Circular dichroism of oriented a helices. I. Proof of the exciton theory

Glenn A. Olah and Huey W. Huang

Department of Physics, Rice University, Houston, Texas 77251 and Department of Molecular Biophysics
and Biochemistry, Yale University, New Haven, Connecticut 06511

(Received 9 February 1988; accepted 3 May 1988)

Moffitt’s exciton theory for & helices, an important cornerstone of the circular dichroism

(CD) theory for biopolymers, was recently cast in doubt by a linear dichroism measurement of
electric field oriented polypeptides [ Yamaoka et al., J. Am Chem. Soc. 108, 4619 (1986)]. In
particular the prediction that the polarization of an exciton split component at 208 nm should
be parallel to the a-helical axis was not borne out. This revealed the inadequacy of previous
experiments which used long polypeptides to prove the theory. We performed two experiments
to measure the effect of orientation of & helices on CD, one with a short membrane peptide,
alamethicin, oriented in defect-free muitibilayers and another with long polypeptides oriented
with electric field. We found the result of the experiment with alamethicin to be consistent
with the exciton theory. An elaborate procedure was established to measure the CD of protein
molecules embedded in lipid multibilayers with light incident on bilayers at various angles (the
helical sections of alamethicin are perpendicularly embedded in bilayers). Thus we are able to
measure the polarization of the 208 nm band and prove that it is indeed parallel to the a-
helical axis. The problem of electric field oriented polypeptides is discussed in paper II.

I. INTRODUCTION

Since the early 1960’s when circular dichroism (CD)
studies in the far UV of polypeptides and proteins first be-
gan, the negative CD band at ~ 208 nm and the positive CD
band at ~ 192 nm of a helices had been assumed to be the
result of an exciton splitting of the peptide #=* transition
(~190 nm) where the 192 nm has been predicted to be po-
larized perpendicular and 208 nm polarized parallel to the
helix axis."? This important feature of the exciton theory is
very useful for the conformational analysis of membrane
proteins whose transmembrane sections are often a heli-
cal.>® However the assumption that the CD bands at 192
and 208 nm are Moffitt’s exciton components was recently
cast in doubt by Yamaoka et al.® who measured the electric
dichroism of partially oriented a-helical polypeptides. This
revealed the inadequacy of the previous experimental proof
for the Moffitt exciton theory.”® The weaknesses of all the
previous tests were that either the bulk orientation of the
helices could not be independently determined or the degree
of orientation was insufficient. In the course of studying the
molecular mechanism of the voltage-gated alamethicin ion
channel, we found that alamethicin has a high degree of a-
helix formation ( ~50% ) when embedded in a phospholipid
bilayer environment. Therefore, we embedded the alamethi-
cin molecules in defect-free phospholipid multibilayer liquid
crystals'® which allowed us to measure the far UV CD of
uniformly aligned o helices at various angles between the
direction of light and the helical axis. The result was consis-
tent with the predictions of the exciton theory. In particular,
the CD band at 208 nm was shown to be polarized parallel to
the a-helical axis. In order to understand the disparity be-
tween the result of Yamaoka et al.® and the others, we also
performed an experiment measuring the CD of electric field
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oriented polypeptides. Like Yamaoka e al.,° we found an
apparent disagreement between our results and Moffitt’s
prediction. We concluded that it is impossible to determine
the polarization of an & helix with long polypeptides because
of their bending flexibilities.

In the following, we will first review the background of
the problem under consideration, and then present and dis-
cuss our experiment with alamethicin. It is well known that
light scattering, linear dichroism and linear birefringence
produce distortions in the CD spectra.''™"* The procedure
for avoiding these artifacts in our CD measurements will be
elaborated on. The problem of electric field oriented poly-
peptides will be discussed in another paper (paper 1I).'*

