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Membrane Helix Orientation from Linear Dichroism of Infrared Attenuated
Total Reflection Spectra
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ABSTRACT Oriented multilamellar systems containing phospholipids and peptides have been formed on a germanium
internal reflection element. Attenuated total reflection infrared spectra have been recorded and the linear dichroism of peptide
amide | and amide Il bands measured. Using peptides for which the orientation had been previously studied under similar
experimental conditions by '°N solid-state nuclear magnetic resonance spectroscopy, important conclusions were drawn on
the approach to be used to derive secondary structure orientation in a membrane from dichroic ratios. In particular, it is shown
that the influence of the film thickness and refractive index on the orientation determination can be evaluated from the value
of RATRIse i e, the dichroic ratio of a dipole oriented at the magic angle or with isotropic mobility. A series of peptides was
used to test the validity of our suggestions on various helix orientations in the membrane. These include magainin 2 and
hydrophobic (h®20) model peptides, the transmembrane segment of glycophorin (GLY), and LAH,, a designed peptide

antibiotic that changes between a transmembrane and an in-plane orientation in a pH-dependent manner.

INTRODUCTION

Polarized attenuated total internal reflection infrared spec-
troscopy is presently one of the best tools available to obtain
information on the orientation of peptides interacting with
membranes. The method is simple (oriented multilayers
systems are easily obtained by drying a membrane suspen-
sion on the internal reflection element), it is sensitive (less
than 1 pg of peptide is required to form a single monolayer)
and it does not require specific labeling (although specific
labeling with '*C allows the study of selected residues).
Orientational order parameters are derived from the dichroic
ratio of the amide I or amide II bands. The dichroic ratio is
the ratio of the integrated absorption for parallel versus
perpendicular polarized incident light. How accurately the
orientation of peptide secondary structure is described by
polarized ATR-FTIR spectroscopy is still a matter of debate
as only a few peptides have been investigated under the
same experimental conditions by both polarized ATR-FTIR
and another technique that is able to determine their orien-
tation with respect to the lipid bilayer. Furthermore, among
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those are several homopolymers that exhibit notable differ-
ences in their IR spectra when compared with polypeptides
composed of a wider variety of amino acid residues.

To compute the peptide orientation with respect to the
lipid membrane from experimental dichroic ratios, the
knowledge of a number of parameters is necessary. These
include the refractive index of the peptide in the absorbance
band, the orientational distribution function of the transition
dipole with respect to the secondary structure main symme-
try axis, and the mosaic spread of the lipid membrane with
respect to the internal reflection element, just to quote the
poorly characterized ones. Moreover, the computation also
depends on the model used to describe the system. In thin
films (much thinner than the wavelength) the field is usually
considered to be constant over the film thickness, whereas
in thick films the evanescent field does not penetrate the
whole depth of the sample. Intermediate thickness is usually
not considered because of the difficulty to accurately con-
trol this parameter.

It is the goal of the present communication to experimen-
tally determine the dichroic ratios for some peptides with
well characterized orientation. Several peptides have, there-
fore, been reconstituted into lipid bilayers that were dried
onto germanium internal reflection crystals and investigated
by ATR-FTIR spectroscopy. The conformations of these
peptides are predominantly a-helical in membrane environ-
ments as determined previously by multidimensional solu-
tion NMR or circular dichroism spectroscopies. In addition,
the orientation of all except one has been investigated by
5N solid-state NMR spectroscopy in uniaxially oriented
bilayer systems (Bechinger et al., 1996). The experimental
data from these peptides, therefore, provide the information
necessary for the calibration of some model-dependent pa-
rameters used to quantitatively describe the orientation-
dependent FTIR dichroism. Our approach also allows for a
direct comparison of both techniques.
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One of the peptides investigated is magainin 2, a 23-
residue immunogenic peptide found in the skin and intes-
tines of frogs. The family of magainins has been shown to
exhibit broad-spectrum antibiotic, fungicidal, virocidal, and
tumorcidal activity. Related polypeptides have also been
found in other amphibians, insects, or mammals (reviewed
in Boman, 1991; Bechinger, 1997). Although magainins are
well water soluble, they strongly interact with lipid mem-
branes where they exhibit membrane-disruptive and chan-
nel-like activity. The interaction of these peptides with
isolated mitochondria, lysosomal or spermatocoal mem-
branes results in the decoupling of the respiratory chain
from the transmembrane ionic gradients. Solution and solid-
state NMR as well as a large range of optical spectroscopies
all indicate that magainins exhibit a random coil conforma-
tion in aqueous solution but form amphipathic a-helical
structures when associated with micelles or phospholipid
membranes (Bechinger, 1997).

The LAH, peptide also forms an amphipathic helical
structure. The hydrophobic face, however, covers a larger
surface area. This peptide has been designed to change its
orientation in the membrane in a pH-dependent manner
(Bechinger, 1996), which allows the evaluation of the hy-
drophobic, polar, and electrostatic contributions that deter-
mine the orientation of membrane polypeptides. The histi-
dines exhibit pK values between 5.4 and 6.0, and the
electrostatic contributions during membrane insertion are,
therefore, strongly dependent on pH.

Other examples of hydrophobic peptides that are pre-
dicted to cross the membrane are hd20, a peptide consisting
of 20 alternating alanine and leucine residues and two
flanking lysines at each terminus. These positively charged
residues help to keep the peptide soluble, and they also act
as interfacial anchors. The last peptide that will be presented
in this paper is a derivative of the hydrophobic anchor of
glycophorin. This sequence has been shown to form dimers
in membrane-like environments through interactions along
its hydrophobic surface (Lemmon et al., 1992). Although
two residues have been exchanged to simplify the chemical
synthesis of this hydrophobic sequence, care has been taken
to keep the dimerization motive intact.

MATERIALS AND METHODS
Infrared spectroscopy

Attenuated total reflection infrared (ATR-FTIR) spectra were recorded on
a Bruker IFS 55 infrared spectrophotometer equipped with a liquid-nitro-
gen-cooled MCT detector. The internal reflection element was a germa-
nium ATR plate (50 X 20 X 2 mm) with an aperture angle of 45°. A total
of 128 scans were accumulated for each spectrum. Spectra were recorded
at a nominal resolution of 2 cm ™. The spectrophotometer was continu-
ously purged with air dried on a silica gel column (5 X 130 cm) at a flow
rate of 7 L/min.

