
C), which are consistent with the observed lack of distinct
high-contrast peaks in neutron diffraction experiments, are
characterized by S-strands that are staggered rather than
symmetric. In panel B, we show a model with random
stagger such that the effective width of the 3-sheet may be
close to the width of the hydrocarbon core. In panel C, a

model with a unidirectional stagger is shown with some required bilayer distortion. The neutron diffraction data do not distinguish between these classes. For
both staggered models, the positions of the deuteron centers of mass are different for each strand of the 3-sheet. This is indicated by the arrows on the left and
right, where each arrow shows the position of the labeled leucines in one peptide. Molecular modeling predicts that only staggered TM structures are consistent
with the neutron diffraction experiments, whereas symmetrical structures always gave high-contrast peaks in the predicted transbilayer distributions of

deuterium.

at 100% RH; the comparisons are shown in Figs. 2 and 10.
Both the OCD and the fluorescence signals are nearly iden-
tical at 76% and 100% RH, demonstrating that the increase
in hydration does not change the disposition of AcWL, and
AcWLs in bilayers. Thus, structural information acquired at
76% should be relevant for higher hydration.

DISCUSSION

Experimental techniques for studies of membrane
protein structure and utility of neutron diffraction

A detailed understanding of the principles of folding and
structure of membrane proteins remains elusive because of
the challenges in obtaining high-resolution structural data
within the bilayer environment. Structural information on
peptides and proteins in membranes is generally deduced
using multiple independent techniques that separately pro-
vide only partial descriptions of structure. Spectroscopic
techniques that can yield useful information in membranes
include CD and OCD, Fourier transform infrared spectros-
copy (FTIR), solid-state NMR, fluorescence, and EPR. CD
measures overall secondary structure content, and OCD and
solid-state NMR can determine orientation of helical segments
in membranes (23,37-40). FTIR also reports on secondary
structure content, and related methods such as polarized
attenuated total reflectance FTIR can give information on the
orientation of secondary structural elements in the bilayer
(12,41,42). Fluorescence and EPR are used to estimate the

depth of penetration of amino acids or probe moieties in the
membrane and can sometimes reveal local secondary structure
(43-47). Diffraction methods, using x rays or neutrons, have
been used to obtain higher-resolution depth distributions of
lipid or peptide moieties in the bilayer (16,20,48-51). Such
diffraction methods have proven their utility in accurately
showing the position and orientation of amphipathic helices in
the bilayer interface (23,24) as well as the disposition of TM
helices across the bilayer (16). Here we show that neutron
diffraction results can be used to refine a structural model of a
B-sheet oligomer in membranes that was based on CD, FTIR,
and fluorescence (9—12). This work demonstrates that the
combination of neutron diffraction with spectroscopic tech-
niques can provide a more complete image of polypeptide
structure in the membrane environment.

Structure of oligomeric AcWLs in lipid bilayers

The hexapeptide Acetyl-Trp-Leus has been used as a model
system for studying folding of proteins in membranes (9—
12). It is soluble in aqueous buffers but binds to bilayers and
assembles into 3-sheets, which have been characterized by a
variety of spectroscopic techniques. CD showed that AcWLs
is a random coil in buffer and folds in membranes into
oligomeric (-sheets by a pathway best described by a
nucleation and growth mechanism (12). CD and calorimetry
were used to show that the -sheets unfold thermally and
reversibly at ~65°C (11,12). The oligomer size from several
modeling studies was estimated to be in the range of 3—10
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or more peptides (9—12). FTIR was used to show that the
[B-sheets are antiparallel and that the cross-strand hydrogen
bonds are parallel to the membrane surface, suggesting a TM
orientation (12). The position of the N-terminal Trp residue
in bilayers was probed by fluorescence spectroscopy. The
emission maximum was at 340 nm, indicating an interfacial,
water-exposed disposition. The shape and width of the
emission spectra indicated that the Trp residues were present
in a homogeneous chemical environment. This was sup-
ported by the observation that the Trp residue fluorescence
is quenched by aqueous-phase quenchers. In this work
(Fig. 10) we showed that the Trp fluorescence in oriented
multilayers has an emission maximum of 342 nm at 76% RH
and 344 nm at 100% RH, consistent with an interfacial,
water-exposed disposition.

Similarly, pH studies indicated that the pK, of the terminal
carboxyl group is ~35, consistent with an interfacial location
(9). Further evidence for a TM orientation was obtained in
studies of homologous peptides of the form AcW-L-L-X-L-L,
where X was any of the 20 amino acids (11). Only peptides
with nonpolar X-residues (Ala, Leu, Ile, Val, Met, and Phe)
supported B-sheet formation. The remainder of the peptides
were monomeric, interfacially bound random coils that did
not form B-sheets under any condition. Such strong disrup-
tion of B-sheet formation by polar moieties in the X-position
is expected to occur only if the X-position of the SB-sheet
residues is in the hydrocarbon core of the membrane and
not in the interface (36). At the same time, for those residues
that supported sheet formation, the structure of the oligomer
and the energetics of folding and unfolding were essentially
identical, suggesting that the side chains in the TM B-sheets
are interacting with lipid, whereas protein-protein interac-
tions are mediated mainly by backbone hydrogen bonding.
Taken together, these findings are consistent with the idea
that the B-sheets formed by AcWLs in membranes are prob-
ably unstacked, antiparallel, TM sheets, ~10 peptides long.