Il. BACKGROUND

Ultraviolet circular dichroism spectroscopy has been
used extensively in the analysis of the secondary structures
of proteins (see review by Woody?). The principle of this
structure probing technique is based on the experimental
fact that the CD spectra (below ~250 nm) of polypeptides
and proteins are dominated by the electronic transitions in
the peptide units and are relatively independent of the side
chains. The asymmetric and periodic arrangement of a poly-
peptide chain gives rise to its characteristic far UV CD spec-
trum. In particular, the a-helix conformation has a highly
distinctive spectrum. Consequently the a-helix content of a
protein can usually be determined from CD to within 10%.°
Because of its inherent symmetry, the theory for the a helix
is also simpler than those of other conformations. As early as
1956, Moffitt predicted that for every transition in its indi-
vidual residues, a long helix has two transitions whose mo-
ments are, respectively, parallel and perpendicular to the
helical axis. The theory has since been revised and im-
proved.'>~>! But the main feature of Moffitt’s exciton split-
ting, i.e., a pair of parallel-polarized band and perpendicu-
larly polarized bands with the former on the long
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wavelength side, is correct. Since 19647 these exciton levels
have been, respectively, assigned to the observed negative
CD band at ~208 nm and the positive band at ~192 nm
(this actually followed the assignments of the absorption
bands by Gratzer et al.”). Because the precise theoretical
calculations of the eigenenergies, widths, and amplitudes of
the exciton bands are difficult, these assignments are by no
means certain. It was clear from the beginning that the most
definitive test of the exciton theory would come from the
polarization measurement of partially or wholly oriented
helices.

However, it is difficult to align polypeptides and even
more so to determine the degree of alignment. The absorp-
tion bands assignment mentioned above’ was based on a po-
larization measurement of poly-y-methyl-L-glutamate
(PMLG) films. The films were made by evaporating poly-
mer solution on quartz plates and orientation was achieved
by unidirectionally stroking the solution with a needle while
drying. From our related experience of preparing liquid
crystals, we know that such a procedure would not provide a
sufficient control on polymer orientation. We repeated this
experiment. We found that it was easy to obtain birefrin-
gence and linear dichroism in such films, but we could not
obtain films which gave a consistent and reproducible result.
Furthermore, such polymer films, including the Langmuir
monolayers of polymers used by Cornell,?* are liquid crys-
tals. It is well known that in general the optical properties,
including CD, of a liquid crystal are different from that of
individual polymers (see, e.g., Patel and Dupre, 1980%*).

Another idea was to use an electric field to align poly-
peptides. A polypeptide in the straight a-helical from has a
net dipole moment along its helical axis. Its magnitude de-
pends on the side chain composition as well as on the solvent;
it varies from about 0.7 ¢ A per residue (where e is the elec-
tron charge) to about 50% of that value.”> In order to
achieve a substantial degree of alignment, the electric energy
(dipole moment times electric field) must be greater than
the thermal energy k5 T (the Boltzmann constant times tem-
perature). However, in practice, it is difficult to maintain a
dc field of more than, say, SO kV/cm across a sample. There-
fore, it is necessary to use long polypeptides. The polypep-
tides, PMLG and poly-y-benzyl-L-glutamate (PBLG),
used by Hoffman and Ullman,® Mandel and Holzwarth,’
and Yamaoka et al.® were about 1000 A or longer. We have
systematically studied the CD of PBLG (260 000 Daltons)
in ethylene dichloride and dioxane, with light in the direc-
tion of an applied dc electric field. Like all previous electric
dichroism measurements, qualitatively the data seem to sup-
port the exciton theory. For example, the CD amplitudes at
208 and 224 nm decrease with increasing electric field. How-
ever, our quantitative analyses clearly show that at 208 nm
there is nonvanishing transition moment perpendicular to
the molecular dipole. This is the same conclusion reached by
Yamaoka et al. by their electric linear dichroism measure-
ment. If the long a-helical polypeptides are rod-like and rig-
id, the molecular dipole must be parallel to the straight heli-
cal axis by the symmetry argument; then the
abovementioned results clearly invalidate the assignment of
the 208 nm band as the parallel-polarized exciton compo-

nent. But there is evidence that long a-helical polypeptides
are not rigid. Light scattering and hydrodynamic studies
showed that the pitch per residue (the length of the projec-
tion of a monomer unit on the helical axis) of PBLG and
other polypeptides is a decreasing function of the molecular
weight.?® The dipole moment per residue also decreases with
increasing polymer length.?’~2°> We have calculated the ef-
fect of bending flexibility on the polarization of a-helical
polypeptides and shown that our results do not contradict
but are in fact consistent with the exciton theory (paper II).
We also believe that if the early experiments on polypeptides
could have been done more precisely, it would have been
concluded to have disproved the exciton theory just like Ya-
maoka and his colleagues did. In other words, we believe
that there should be no contradiction between the early and
the recent experiments.