Peptides

Peptides with the following sequences were obtained by chemical peptide
synthesis using Fmoc chemistry on ABI 431A and Millipore 9030 auto-
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matic peptide synthesizers: magainin 2 (GIGKF LHSAK KFGKA FVGEI
MNS), LK21 (KKLLK LLKKL LKKLK KLLKK L), h®20 (KKLAL
ALALA LALAL ALALA LAKK), and GLY (CEKEI TLIF GVMAG
VIGTI LLISY GIKEK C). Their purity and composition were controlled
by reverse-phase HPLC and MALDI-mass spectrometry.

Preparation of the samples

Typically, 50—60 ug of peptide was dissolved in TFE/water 90/10 (v/v) at
concentrations of 10—12 mg/ml. This solution was mixed with 500 ug of
POPC in chloroform (Avanti Polar Lipids, Birmingham, AL) to obtain a
final peptide concentration of approximately 10% (w/w). Oriented thin
multilayer films were obtained by applying the solution onto one side of a
germanium plate and drying it under a stream of N, (Fringeli and
Giinthard, 1981). Pure lipid bilayer preparations were subject to an iden-
tical treatment. To change pH, the preparation was overlaid twice with 600
wul of 66 mM phosphate buffer at the desired pH and incubated for 5 min.
The buffer was carefully removed with a pipette before the film was dried
under a stream of N,.

Orientation of the secondary structures

The determination of molecular orientations by infrared ATR spectroscopy
was previously reviewed by Fringeli and Giinthard (1981) and Goor-
maghtigh and Ruysschaert (1990). Spectra were recorded with incident
light, which is polarized parallel or perpendicular relative to the incidence
plane. The dichroic spectrum is the difference between the spectra recorded
with parallel and perpendicular polarizations. The perpendicular spectrum
is multiplied by a factor of 1.34 before subtraction to take into account the
differences in the relative power of the evanescent fields as will be
discussed below. A larger absorbance for the parallel polarization (upward
deviation on the dichroism spectrum) indicates a dipole oriented preferen-
tially near the normal of the ATR plate. Conversely, a larger absorbance for
the perpendicular polarization (downward deviation on the dichroism spec-
trum) indicates a dipole oriented approximately parallel to the ATR plate.

Fitting of the dichroic ratio, RA™?

pH for LAH,

, as a function of

5N solid-state NMR spectroscopy indicates that LAH, changes between
two extreme orientational states without intermediate orientations in a
pH-dependent manner (Bechinger, 1996). The dichroic ratios of helices
with orientations A and B are defined as

A
A
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where 4 stands for the integrated area of the absorption band considered.
When both orientations coexist, the experimental dichroic ratio is given by

R =0T 2)

The dichroic ratio RA™ does not depend linearly on the fraction of
molecules in each orientation. The total, unpolarized contributions from
helices A and B, however, must remain proportional to the fraction of helix
with orientation A (x) or B (1 — x), respectively,

x A\ +24k 5
1—x Al +248 (3)
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After introduction of Egs. 1 and 2 into Eq. 3 and solving for x, one obtains

(RAR — RQTR)(R:TR +2)
= (RQTR T 2)(R2TR _ RATR) _ (RQTR T 2)(RQTR _ RATR)
(4)

It is reasonable to assume that at extreme pH values all the helices have
either the A or the B orientation, and the measured dichroic ratios corre-
spond to the lowest (RALX) or the highest (RaiX) possible values, respec-
tively. After rearrangement of Eq. 4, the dichroic ratio dependence on pH

1S

X

max max

SRy T2+ (A = NRe +2) 7

max

e S RARA +2) + (1= PRI + 2)

(5)
with the pH titration curve,
107 107
f=1- lo—pHsu/ 1+ 10~ PHso (6)
or
107 107
f: 10*pH50/ 1+ 10*pH50 (7)

for the amide Il or amide I signals, respectively. A nonlinear regression
(Marquardt-Levenberg) was used to determine pK, RATR and RATR

min > max *

RESULTS

Because the conformation and topology of the LAH, pep-
tide have previously been characterized by multidimen-
sional solution and proton-decoupled '°N solid-state NMR
spectroscopies (Bechinger, 1996), we started our ATR-
FTIR investigations with this peptide. Fig. 1 shows the
ATR-FTIR spectra of POPC-LAH, peptide for parallel and
perpendicular orientations of the polarizer at pH 4.0 (solid
line) and pH 9.0 (dashed line). The amide I signal is present
as a narrow band (FWHH = 20 cm ™' at both pH values)
centered around 1657 cm ™', confirming the predominantly
helical structure of the peptide at both pH values. The amide
11 band is present at 1546 cm ™', in agreement with a helical
conformation (for a review see Goormaghtigh et al., 1994a).
The two other major bands in this region are assigned to
POPC vibrations: 1739 cm ™' for the ester stretch vibrations
»(C=0) and 1468 cm ' for the bending motion §(CH,).
One additional band at 1588 cm ™', only present at pH 9.0,
is assigned to the deprotonated carboxylic end of the peptide
v,(COO ™) and possibly also contains a contribution of the
deprotonated histidine rings. A qualitative analysis of the
orientations of the secondary structures is easily performed
when the dichroic spectra are obtained by subtracting the
parallel from perpendicular polarized spectra (Fig. 1, top).
However, to take into account the differences in the relative
power of the evanescent field, it is necessary to multiply the
perpendicular spectrum by a factor RATRS° = 134, i.e., the
dichroic ratio observed for an isotropically oriented sample,
as will be discussed below in more detail. In the absence of
any orientation, a straight line is expected. Positive devia-
tions indicate a transition dipole oriented close to parallel to
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FIGURE 1 ATR-FTIR spectra of POPC-LAH, membranes for parallel
and perpendicular orientations of the polarizer at pH 4.0 ( ) and pH
9.0 (- - -). Dichroic spectra (top) were obtained as || minus L spectra after
multiplication of the L spectra by 1.34 (see text). All spectra are presented
on the same scale but the dichroic spectra whose intensity has been
doubled.