These many experiments have constrained the potential
structures for this peptide, and a model of a TM S-sheet has
emerged (12). However, multiple structures are still possible,
and the disposition of the peptides across the membrane is
unknown. Here we used neutron diffraction of oligomeric
AcWLs in bilayers to further constrain the structural model
proposed on the basis of FTIR, CD, and fluorescence. In par-
ticular, we sought the depth of penetration of two different
pairs of adjacent leucine residues of AcWL5 within the bi-
layer thickness. Although the peptides were in the bilayer and
had B-sheet structure, we found no well-defined peak or dip
in the TM distribution, indicating heterogeneity in the TM
location (Figs. 7 and 8). In other words, the labeled leucines
were spread across the bilayer thickness. At the same time,
residues of the monomeric homolog AcWL, exhibited a ho-
mogeneous, well-defined interfacial peak in the transbilayer
distribution, with little or no peptide in the hydrocarbon core
(Fig. 5). Taken together, the neutron diffraction, the previous
spectroscopic results, and the molecular modeling discussed
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above give rise to a revised hypothetical structure for AcWLs
in bilayers in which protein-protein interactions define a stag-
gered TM B-sheet (Fig. 11). Thus, it appears that although
the location of monomeric peptide segments in the bilayer is
determined primarily by hydrophobic complementarity, protein-
protein interactions in the AcWLs oligomer overshadow
protein-lipid interactions and lead to variations in the depth
of penetration of individual peptides in the bilayer.

Insights into membrane protein folding

The results presented here highlight a general principle in
membrane protein folding. Although the position and orien-
tation of isolated hydrophobic segments are determined by

FIGURE 12 Augmented two-stage model of membrane protein folding.
(A) Three isolated TM helices are shown embedded in a lipid bilayer. In the
absence of protein-protein interactions, hydrophobic complementarity
drives the helices to have their most hydrophobic segments aligned with
the hydrocarbon core of the membrane. (B) A hypothetical folded membrane
protein is shown in which specific protein-protein interactions contribute
significantly to the disposition of the helices in the bilayer. This idea aug-
ments the popular two-stage model of membrane protein folding proposed
by Popot and Engelman (52).
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FIGURE 13 Interplay between hy-
drophobic complementarity and pro-
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tein-protein interactions in a membrane
protein structure. The first two helices
of the calcium ATPase (53) are high-
lighted to show the principle. In panel
A, the sequence containing the first
two TM helices is shown. Actual TM
helices are in red letters, and predicted
helices are underlined in black. In panel
B, we show the hydrophobicity profile
that was used to predict the location of
the two TM helices (4). There are two
very sharp peaks in this 19-residue
sliding window average that unambig-
uously define the center of a predicted
TM helix. The black and red bars below
the hydrophobicity profile represent the
predicted and experimentally deter-
mined TM segments, respectively. In
panel C, the structure of the protein is
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shown (53). The portion of the protein that is embedded in the 30 A hydrocarbon core of the membrane is delineated by the two bands of aromatic residues,
shown in green. The predicted boundaries of TM helices 1 and 2 are shown in black, and the actual TM helices are shown in red. The membrane-embedded
portion of helix 1 has numerous polar and charged residues, and a highly hydrophobic stretch of 19 amino acids is only partially inserted into the membrane.
This example demonstrates that the type of offset in hydrophobic complementarity that we deduced from the model 8-sheet peptide structure is also observed in

a-helical membrane proteins.

hydrophobic complementarity, the folded structure of the
protein in the membrane is also influenced by protein-protein
interactions. This principle is illustrated in Fig. 12. In panel A
we show three TM helices, representing the most hydropho-
bic segments of 19 amino acids in the sequence. Hydropho-
bic complementarity determines the position of the isolated
segments within the membrane. In panel B, the folded structure
is shown in which protein-protein interactions have shifted
the positions of the TM segments relative to the bilayer, such
that hydrophobic matching is no longer the sole determinant
of the TM disposition of the helices. We note that this prin-
ciple augments the popular two-stage model of membrane pro-
tein folding, proposed by Popot and Engelman (52).

Current hydrophobicity scales are known to accurately
predict the number of TM segments in a-helical membrane
proteins (4). However, there are often discrepancies between
the predicted and observed boundaries of the membrane-
inserted segments (4). As a specific example, Fig. 13 shows
the structure of the calcium ATPase transporter from rabbit
sarcoplasmic reticulum (53), highlighting the first two TM
helices. The bands of aromatic residues, in green, clearly
delineate the 30-A hydrocarbon core of the bilayer (54-56).
Hydrophobicity-based prediction algorithms (4) correctly
identify two helices in the region containing helices 1 and 2,
but the actual depths of the predicted helices in the bilayer do
not match the hydrocarbon core of the bilayer. Inspection of
the sequence and structure in Fig. 13 reveals charged and
polar residues in the hydrocarbon core of the bilayer,
whereas the most hydrophobic segment of helix 1 extends
well into a loop on the luminal surface of the protein. Van der

Waals knob-into-hole packing interactions between hydro-
phobic amino acid chains on the luminal side of the two
helices and hydrogen bonding interactions between mem-
brane-embedded polar residues, such as the interaction
between Glutamate-90 on helix 2 and Lysine-120 on helix 3
(Fig. 13), probably stabilize the exact disposition of these
helices in the bilayer. This example demonstrates that the
type of offset in hydrophobic complementarity, driven by
protein-protein interactions, that we deduced from the model
B-sheet peptide structure is also observed in a-helical mem-
brane proteins.
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