lil. ALAMETHICIN

Alamethicin is a 20-amino-acid peptide naturally pro-
duced by the fungus Trichoderma viridae.?® Natural ala-
methicin has been shown to be a mixture of various compo-
nents; however, there are two major homologs which make
up approximately 94% of the natural peptide mixture. The
primary sequences of the two major homologs are

Ac-Aib'-Pro’-Aib>-Ala*-Aib°
-Ala®~-GIn’-Aib®-Val®-Aib'*-Gly''-
(Aib)
Leu'?-Aib"3*—Pro'*-Val'>-Aib'*-Aib"’
—Glu'®-GIn'*~Phol*°,

where Aib is @-aminoisobutyric acid and Phol is phenylalan-
inol. The two homologs differ only in position 6 where Ala is
replaced by Aib. The residues are predominantly hydropho-
bic and the peptide has an acylated NH, terminus and a
COOH terminal alcohol.

Alamethicin when added to phospholipid bilayers
forms voltage-dependent ion translocating pores.**? The
conducting properties of alamethicin resemble the voltage-
gated channels in actual biological membranes. Therefore,
much effort by researchers has been devoted to understand-
ing the structure and mechanism of alamethicin. The confor-
mation of alamethicin in crystalline form has been deter-
mined by x-ray analysis.>®> The solution conformation in
methanol was studied by measuring the NMR coupling con-
stants between amide protons and a-carbon protons of ala-
methicin.>* The crystal and methanol solution conforma-
tions differ; however, both conformations show the first
seven to ten residues to form a stable a-helical section.
Therefore, approximately 409—50% of the peptide is in the
a-helical form in these environments. The CD of alamethi-
cin in dilauroylphosphatidylcholine (DLPC) vesicles (Fig.
1) is that of a typical @ helix.? The amplitude at 224 nm
indicates that ~ 50% of the residues are in the a-helical form
in this environment as similarly found for the crystal and
methanol conformations; it seems that the CD contributions
of the nonhelical residues are negligible due to mutually de-
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FIG. 1. Circular dichroism of alamethicin in DLPC vesicles, with the back-
ground signal of pure DLPC removed. The protein/lipid molar ratio is 1/
80. The lipid concentration is 4 mg/ml. The suspension was prepared as
described in Ref. 10. No effect of light scattering was detected.

structive superpositions. Although there are in general no
selection rules for the exciton theory applied to « helices of
finite length, as few as five to ten residues should still exhibit
exciton splitting characteristics.'”?>*' Therefore, alamethi-
cin embedded in DLPC multibilayers is suitable for testing
the exciton theory.

IV. DEFECT-FREE MULTIBILAYERS

In the past year we have developed a technique of pre-
paring thick defect-free phospholipid multibilayers with
membrane peptides embedded in them.'® The multibilayers
are smectic lyotropic liquid crystals of lipid bilayers interca-
lated with H,O or D,0. The alignment technique has since
been improved so that samples with dimensions up to 80 u
thick X 130 mm? can be routinely made. The improvements
made in the alignment procedure will be elaborated on in the
following experimental section. Since our samples are free of
smectic defects, the alamethicin molecules embedded in the
multibilayers provide a bulk phase of uniformly aligned a
helices; the helical sections are presumably embedded in the
bilayers with the helical axis perpendicular to the bilayer
plane.>® Therefore, it is possible to perform a well defined
CD measurement of the orientational effect.

V. EXPERIMENTAL
A. Materials

DLPC and alamethicin were purchased from Sigma
Chemical Co., St. Louis, MO. Only DLPC indicating a puri-
ty better than 99.5% by thin-layer chromatography (TLC)
was used. Alamethicin was used without further purifica-
tion. A stock solution of alamethicin was prepared in
CHCI,:CH,OH (1:1) at a concentration of 1 mg/ml and
stored at 4 °C. A stock solution of DLPC was also prepared
in CHC1;:CH,OH (4:1) at a concentration of 10 mg/ml and
stored at 4 °C. All solvents used in the sample preparation
procedure were of spectroscopic or HPLC grade and always
filtered before use.