the membrane normal whereas negative deviations indicate
a dipole alignment approximately in the membrane plane. In
an a-helix, the amide I dipole is close to the helix long axis
whereas the amide II dipole is roughly perpendicular to it
(for a review see Goormaghtigh et al., 1994b). The dichroic
spectra shown in Fig. 1 (top) demonstrate well defined
orientations of LAH, at both pH values. At low pH, amide
I dichroism is pointing downward and amide II dichroism is
pointing upward, indicating an orientation of the helix axis
close to the membrane plane. At high pH, the dichroisms
observed are opposite in sign, indicating that the helix axis
is close to perpendicular to the membrane plane. It must be
noted that the lipid »(C=0) dichroism is resolved in at least
two components at 1748 and 1729 cm™ ', in agreement with
band narrowing results obtained on DOPC (Siminovitch et
al., 1987). The 8(CH,) signal shows a negative dichroism at
1468 cm ™', As this dipole is oriented perpendicular to the
acyl chain long axis (Fringeli and Giinthard 1981), this
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indicates the expected orientation of the lipid acyl chain
parallel to the membrane normal.

The evolution of R*™ as a function of pH is reported in
Fig. 2. Around pH 6.5 a well defined transition in R*™ for
the amide I and amide II curves indicates a reorientation of
the LAH, helix. The lipid »(C=0) remains unchanged.
Two separated signal intensities observed in '°N solid-state
NMR spectroscopy of oriented membrane samples demon-
strate that at intermediate pH exchange of LAH, between
these orientations is slow when compared with the time
scale of >N chemical shift interaction (10~ s). The mid-
point of transition, pHs,, as well as minimal and maximal
values of R®T® have, therefore, been obtained from the
pH-dependent dichroic ratios using a two-stage model (see
Materials and Methods). The midpoint of transition of the
amide I dichroism occurs at pHs, = 6.54. The maximal and
minimal values of the dichroic ratio are R21® = 2.83 and
RATR = 1.29. For the amide IT signal, the curve fitting yields
pHy, = 6.46, RAIR = 150, and RAI® = 1.04. The good
agreement for the pHs,, values measured for the amide I and
amide II signals is obtained only when the pH curve is
expressed according to Eq. 5, which takes into account both
the dependence of orientation on pH and the nonlinear
dependence of R*™ on the orientation. The pHs, value
obtained from the ATR-FTIR experiments also agrees with
the '°N solid-state NMR data, which indicate that the trans-
membrane and in-plane orientations are equally populated
at pHs, = 6.1 = 0.2 (Bechinger, 1996). The maximal and
minimal values of R*™® for both amide signals depend on
the optical properties of the sample as well as the dipole

3.0

RA®

FIGURE 2 Evolution of the dichroic ratio of amide I (squares), amide 1T
(triangles) and lipid »(C==0) (circles) as a function of pH. For amide I,
pHs, was found to be 6.54 from curve-fitting analysis (see Materials and
Methods) Ront = 2.82 and RAIR = 1.29. For amide II, the curve fitting
yields pK = 6.46, R, = 1.50, and R_;, = 1.04. For the lipid »n(C=0),
the slope of the linear regression is close to 0 (—7.3 X 107°) and the
intercept is 1.34.

min
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orientation of the amide I and II functional groups, respec-
tively, as will be discussed later.

Other membrane peptides interacting with the lipid bi-
layer in a well defined orientation can help refine our
knowledge on the minimal and maximal possible values of
dichroic ratios R*™® that can be reached. A series of pep-
tides characterized by an a-helical structure oriented either
parallel or perpendicular to the membrane surface has been
tested. Both GLY and hd20 display a sharp amide I band
(FWHH = 24 and 16 cm™ ', respectively) located at 1658
and 1660 cm ™', respectively, confirming a helical structure
of these peptides (Figs. 3 and 4). A positive dichroism in the
amide I region and a negative dichroism in the amide II
region indicate a transmembrane orientation of the helices.
When the GLY-containing lipid film is incubated at room
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FIGURE 3 ATR-FTIR spectra of GLY peptide for parallel and perpen-
dicular orientations of the polarizer. Spectra were recorded immediately
after preparation ( ) or after incubation overnight on the germanium
crystal (- - -). Dichroic spectra (fop) were obtained as || minus L spectra
after multiplication of the L spectra by 1.34 (see text). All spectra are
presented on the same scale but the dichroic spectra whose intensity has
been doubled.
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FIGURE 4 ATR-FTIR spectra of h®20 peptide for parallel and perpen-
dicular orientations of the polarizer. The dichroic spectrum (fop) was
obtained as || minus 1.34 X L spectra (see text). All spectra are presented
on the same scale but the dichroic spectrum whose intensity has been
multiplied by 1.5.

temperature overnight, a shoulder appears at 1628 cm '

(Fig. 3), indicating a structural rearrangement, possibly due
to the formation of $-sheet conformations in a fraction of
the peptide. This B-sheet formation may be related to pre-
vious observations that the transmembrane proteolytic frag-
ment of glycophorin A from erythrocyte membranes also
displays a B-sheet component in its infrared spectrum
(Challou et al., 1994). The amide I band of magainin 2 is
located at 1659 cm™ ' and exhibits a negative dichroism,
indicating an in-plane helical structure (Fig. 5). This band,
however, is relatively broad (FWHH = 33 c¢cm™!), which
implies a larger conformational or orientational disorder,
e.g., due to more scattering of the ¢ and ¢ angles within the
helical structure.

More quantitative information on the orientations of the
peptides is contained in the dichroic ratio R*™®. Values of
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FIGURE 5 ATR-FTIR spectra of magainin 2 for parallel and perpendic-
ular orientations of the polarizer. Dichroic spectra (fop) were obtained as ||
minus L spectra after multiplication of the L spectra by 1.34 (see text). All
spectra are presented on the same scale but the dichroic spectrum whose
intensity has been expanded twofold.

RA™ for amide I and amide II are reported in Table I for the
different peptides studied so far. The lipid band dichroic
ratios recorded in the same series of samples (not shown)
are not significantly modified by the presence of the pep-
tides: v,((CH;) at 2559 cm ™', 1.94 = 0.30; v, (CH,) at 2915
em ', 1.22 + 0.06; v, (CH,) at 2875 cm ™', 1.12 = 0.06;

TABLE 1 Dichroic ratios of the amide | and Il bands for the
different peptides
Amide 1 Amide II

LAH,, extrapolated, high pH 2.83 1.04
h®20 2.66 1.06
LAH,, pH 7.0 2.30 1.20
GLY 1.60 1.10
LAH,, extrapolated, low pH 1.29 1.50
Magainin 2 1.21 1.34
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»(C=0) at 1740 cm ™', 1.34 + 0.008; and §(CH,) at 1468
em ', 1.11 = 0.07 (average of 58 experiments on POPC in
the absence or in the presence of the peptides, with standard
deviations reported).

DISCUSSION
Frequency of amide | dichroism

The ATR-FTIR spectra of LAH, exhibit amide I maxima at
1657 cm ™! and identical FWHH at both low and high pH,
suggesting the same helix geometry in both orientations
(Fig. 1). Both spectral parameters are very sensitive to helix
stability as reviewed elsewhere (Goormaghtigh et al.,
1994b). The dichroism spectra, however, show distinct
maxima at 1660 cm~' for the transmembrane orientation
and at 1653 cm ™' for the orientation of the helix parallel to
the membrane surface. The increased frequency of the di-
chroism spectrum of transmembrane helices has been sys-
tematically observed before for membrane proteins (Bazzi
and Woody, 1985; Goormaghtigh et al., 1991a,b; Roths-
child and Clark, 1979a,b; and reviewed in Goormaghtigh et
al., 1994b). It has, therefore, been suggested that transmem-
brane helices are characterized by a higher frequency when
compared with helices in globular parts of the protein. The
identical helix geometry found in the present experiments,
however, supports the alternative hypothesis that the split-
ting of the parallel and perpendicular components of the
amide I resonance are revealed in dichroism spectra (Ear-
nest et al., 1990; Rath et al., 1991; Reisdorf and Krimm,
1995).

Quantitative interpretation of dichroic ratios

As developed elsewhere for the specific case of ATR (Goor-
maghtigh and Ruysschaert, 1990), the dichroic ratio R*™ is
related to an orientational order parameter S by

- E Eﬁl 3S .
_Ei-i_fi i =g) ®)

where E, E;, and E. are the time-averaged square electric
field amplitudes of the evanescent wave in the film at the
IRE/film interface. This equation supposes a uniaxial sym-
metry. This assumption is not valid for the protein 3-sheet
structure (Marsh, 1997) and for some phospholipids in the
subgel phase (Nagle, 1993). The parameters necessary to
compute the relationship between R*™® and S are described
in Appendix 1. The measured order parameter S, denoted
below Seyperimentar, Obtained from R*™® through Eq. 8 can be
generally expressed as a set of nested, uniaxial symmetric
distributions (Rothschild and Clark, 1979b):

S, experimental = SmembraneShelideipolea (9)

where S, cmbrane describes the distribution function of the
lipid membrane patches (smallest planar membrane unit)

with respect to the internal reflection element; S,y the
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orientation of the helices within the membrane plane; and
Sdipole> the dipole orientation of either amide I or amide II
with respect to the helix long axis. S, can be further
decomposed into an order function S, iy oraer and a delta
function, Sp,qjix angle> describing the mean angle of the helix
with respect to a membrane normal:

Shelix = Shelix angleShelix order (1 0)

This latest decomposition is artificial but useful for the
reasoning below. Using Eq. 9 and 10, S},¢ix ang1e €an now be
evaluated from Sgy,crimental» @0d the helix mean tilt angle 6
with respect to the membrane normal is calculated using the

relation
Shelix angle = (3 COSZO - 1)/2 (1 1)

To obtain the helix orientation, i.€., Syelix angle> @ NUMber
of problems must be dealt with. The first problem encoun-
tered is the evaluation of the different order parameters
mentioned in Egs. 9 and 10. First, the ordering of the
membrane on the ATR crystal is usually quite good, and
measurements performed elsewhere indicate that S, prane
is close to 1 (Rothschild et al., 1980; Zhang et al., 1995).
Second, the orientation of the amide I and amide II dipoles
with respect to the helix axis remains difficult to assess. In
view of the rather large uncertainty on S, its value will
be discussed below in more detail with respect to the ex-
perimental data obtained here. Third, Sj.jix ordger CaNNOt be
evaluated independently. Limiting values of Syciix angles
however, can be derived under the assumption of perfect
helix order (Syqiix ordaer = 1) using Eq. 11. Deviations from
this approximation, i.e., the presence of helix disorder as
well as the presence of orientational disorder in the mem-
brane stack would result in larger positive Sycjix angle Values
for transmembrane orientations or in larger negative values
for orientations of the helix long axis closer to the mem-
brane plane. In turn, when compared with the estimate
based on perfect order hypothesis, the helix long axis mean
tilt will be closer to the membrane normal in the case of
transmembrane helices and closer to the membrane plane in
case of helix orientations approximately parallel to the mem-
brane surface. With these restrictions in mind, S, . prane a0d
Shelix order = 1 can be used to yield useful information.

In addition, the determination of Sey,crimenta ffom the
measured value of R*™® (Eq. 8) involves prior knowledge of
a number of parameters to compute E,, E,, and E,, includ-
ing the refractive indices of the ATR crystal (n,), the pep-
tide film in the absorbance band (n,), and the outside
medium (n3) (see Appendix 1). The electric fields also
depends on the model representing the experimental system,
i.e., thick film, thin film, or intermediate thickness of the
film. For each new sample the IR spectroscopist faces the
question of the validity of the model and of the parameters
therein to derive Sexperimental from RATR. Checking the va-
lidity of the model and values for the refractive indices requires
the complete description of S, and

'membrane? Sdipole) Shelix angle>
Shelix order- Obtaining such a complete characterization is quite
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unlikely in lipid-protein multilamellar films. On the other hand,
we suggest here that RATN_ je., the dichroic ratio for an
isotropic distribution of the dipoles, can be measured and used
to overcome this problem. Equation 8 becomes