2533

Fused silica plates (1 in.X 1 in.X0.5 mm) and fused
silica cylinders (one cylinder end cut at the desired title an-
gle of either 15°, 30°, and 45°) were supplied by Optical In-
struments Inc., Houston, TX. Also, fused silica plates
(1in.X 1 in.X0.16 mm) were purchased from Esco Prod-
ucts, Inc., Oak Ridge, NJ. Either 0.5 or 0.16 mm thick plates
were used successfully to sandwich the multibilayer sam-
ples. Mylar sheets, used to define the sample thickness and to
seal the sample, were supplied by DuPont, Wilmington, DE.

The circular dichroism was measured on a JASCO
J500-A spectropolarimeter. 0.05% (w/v) androsterone in
dioxane was used to calibrate the CD amplitude assuming an
ellipticity of [6 1304nm = + 11 170°. The 586 nm peak of
neodymium glass and the 287.7 nm peak of holmium glass
were used to calibrate the wavelength. Calibrations were
checked daily during the course of the experiment.

A computer-controlled 360° rotator with a stepping mo-
tor from Oriel Corp., Stratford, CT was mounted in the CD
sample compartment. The rotator allowed 360° rotation of
the sample about the light direction k. Special sample
mounts (one for each tilt angle; namely, 0°, 15°, 30°, and 45°)
were made which fit into the 360° rotator and allowed the
optic axis of the sample to be tilted at the desired angle with
respect to k. Since the multibilayer samples are uniaxial crys-
tals with their optic axis directed perpendicular to the plane
of the bilayers, the tilted samples will possess linear birefrin-
gence and linear dichroism which will distort the CD signal.
It is therefore necessary to be able to rotate the tilted samples
about the k direction and average the CD signals for equally
distributed rotations around a circle.'*~'323%5

B. Sample alignment

The sample preparation as described in Huang and
Olah, 1987'® was used with some slight modifications. An
amount of alamethicin stock solution was added to an appro-
priate amount of DLPC ( ~200 mg) stock solution so as to
give a molar ratio of 1/80. (Alamethicin conformation in a
phospholipid environment depends slightly on peptide/lipid
molar ratio as observed by CD of both vesicle and multibi-
layer samples with different molar ratios. Both sample types
have a systematic decrease in the CD of the 208 nm dip
relative to the 224 nm dip for molar ratios greater than ~1/
50. Our interpretation of this effect will be presented in a
future paper. Molar ratios less than ~ 1/50 show no differ-
ence in CD signal with respect to each other and appear to
have slightly higher a-helical content; therefore, a molar ra-
tio of 1/80 is optimal.) The mixture was placed in a 100 ml
round-bottom flask, rotary evaporated so as to remove the
solvent, and dried under vacuum ( <10 gm) for 2 h. Ap-
proximately ~ 1 ml/gm of benzene was then added and the
mixture was lyophilized and left under vacuum for 48 h.

The sample batch was removed from vacuum and
placed in a container which in turn was placed in a small
flask slightly filled with H,O or D,O. The small flask was
purged with nitrogen, sealed and kept at 15 °C. The top of
the container containing the sample batch was left open so
that the sample would be in contact with the high humidity
( ~85%-90% relative humidity at 15 °C which can be con-
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trolled by using salt solutions instead of pure water). When
the sample appears to be a clear gel instead of a fluffy powder
the container is removed from the flask, purged quickly with
nitrogen, capped and stored at 15 °C. Sample batches with
this clear gel texture are easiest to align and are thought to be
equilibrated and fully hydrated ( ~20%-26% water by total
sample weight).