E+E 12)
Ey

RATRiso —

As only E, depends significantly on the various experimen-
tal parameters, we shall see that £, is best obtained from
RATRIS® In practice, finding a band that exhibits the isotro-
pic value R is not a trivial matter as all the molecules
composing the film are oriented with respect to the germa-
nium interface, including water. We suggest, however, that
the lipid »(C==0) band exhibits a transition that is oriented
close to the magic angle (54.7°). The rationale behind this
hypothesis is found in the dynamic structure of phosphati-
dylcholine as determined by static '*C solid-state NMR as
well as 'H solution NMR spectroscopies. To account for the
small anisotropy of the sn-2 carbonyl '>C solid-state NMR
signals of phospholipids in liquid crystalline bilayers the
orientation of the unique axis of the axially symmetric '*C
carbonyl tensor has been suggested to be oriented close to
the magic angle relative to the symmetry axis of molecular
motion (Wittebord et al., 1981; Braach-Maksvytis and Cor-
nell, 1988; Smith et al., 1992). By comparison with model
compounds the unique axis of the '*C carbonyl tensor has
been oriented approximately along the carbon-carbon vector
of the CO—O—C bond within the sp2 plane (Smith et al.,
1992). This orientation roughly coincides with the infrared
CO—O single bond stretch vibration. The main axis of
molecular motion is assumed to run parallel to the long axis
of the phospholipid molecules. An alternative model takes
into consideration that several conformations of the glycerol
moiety have been observed in the x-ray diffraction struc-
tures of phospholipids (Hauser et al., 1988). To best explain
the ?H quadrupole splittings of phospholipids deuterated at
the glycerol backbone when incorporated into lipid bilayers
(Gally et al., 1981), the co-existence of several of these
conformations and their fast exchange in liquid crystalline
bilayers has been suggested. Exchange between at least four
phospholipid conformations has been taken into consider-
ation to analyze the J coupling constants measured during
the NMR spectroscopic investigations of short-chain phos-
pholipids in micellar solutions (Hauser et al., 1988). The
relevant x-ray structures (DMPC1, DLPA, DLPEM,, and
DMPGI1; cf. Hauser et al., 1988) indicate that the
CO—O—C vector assumes a variety of orientations with
respect to the molecular long axis (not shown). As some of
these angles correspond to positive '*C chemical shift
anisotropies and others to negative values, fast conforma-
tional exchange results in averaging of the apparent
anisotropies. In a similar manner the C==0 direction of both
fatty acyl chains assume values from close to parallel to
close to perpendicular with respect to the molecular rotation
axis when the same phospholipid x-ray structures are ana-
lyzed. On average, the C=O0 orientation is close to the
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magic angle with respect to the bilayer normal. Fast con-
formational exchange together with axial diffusion and ad-
ditional molecular motions are, therefore, in agreement with
an apparently isotropic signal of the ester C=O stretch
vibration. IR spectroscopy with a time scale of ~107'? s
could provide information on the different conformations
whose contributions are averaged in NMR experiments.
FTIR spectroscopy of isotope-labeled phosphatidylcholine
(Lewis and McElhaney, 1992) indeed confirms a wider
variety of conformations than previously described from the
x-ray study of DMPC (Pearson and Pascher, 1979). Using
polarized ATR-FTIR spectroscopy on thick DMPC and
DPPC films, Hiibner and Mantsch (1991) came to the con-
clusion that both sn-1 and sn-2 ester C=0 are oriented at
62—66°(S = —0.18 to —0.26) with respect to the membrane
normal in both dry or fully hydrated oriented multilayers,
with no significant change upon the temperature-induced
phase transition. In the latter experiments the individual
contributions of the sn-1 and sn-2 linkages were evaluated
after labeling the sn-2 carbonyl with '>C. A similar orien-
tation of both carbonyls was determined.

Even though our knowledge about the orientation of the
carbonyl groups should be further refined, we suggest that
the dichroic ratio of the band at 1738 cm ™! provides a good
estimate for R*™%°. The nonsignificant change in sn-1 or
sn-2 dichroic ratios upon hydration or phase transition
pointed out by Hiibner and Mantsch (1991) increases our
interest for this band. Computing the dichroic spectra by
zeroing the integral »(C=0) near 1738 cm ' results in
positive bands for peptide amide transitions for which the
dipole is parallel to the acyl chain and negative intensities
for transitions where the dipole is aligned perpendicular to
the acyl chains (Table 1). In the present study a value of
RATRISO of 134 + 0.008 (standard error) is estimated, in
good agreement with our previous investigations where
similar amounts of materials were used (Goormaghtigh et
al., 1991a,b (DMPC, R*™ = 1.3); de Jongh et al., 1995
(DOPC, DMPC, RA™ = 1.3-1.4); Vigneron et al., 1995
(asolectin, RA™ = 1.41); Raussens et al., 1997, 1998 (gas-
tric tubulovesicles natural lipids, R*™ = 1.55)). This value
is also consistent with the dichroism of other lipid bands as
the transitions with dipoles perpendicular to the lipid acyl
chains such as v,((CH,), v(CH,), and 8(CH,) all have
dichroic ratios lower than RA™8°, Once the experimental
value of RATRIS® jg established, it can be tested which of the
models, thin, thick, or intermediate film, best relates
Sexperimental to RATR'

The present value of RATNS° = 134 immediately ex-
cludes the thick-film hypothesis. Introducing the field val-
ues (Egs. 15-17) in Eq. 12, R*™® reduces to

2 2
RATR _ 2 sin“a — ny,; (13)
thick-film Sil’lza(l + n%l) _ ngl )

which is always 2 for the incidence angle of a = 45° (sin«
= 0.5) used throughout this work. This property is indepen-
dent of the refractive indices. During the experiments de-
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scribed in this paper, 50—100 wg of material was spread
over an area of 5 cm?, which results in a sample thickness
of 0.1-0.2 um (assuming a density of 1). This value is
indeed much smaller than the wavelength (6.06 um at 1650
cm ') but close to the penetration depth d, = 0.39 pm at
1650 cm ™', In cases where the sample is much thinner than
the penetration depth (thin-film model) the field may be
considered to be constant over the film thickness. In this
hypothesis, R*TR® depends on the different refractive in-
dices (Harrick, 1967). Introducing Eqgs. 18-20 into Eq. 12
yields RATRIS® = 118, just too small to explain the 1.34
value that has been determined experimentally. It is there-
fore necessary to take into account the film thickness. This
is confirmed by the fact that the measured dichroic ratios,
including R*™°, depend on the amount of material used to
make each film (see below). A rigorous treatment of the
stratified medium formed by the IRE, the film, and the rarer
medium has been developed by Hansen (1968, 1973) and
used more recently by Axelsen and Citra (1997). For weak
absorbing samples, a simple interpolation of the electric
field amplitudes has been suggested by Fringeli (1992). For
a film of thickness d,