For each sample batch with alamethicin prepared, an
identical sample batch with only DLPC was also prepared
by the same procedure. A circular hole of 13 mm diameter
was made in 1.5 gm thick Mylar spacers to provide a cavity
for the samples. A small amount of each sample batch was
then sandwiched between either 0.5 or 0.16 mm thick fused
silica plates (cleaned in hot sulfuric/chromic acid, rinsed
with distilled water and dried under nitrogen) with the spac-
er. Samples were made less than 2 gm thick in order to mini-
mize linear birefringent and linear dichroic effects on the CD
signal for samples tilted with respect to k. When the samples
are this thin, accuracy in knowing the sample thickness is
forfeited. Therefore, to accurately determine the sample
thicknesses, we made duplicate samples with 40 um thick
spacers. Assuming the 40 um sample thicknesses to be accu-
rate to within 19, we determined the thickness of the thin-
ner samples by normalizing the O° tilt spectra to that of the 40
pm thick samples. True sample thicknesses were found to
vary between 1.6-1.8 um.

The same compression/dilation and low temperature
annealing ( <60 °C) procedure was used for aligning the
samples as discussed previously.'® However, for samples less
than ~ 50 um thick, we found that slightly shearing the sam-
ple along with compression/dilation and low temperature
annealing improved the speed as well as the quality of align-
ment. Areas as large as 130 mm? could be achieved in a few
hours. The ~2 pum thick samples took about 15-30 min to
perfectly align. The alignment procedure was monitored via
a polarized microscope. '

Four different samples with alamethicin and four differ-
ent samples without alamethicin were experimented with.
The orientational effects of all samples were the same show-
ing this measurement to be reproducible. The results of the
four samples with alamethicin were not averaged since the
exact molar ratio varied slightly between samples. There-
fore, the data presented in the figures are for the relative
changes due to tilting in only one of the four samples.

C. CD measurement

As already briefly alluded to, CD measurements of an-
isotropic materials can be overshadowed by linear birefrin-
gent (An) and linear dichroic (LD) effects. Corrections can
be made for these effects in the tilted samples by rotating the
sample about k and averaging the CD spectra for an equal
distribution of rotation angles around a circle. The rotator
and tilted sample mounts mentioned in the materials section
were used for this purpose. Typically, a single CD scan of a
sample was the average of 16 rotations where rotation angles
were 0°, 22.5°, 45°, 67.5°, ..., 337.5°.'>%33% The rotation angles
were measured with respect to the initial linear polarization
direction of the light before it is modulated into left- and

right-circular polarized light, so that at 0° rotational angle,
the bilayer planes of the sample are tilted (15°, 30°, or 45°)
with respect to the initial linear polarization direction. It
should be noted, however, that if An and LD are too large,
the rotational averaging would not sufficiently eliminate the
distortion effects. Hence very thin samples need to be used.

A simple test for minimizing and determining the extent
of distortion of the CD signal due to An and LD effects was
as follows:

(a) A standard was prepared consisting of PMLG
(150000 Daltons) in hexafluoroisopropanol (HFIP).
PMLG is a typical a-helical former in HFIP. The concentra-
tion of PMLG in HFIP was adjusted so that its CD spectra
(185-300 nm) was about the same order of magnitude as
that of the multibilayer samples. Call the CD spectra ob-
tained for the standard alone spectra A.

(b) The CD of the multibilayer sample was run and
averaged over the 16 rotational angles. In a wavelength
range ( ~ 300 nm for instance), if the base line was not flat
after rotational averaging, then the sample was thinned until
a flat base line was obtained. Call this averaged CD spectra
due to the multibilayer sample alone spectra B.

(¢) Run a rotationally averaged CD spectra of the mul-
tibilayer sample and the standard together. The standard
was placed closest to the photodetector. Call this spectra C.

(d) Ifthe An and LD distortion effects were not present
then we would expect,

spectra C — spectra B = spectra A.

Indeed, only if the error in the above relation was less than
1% did ve trust that the CD of the multibilayer samples
spectra B, was devoid of gross distortions. If noticeable error
was present, then the sample was further thinned and the
above procedure [ (a)-(d)] was repeated until the spectral
relation held. (We could not thin the pure DLPC multibi-
layers sufficiently to obtain a spectrum at 45° tilt which met
this criterion.)

The An and LD distortions due to the multibilayer sam-
ples can be handled by the above procedures. However, an-
other problem still remains. Since the samples are sand-
wiched between fused silica plates and the normal to the
plates is tilted with respect to k, the incident light will be
refracted in the silica plates according to Snell’s law. The
light emerging from the plates will therefore be shifted
slightly and impinge on the photodetector at a different place
than if the silica plates were not tilted. Thisis a problem since
the photodetector is areal sensitive. Also, due to the tilt of the
fused silica plates the reflectance of the light will increase
relative to no tilt and the transmitted light will be partially
polarized due to this reflectance. About 8% of the incident
light would be reflected in the worst case of 45° tilt with a
degree of polarization of the transmitted light of ~4%. Out
of these three sources of error; namely, refraction, reflection,
and polarization, the refraction is the most significant. All
three problems were eliminated by using fused silica cylin-
ders which have one face cut at the desired tilt angle as
shown in Fig. 2. The index of refraction of the fused silica is
1.456 and the multibilayer sample has an average index of
~1.45.'° Water was added to glycerol to match its index to
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FIG. 2. Schematic diagram of a tilted multibilayer sample. It is crucial to
make surfaces A and B perpendicular to k.

fused silica and then applied between the fused silica pieces.
It is crucial that the two flat surfaces of the cylinders are
parallel. A He-neon laser was used to make this critical
alignment. The cylinder/sample assembly was mounted on a
rotator which allowed the assembly to be rotated about the
assembly cylinder axis. A well collimated laser light (6 mm
diameter beam) was directed down the axis of the assembly
and projected onto a screen. If the two flat cylinder faces are
not perfectly aligned then the laser light would be refracted
and the projection on the screen would move when the as-
sembly is rotated.

D. Neutron Bragg reflection

The H,0 or D,0 content of a multibilayer sample can be
determined from the bilayer repeating distance and the latter
can be measured by neutron Bragg reflection. The experi-
ment was performed in Brookhaven National Laboratory
(Upton, Long Island, NY) using the H3 beam line at
HFBR. Two samples, one with and one without alamethi-
cin, have practically the same bilayer repeating distance if
they are kept under the same environmental conditions.
When they are fully hydrated (after storage in high humid-
ity environment), the repeating distance is 51.5 A. If the
samples are exposed to air for two days (storage in low hu-
midity environment), the repeating distance is 44.5 A. The
DLPC bilayer thickness was previously determined to be
39.5 A.%® The mosaic spread of the multibilayers is smaller
than the instrumental resolution.

Vi. RESULTS AND DISCUSSION

Tinoco and Hammerle®” showed that in an anisotropic
medium, if the direction of light propagation k is along an
OPth axis of the medium, the CD can be expressed as
(k-G-k) , where G is a second-rank tensor depending only on
the properties of the molecules and { ) denotes an average
over the distribution of molecular orientations with respect

to k. Our measurements are always averaged over the com-
plete azimuthal rotation around k, so that the Tinoco-Ham-
merle formula is applicable. This rotational average also
serves the purpose of deleting the effects of linear dichroism
and linear birefringence, as is described in Sec. V.

In each sample, the phospholipid bilayers are parallel to
the fused silica surfaces as is proven by conoscopy and polar-
ized microscopy.'® We shall assume that the a-helical sec-
tions of alamethicin are embedded in the bilayers and are
normal to the bilayer plane; and examine the consequences
of this assumption. Let a be the angle between k and the
normal to the fused silica plates or the bilayer plane. In the
following, the components parallel to the normal will be de-
noted by a subscript ||, while the perpendicular components
by 1. (Note that the paralle] CD component is perpendicu-
larly polarized and vice versa.) For an aligned sample, the
CD signal 6(a) at angle a, for either a helices or DLPC
molecules, obeys the following angular dependence:

8(a) = G, cos’a + G, sin’a, (1
whereas CD of the corresponding vesicular sample obeys
6, = G, {cos’ a) + G, (sin’ a) = 4G, +3G,. 2)

G, and G, in Eq. (1) and those in Eq. (2) are the same, if
they are normalized to the same unit.