E(d) = B + (1 — e (R — ), (14)

where & stands for the coordinate direction x, y, or z and thin
and thick are the values calculated for the thin- and thick-
film approximation; d, is the penetration depth (Eq. 21).
This equation is quite useful for biological samples for
which the band of interest, including the amide I band in
proteins can be considered to be weak absorbers. The effects
of n,, ny, and the film thickness d become apparent from the
dependence of E,, E,, E,, and RATRIS® on these parameters
(Fig. 6). Fig. 6 indicates that only E, and thereby RATRis
depend significantly on n,, n;, and d. We therefore suggest
the use of the experimental value of R*TR* to evaluate E,.
This was done numerically by computing the film thickness
using n; = 4.0 (germanium), n, = 1.44 (lipids), ny = 1.0
(air), and the experimental value of RA™R° A value of
RATRISO =1 34 results in d = 0.12 um, in close agreement
with the estimation derived from the amount of membrane
material used to prepare the film (see above). It must be
stressed that this could be only an apparent thickness in case
of a poor evaluation of 1, and n,. Doubts about the physical
meaning of the refractive indices of films much thinner than
the wavelength have been expressed recently (Axelsen and
Citra, 1997). Furthermore, the value of the refractive index
in the absorption bands is usually uncertain. We made here
the arbitrary choice to adjust d such that £, is correctly
evaluated. As expected from Fig. 6, whatever the parameter
we adjust, E, and E, are essentially unchanged and the
value of E, is determined to be in agreement with the
experimental R*TR°. When 7, or n, are adjusted instead of
d, the same helix orientation within less than 1° is obtained
(not shown).

To determine peptide orientations from FTIR data the
value of Sy, needs to be evaluated for the transition
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FIGURE 6 Dependence of E,, E,, E,, and R*"™*° on the film refractive
index n, (top), on the external medium refractive index n (middle), and on
the film thickness d (bottom). Film thickness dependency was evaluated
according to Eq. 14 (Fringeli, 1992). Incidence angle = 45°; n, = 4.0
(germanium). Where constant, n, = 1.44, n; = 1.0 (air), and d = 0.12 um.
B N Ey--- E,

investigated. As reviewed previously (Goormaghtigh et al.,
1994Db), the angles between the amide I dipole and the helix
main axis that are reported in the literature vary between 20°
and 40°. This results in values for S, between 0.82 and
0.38. Angles as large as 42—-53° have been suggested when
an o structure was suspected (Draheim et al., 1991). The
orientations reported for the amide II dipoles vary between
75° and 90° (Sgipore between —0.40 and —0.50). The dipole
orientations are a function of the origin of the transition.
Contributions to the potential energy of the amide I dipole
are to 70—85% from »(C=0), to 10-20% from »(C—N),
and to 10% from the C—CN deformation. It also contains
some in-plane NH bending mainly responsible for the
downshifts in the amide I frequency on N-deuteration
(Krimm and Bandekar, 1986). The amide II potential energy
derives from the in-plane N—H bending (40—60% of the
potential energy), »(C—N) (18—40%) and »(C—C)
(~10%). These factors and the resulting dipole orientation
for amide I and amide II, therefore, depend on the exact
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geometry of the helix. The maximal values observed for the
transmembrane orientation of the helices for amide I and the
minimal values for amide II observed in this work provide
limits for S Indeed, for RA™® = 2.82 (Table 1), Eq. 8

yields an order parameter $=S,,4cSdipote = 0.55. If the
helix is perfectly perpendicular to the membrane, S, = 1

and Sy;p0 = 0.55, corresponding to a maximal tilt of the
dipole of 33.3° with respect to the helix axis. This value
falls well within the range of the reported values for amide
I in the case of a-helical conformations (for a review see
Goormaghtigh et al., 1994b) and is close to the widely used
value of 27° determined for bacteriorhodopsin (Rothschild
and Clark, 1979b). It must be stressed here that the 33.3°
value is an estimate for the maximal angle as both a tilt of
the helix with respect to the membrane normal and/or some
disordering of the membrane orientation would result in a
lower calculated value. For instance, a helix tilt of 22° with
respect to the membrane normal, a reasonable assumption
that is in agreement with the experimentally determined
static '°N solid-state NMR chemical shift values in uniax-
ially oriented samples (see below), results in an angle be-
tween the dipole and the helix axis of 27°. Following the
same reasoning the value of R*™ = 1.04 (Table 1) for
amide II implies a minimal tilt of the amide II dipole at 69°
with respect to the helix axis.

To test the approach proposed above, which corrects for
film thickness variations, we recorded ATR-FTIR spectra of
POPC-LAH, peptide at pH 7.0 at parallel and perpendicular
settings of the polarizer, similar to the experimental set-up
described in Fig. 1. In this experiment, however, the film
thickness was varied. Between 5 and 175 pg of material was
spread over the approximate area of 5 cm?. The evolution of
the dichroic ratios for amide I, amide II, and lipid »(C=0)
as a function of the film weight is reported in Fig. 7
(bottom). As the amount of material is increased from 5 to
175 pg, RA™ for amide I (pH 7.0) increases from 1.14 to
2.54 and for amide II (pH 5.0) from 0.92 to 2.08. In contrast,
the amide II (pH 7.0) dichroic fatio decreases from 1.28 to
1.15 (not shown). With increasing film thickness, the lipid
v(CH,) decreases from 1.15 to 1.05 and R*™ for the lipid
(C=0) increases from 1.17 to 1.41. At this point, two
important features can be observed. First, for 5 ug, the lipid
Y(C==0) has a dichroic ratio of 1.17, i.e., very close to the
value of 1.18 obtained for a random distribution of the
transition dipoles assuming the thin-film hypothesis.
Second, as the film gets thinner, the accuracy of the exper-
iment decreases and makes it more difficult to distinguish
the various possible orientations whose characteristic di-
chroic ratios get closer. The bottom part of Fig. 7 also
demonstrates that to deduce structural information from
dichroic ratios of the film, thickness needs to be taken into
consideration.