Figure 3 shows the CD of one and the same aligned
sample of alamethicin/DLPC at a =0° (A), 15° (B), 30°
(C), and 45° (D); the spectra were normalized by a factor
cos a to the 0° thickness. Figure 4 shows the spectra of the
corresponding aligned sample of pure DLPC at a = 0° (A),
15° (B), and 30° (C). These two samples have the same wa-
ter concentration as proven by having the same bilayer re-
peating distance measured by neutron diffraction. Since the
exact density of either sample is unknown, initially the scales
are not normalized to the molar unit; we simply adjusted the
scale of DLPC to that of alamethicin/DLPC by thickness.
(Later we will find a calibration between the aligned samples
and the vesicle samples of known densities; and we will be
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FIG. 3. Circular dichroism of one and the same alamethicin/DLPC multi-
bilayer sample at the tilt angle @ = 0° (A), 15° (B), 30° (C), and 45° (D).
The sample thickness is 1.6 zm and the alamethicin/DLPC molar ratio is
1/80. The spectra are normalized by the factor cos a to the 0° thickness and
are displaced for clarity.
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FIG. 4. Circular dichroism of one and the same pure DLPC multibilayer
sample at the tilt angle @ = 0° (A}, 15° (B), and 30° (C). The solid lines A,
B, and C are the least-squares fits with two Gaussians. The solid lines D and
E are the extrapolations by Egs. (1) and (2). Dotted line E is the spectrum
of DLPC vesicles calibrated to the multibilayer sample as described in the
text.

able to convert the scales of Figs. 3 and 4 to the molar units.)
One unexpected finding of this experiment is the CD of pure
DLPC, which turns out to have a peak near 208 nm and
contributes a substantial background to the spectra of ala-
methicin/DLPC sample. However, we should point out that
the increase of the 208 nm dip with the tilt angle (Fig. 3)
(the expected result of the exciton theory) cannot be the
consequence of the DLPC background, because the latter
decreases with increasing a (Fig. 4).

A.CD of DLPC

Spectra A, B, and C of Fig. 4 were decomposed by the
least-squares fit into two Gaussians, one centered at ~209
nm and the other at ~ 162 nm (Table I). The fits are shown
in solid curves (Fig. 4). The three amplitudes of each Gaus-
sian (their widths are about the same) satisfy Eq. (1) (three
equations for two unknowns) within 5%, with G, and G,
shown in the last row of Table I. Thus we are able to extrapo-
late the data with confidence to predict the spectrum for 45°
and the spectrum for a corresponding DLPC vesicles (Fig.
4, solid lines D and E, respectively).

As we mentioned in Sec. V, we were not able to obtain a
reliable spectrum at o = 45° due to strong birefringence.
Therefore the extrapolated spectrum D will be used as the

TABLE 1. Gaussian decompositions of DLPC spectra.
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FIG. 5. Circular dichroism of oriented alamethicin at tilt angle @ = 0" (A),
15° (B), 30° (C), and 45° (D), obtained by subtracting the solid lines A-D
in Fig. 4 from the spectra A-D in Fig. 3. E is the CD of randomly oriented
alamethicin (Fig. 1) calibrated to this figure as described in the text.

background for the 45° spectrum of alamethicin/DLPC.
Through a calibration procedure to be explained later, we
were able to normalize the experimental data of vesicles to
Fig. 4 (dotted line E). The close agreement between the ex-
trapolation and the data indicates that the calibration is rea-
sonable; i.e., 1 millidegree in Fig. 4 corresponds to 36
deg cm?/decimole. Thus the 209 nm band of DLPC is char-
acterized by G, = —12X10* and G, =9.3X10 in
deg cm?/decimole.

B. CD of oriented alamethicin

The smooth spectra of pure DLPC (Fig. 4 solid lines A—
D) are substracted from the corresponding spectra of ala-
methicin/DLPC (Figs. 3A-3D) to obtain the spectra of ori-
ented alamethicin (Figs. SA-5D). We note the systematic
changes in the amplitudes between 200 and 240 nm as a
function of angle a. But the height of the peak at ~ 192 nm
remains relatively unchanged for four different a’s. There-
fore, we use this peak to calibrate the scale of the aligned
sample. First, we plot Figs. 1 and 5 on the same scale (milli-
degrees), then multiply a constant (0.34<10~¢) to the
spectrum of alamethicin in vesicles (Fig. 1), so that the am-
plitude of its 190 nm peak is the same as those of the aligned
sample (Figs. SA-5D); the result is the spectrum E. In this

O=a,exp[ — (A — A/ ] +aexp[ — (4 —A,)/a3 ]

a, A, o, a, A, 0,
a (millidegrees) (nm) (nm) (millidegrees) (mn) (nm)
o’ -~ 3.26 209.7 16.5 — 164 162 14.4
15° — 295 209.5 15.8 — 140 161 14.5
30° - 179 208.0 16.4 -178 163 15.4
0=G) cos’a G| = — 3.26 millidegrees G, = — 16.4 millidegrees
+ G, sin’ a G, = + 2.53 millidegrees G, = + 34.3 millidegrees
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way we find 1 millidegree in Fig. 5 to be equivalent to
2.9 10° deg cm?/decimole. The aligned lipid spectra are
calibrated by the same multiplication factor. Taking the pro-
tein/lipid molar ratio (1/80) into account, we obtained the
unit for Fig. 4 as given in the last section.

Thus we have in Fig. 5 the spectra of uniformly oriented
and randomly oriented & helices to be compared with theo-
ry. Qualitatively the spectra exhibit the following systematic
orientational dependence as the a-helix changes from 0° to
45° (A-D) in angle « and finally to a random distribution
(E): (1) an amplitude increase and a ~4 nm blue shift from
~226 to ~222 nm in the ~224 nm band; (2) vanishingly
small amplitude of the 208 nm band developing into a well
defined negative band; (3) constant amplitude buta ~4 nm
blue shift in the ~192 nm band from ~ 197 to ~ 192 nm.
Conventionally the 224 nm band is identified with the amide
n* transition whereas the 208 and 192 nm bands are, re-
spectively, the parallel- and perpendicular-polarized exciton
components of the amide 77* transition. The observed
orientational dependence is completely consistent with the
theoretical descriptions of these three bands.*'7-!

However much of the quantitative descriptions are in-
evitably model dependent. The most clearcut theoretical
prediction is about the directions of polarization of the exci-
ton split components. Particularly the 208 nm band is pre-
dicted to be a single band with the transition moment paral-
lel to the a-helical axis. Although this feature was originally
predicted for an infinitely long a helix, studies by Woody
and Tinoco,'” and Madison and Schellman®® showed that
helices of ten or more residues have similar spectra with well
separated parallel- and perpendicular-polarized bands. This
prediction is indeed borne out by the spectrum of alamethi-
cin.

According to the theory, the CD spectrum of an a helix
consists of a positive Gaussian and a non-Gaussian band
both centered around ~ 192 nm, a negative Gaussian near
208 nm and another negative Gaussian near 224 nm. Unfor-
tunately, it is impossible to obtain a unique decomposition of
our spectra into four bands. Depending on the restrictions
used in the fitting routine, we obtained a multitude of differ-
ent decompositions all of which fit the data with comparable
reduced chi squares.

Supposing the exciton theory is correct, then the orien-
tation dependence shown in the 208 nm region—i.e., the
amplitude diminishes as the helical axis aligns with the prob-
ing light—clearly implies that the spectrum in this region is
dominated by a parallel-polarized transition. Accordingly
we assume that the spectral amplitude near 208 nm is pro-
portional to the rotational strength of the parallel-polarized
band; that means G, =0at 208 nm in Egs. (1) and (2).
Therefore, if both the theory and our assumptions are cor-
rect, the 208 nm amplitude should be proportional to sin? a.
To minimize the fluctuations, we take the average amplitude
between 207 and 208 nm (the peaks of spectra D and E fall in
this region) for each spectrum in Fig. 5. The results are
shown to be proportional to sin? a [ for spectrum E, sin® a is
replaced by 2/3 according to Eq. (2)] in Fig. 6. The positive
value for the 0° amplitude is most likely due to the overlap of
the 192 nm band. As the tilt angle a increases, the 192 nm
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FIG. 6. The average amplitude between 207 and 208 nm of spectra A~E in
Fig. 5 vs sin? a. For the spectrum E, sin? a is replaced by 2/3 according to

Eq. (2). The exciton theory predicts the amplitude to be linearly propor-
tional to sin® a.

band shifts to the shorter wavelength and the overlap be-
comes less important.

In conclusion we have unequivocally confirmed the pre-
diction of the exciton theory on the polarization of the 208
nm band. The result also shows that the a-helical section of
alamethicin is at least approximately perpendicular to the
bilayer membrane.
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