The values of RATR® measured for the lipid »(C=0)
band shown in Fig. 7 (bottom) were used to compute the
film thickness d (Fig. 7, middle) assuming an average
orientation of the ester C==0 bond close to the magic angle
as suggested earlier. The calculated film dimensions are
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FIGURE 7 (Bottom) The dichroic ratios measured on a POPC-LAH,
peptide film for amide I, amide II, and lipid »(C==0) are shown as a
function of the amount of material used to prepare the film. The film area
is ~5 cm?. (Middle) Film thickness, which has been calculated from RA™R
value measured for the lipid »(C=0) using Eq. 14. (Top) Maximum tilt of
the dipole of amide I and amide II transition with respect to the helix axis
obtained when considering Sy,cmbrane = 1> Shetix angte = 1> a0d Spetix order =
1. Angles plotted are computed from the value of Sy;,,,. obtained from Eq.
9 as arccos((2 Sgipoe + 1)/3)"2.

close to the expected ones on the basis of the amount of
materials deposited on the germanium crystal. The maximal
possible tilt for the amide I and amide II dipoles are sub-
sequently calculated (Fig. 7, top) using the film thickness
reported in Fig. 7 (middle). Clearly, even though the RA™®
variation is large (Fig. 7, bottom), at concentrations >10
g, correction for the film thickness results in a consistent
maximum 39 * 2° tilt of the helix dipole with respect to the
membrane normal (Eq. 8). The same behavior is seen in Fig.
7 for the amide II dipole. Deviation from this behavior
occurs below 10 g, i.e., for average film thickness smaller
than 20 nm.

Until now we have assumed that the peptide is fully
a-helical. The presence of two to three unordered residues,
however, has been suggested to occur at the termini of
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helical structures (Dousseau and Pézolet, 1990; Kalnin et al.
1990). The presence of ~20% unordered residues intro-
duces the following changes into the previous analysis
(Raussens et al., 1997). According to the equations pre-
sented in Appendix 2 and considering an 80% helix content,
R“ increases from 2.83 to 3.19, implying a maximal tilt of
32° for the helix amide I dipole. For amide II, R* decreases
from 1.04 to 1.00, implying a minimal tilt of the amide II
dipole of 72°. These values are very close to the previous
ones, indicating that the disorder introduced by the helix end
does not significantly affect our conclusions.

The use of other peptides with marked orientations con-
firms the more general validity of these dipole orientations
with respect to the helical structure. The hd20 peptide
dichroism (Table 1) yields a maximal dipole tilt that is
within 1° of the values discussed above. As pointed out by
Reisdorf and Krimm (1995), the ratio of the amide I/amide
II dichroism is not necessarily a constant as exemplified by
GLY for which the amide II dichroism is close to the ones
measured for h®20 or LAH,, whereas the amide I dichro-
ism is much less marked (Table 1).

Magainin exhibits the lowest negative dichroism for the
amide | band. The peptide exhibits a preferred orientation
approximately parallel to the surface. Among the peptides
that have been used in this investigation, magainin 2 has
been studied most extensively by the methods of solid-state
NMR spectroscopy. Eight residues of the peptide have been
labeled selectively with '>N. Each of the peptides has been
incorporated into uniaxially oriented phospholipid bilayers
and studied in separate solid-state NMR experiments. One-
and two-dimensional cross-polarization >N solid-state
NMR spectroscopy indicates that the peptides form right-
handed a-helical structures in lipid bilayers at least between
residues 2 and 20 (Bechinger et al., 1993). These helices are
stable on the time scale of the '*N chemical shift anisotropy,
and the measured '°N chemical shifts indicate that this helix
is oriented approximately parallel to the membrane surface.
Although the chemical shift positions of the peaks are
measured quite accurately (<=5 ppm), the proton-de-
coupled '°N resonances of early NMR spectra exhibit typ-
ical line width at half-height of =30 ppm. This value
corresponds to =15% of the static chemical shift anisotropy
(~175 ppm). The line width is to a large extent due to
orientational mosaic spread of these early samples (d ~100
pum) and is considerably reduced in more recent experi-
ments where the thickness of membrane stacks was reduced
(i.e., in conditions closer to those of the present study).
Magainins labeled at the four consecutive positions between
Ala-15 and Gly-18 have been investigated by multidimen-
sional separated local-field NMR spectroscopy (Bechinger
et al., 1993; Ramamoorthy et al., 1995). Among the low-
energy structures tested, the measured >N chemical shifts
and 'H-'>N dipolar interactions agree only with a right-
handed a-helix conformation. Among the eight residues
labeled, the orientations of the Phe-16 and the Val-17
amides have been defined by the NMR parameters most
accurately. Although the orientational restrictions are in
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perfect agreement with an energy-minimized right-handed
a-helical structure, they do not overlap with the orienta-
tional restrictions of peptide bonds that form part of ideal
a-helical conformations even though all possible helix ori-
entations have been taken into consideration. The experi-
mental values, however, are closest to angular restrictions
obtained from an ideal helix oriented at 90° with respect to
the bilayer normal. This indicates that magainin forms a
nonideal helix conformation whose carboxyl-terminal part
is oriented close to parallel to the membrane surface. These
findings agree well with recent magainin structures in mi-
cellar solutions as determined by multidimensional NMR
spectroscopy, which indicates a 16° bend in the a-helix
around position 12 (Gesell et al., 1997; Bechinger et al.,
1998a,b). The nonideal helix geometry makes an accurate
definition of the average helix axis direction difficult. In
addition, the assumption of a planar membrane surface
seems only appropriate to first approximation in real sam-
ples. The comparison of FTIR to solid-state NMR measure-
ments on oriented magainin-lipid samples underline that the
orientations calculated from FTIR data are limits to the real
average orientation of the helix with respect to the mem-
brane as any kind of disorder introduced in the system
through S,;,cimbranes Shetixs OF Saipote Will result in angles either
closer to the membrane plane or to the membrane normal.

The approximate orientations of LAH, have been deter-
mined as a function of pH, using the '°N solid-state chem-
ical shift value as an indicator of transmembrane or in-plane
orientations (Bechinger, 1996). The spectral intensities
show that this peptide completely reorients from parallel to
the surface into a transmembrane configuration when the
pH is increased from 5 to 7. With the help of solid-state
NMR experiments, the midpoint of transition has been
determined to be pHs, = 6.1 (£0.2) in good agreement with
the FTIR titration shown in Fig. 2 (pHs, = 6.5 = 0.2). The
pK values of the individual histidines have been measured
by solution NMR spectroscopy and range between 5.4 and
6.0 in dodecylphosphocholine micelles. These values have
been included into the analysis of electrostatic, polar, and
hydrophobic energy contributions during the structural re-
orientation of the peptide (Bechinger, 1996, 1997).

The pH-dependent reorientation of LAH, has been ob-
served by solid-state NMR as well as ATR-FTIR spectros-
copies. Considering the differences in techniques and in
sample conditions the experimentally determined midpoints
of transitions agree considerably well. Whereas several
thousand bilayers are oriented between pairs of glass plates
at close to full hydration, the thin FTIR preparations are
dried onto germanium crystals. A new membrane stack was
prepared for each solid-state NMR measurement, and re-
peated incubation of the FTIR sample at different pH results
in the observed reorientation. Whereas in '°N solid-state
NMR two different resonances have been integrated and
compared (characteristic time scale 107°~10* s), a single
averaged dichroic ratio is measured for the FTIR analysis
(1071210~ ).
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The "N chemical shift of the h®20 sequence indicates
that this peptide orients parallel to the bilayer normal
(£30°). The line width at half height of the '°N resonance
is ~30 ppm in samples that contain =100 wg of material
per mm? (d ~ 100 um). The glycophorin sequence has so
far not been investigated by oriented solid-state NMR ex-
periments although it has been used for distance measure-
ments by magic-angle spinning solid-state NMR spectros-
copy (Smith et al., 1994).

The model peptide h®20 exhibits narrow '°N solid-state
NMR resonances. The model character of this sequence
with matching hydrophobic thickness, little variation in the
amino acid side chains, and the clear-cut separation of
hydrophobic and charged amino acids ensures that the se-
quence matches well with the amphipathic nature of the
lipid bilayer. This sequence therefore exhibits a more ho-
mogeneous orientational distribution and disturbs the lipid
bilayer orientation less than the natural sequences. The side
chains of glycophorin and magainin exhibit additional in-
teractions that cause deviations from ideal helical structures.
Preliminary *'P solid-state NMR results also suggest that
these natural sequences cause severe distortions in the lipid
bilayer planarity.

APPENDIX 1

According to Harrick (1967), for the thick-film hypothesis (film much
thicker than the penetration depth of the evanescent wave, see below, Eq.
21), the field values are given by

2 cos O(sin’f — n3))"?

Bo= =y + mosico —my2 )
E, = 2 1/22 sin 0 2COS-62 2712 (16)
' (I = n3)"?[(1 + n3)sin*6 — n3,]
P (17)
' (1 —n3)'"

and for the thin-film hypothesis (film much thinner than the penetration
depth of the evanescent wave, see below, Eq. 21) by

2 cos O(sin’0 — n3,)"? %)
(1 = m3)"[(1 + n3))sin’60 — n3,]"°

EX,O =

2n3,sin O cos 0

o = =)o+ s — 72 (%)

2 cos 0
E

0= (= i (20)
where 0 is the incidence angle, n,, = ny/n,, ny, = ny/n,, and ny, = ny/n,
with n,, n,, and n4 the refractive indices of the internal reflection element,
the sample, and the outer medium, respectively. The penetration depth is
the distance from the germanium/film interface where the electric field
amplitudes has decreased to 1/e (Harrick, 1967). It is given by

Ay
b= 2(sint0 — nd)" 1)
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where A, = AM/n,. S is defined as the projection of the orientational density
distribution function C(I') on the second Legendre polynomial. For uniax-
ial symmetry, it is computed as

73 cos’l — 1 .
S= s C(I)sin(I')dl’, (22)

0
where I' refers to the angle of the considered distribution. Polarized
infrared spectroscopy information is intrinsically limited to the second-

order approximation of the distribution functions (Axelsen and Citra,
1997).

APPENDIX 2

In polarized spectra, the a-helix contribution to the amide band is
Al = 41— 4L (23)
b= At - 4, 24)

where the index u refers to the fraction of the polypeptide chain with no
preferential orientation. By definition,

RATRiso — Aﬂ/Aul (25)

With x being the fraction of a-helix component in the protein, the a-helix
dichroic ratio R* is given by (Raussens et al., 1997)

R+2 .
o Rrgpmeg )
RE=Al/4t = T ) (26)
1 - RATRiso ) pATRiso | (1 - x)
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	Appendix 1According to Harrick (1967), for the thick-film hypothesis (film much thicker than the penetration depth of the evanescent wave, see below, Eq. 21), the field values are given by
(15)
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and for the thin-film hypothesis (film much thinner than the penetration depth of the evanescent wave, see below, Eq. 21) by
(18)



(19)



(20)

where  is the incidence angle, n21=n2/n1, n31=n3/n1, and n32=n3/n2 with n1, n2, and n3 the refractive indices of the internal reflection element, the sample, and the outer medium, respectively. The penetration depth is the distance from the germanium/film interface where the electric field amplitudes has decreased to 1/e (Harrick, 1967). It is given by
(21)

where &lambda;1=&lambda;/n1. S is defined as the projection of the orientational density distribution function C(&Gamma;) on the second Legendre polynomial. For uniaxial symmetry, it is computed as
(22)

where &Gamma; refers to the angle of the considered distribution. Polarized infrared spectroscopy information is intrinsically limited to the second-order approximation of the distribution functions (Axelsen and Citra, 1997).

Appendix 2In polarized spectra, the -helix contribution to the amide band is
(23)



(24)

where the index u refers to the fraction of the polypeptide chain with no preferential orientation. By definition,
(25)

With x being the fraction of -helix component in the protein, the -helix dichroic ratio R is given by (Raussens et al., 1997)
(26)
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