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ABSTRACT We present a new method
for determining the orientation of a-
helical sections of proteins or peptides
in membrane. To apply this method,
membranes containing proteins must
be prepared in a multilayer array. Cir-
cular dichroism (CD) spectra of the
multilayer sample are then measured at
the normal as well as oblique incident
angles with respect to the bilayer
planes; we call such spectra oriented
circular dichroism (OCD). The proce-

dure of OCD measurement, particularly
the ways to avoid the spectral artifacts
due to the effects of dielectric inter-
faces, linear dichroism and birefrin-
gence, and the method of data analysis
are described in detail. To illustrate
the method, we analyze the OCD of
alamethicin in diphytanoyiphosphati-
dylcholine multilayers. We conclude un-
ambiguously that the helical section of
alamethicin is parallel to the membrane
normal when the sample is in the full-

hydration state, but the helical section
rotates to the plane of membrane when
the sample is in a low-hydration state.
We also obtained the parallel and per-
pendicular CD spectra of a-helix, and
found them to be in agreement with
previous theoretical calculations based
on the exciton theory. These spectra
are useful for analyzing protein orienta-
tions in future experiments.

INTRODUCTION

This paper describes a method of determining the orienta-
tion of a-helices embedded in membrane by a novel use of
circular dichroic spectroscopy. Its principle is based on
the Moffitt theory (Moffitt, 1956; Moffitt et al., 1957)
which predicts that one of the peptide transitions in a
helix is polarized parallel to the helical axis. For a long
time this theory was supported by qualitative results of
experiments on partially oriented long a-helical polypep-
tides. But these experimental supports were called into
question by Yamaoka et al. (1986), who measured linear
dichroism of electric-field oriented polypeptides. The
confusion was, in our opinion, the result of neglecting the
bending flexibility of long polypeptide molecules (see
Olah and Huang, 19885, for the details). Using a multi-
layer sample of short helical peptides embedded in mem-
brane and measuring its circular dichroism (CD) at a
series of oblique incident angles, we were able to prove
unequivocally Moffitt’s prediction on polarization (Olah
and Huang, 1988a). As we will see below, the results
presented in this paper further confirm the quantitative
details of the theoretical predictions.

Clearly the method we used to prove the Moffitt theory
can be used to analyze the orientation of helical sections
in membrane proteins. Two experimental procedures are
essential for this application. First, the membranes con-
taining proteins are stacked to form a multilayer system,
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i.e., a L, lamellar liquid crystal, sandwiched between two
quartz plates in which the planes of the stacked bilayers
are parallel to the plates. Second, the CD spectra of the
multilayers are then measured with the light incident at
normal and oblique angles with respect to the planes of
the stacked bilayers. It is known that measurement of CD
may be distorted by the effects of linear dichroism and
linear birefringence, particularly when the multilayer
samples are measured at oblique incident angles. It is
important to understand these effects and make certain
that they are separated from the true CD spectra.

To illustrate the method of oriented circular dichroism
(OCD), we present the measurement and analysis of the
CD of alamethicin in diphytanoylphosphatidylcholine
(DPhPC) multilayers. Alamethicin is a membrane pep-
tide of 20 amino acids. In a membrane environment,
whether in a vesicle dispersion or in multilayers, the CD
of alamethicin is that of a typical a-helix, although its
amplitude indicates that only 40-50% of the residues are
in the helical form; the nonhelical part apparently con-
tributes little to the total CD (Nagaraj and Balaram,
1981). Thus, the OCD of alamethicin in membrane
reflects the orientation of its a-helical section.

The stable state of hydrated DPhPC at room tempera-
ture (~20°C) is the L, lamellar liquid crystalline phase, in
which the lipid molecules are arranged in equally spaced
planar bilayers separated by water layers. The water
content can be controlled by exposing multilayers to H,O
vapor of chosen partial pressures; it may vary from a high
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40% (wt/wt) water content to a low 15%; in this hydra-
tion range the multilayers remain in the uniaxial L,
phase. By the method of OCD, we found alamethicin
molecules mixed in the DPhPC multilayers changing
their orientation with the degree of hydration. The signifi-
cance of this orientation dynamics of alamethicin will be
expounded in another paper (Wu, Y., H. W. Huang, and
G. A. Olah, manuscript submitted for publication). Here
we will concentrate on the details of this new method of
circular dichroic spectroscopy.

THEORETICAL BACKGROUND

Let’s consider a membrane protein which on average
possesses an uniaxial symmetry with the axis denoted by
a. The symmetry could be either the intrinsic molecular
property or the result of rotational distribution of a large
number of molecules around the axis a. Let’s denote the
direction of propagation of the probing light by k. G, is
the molecular CD when k is parallel to a, and G, the
molecular CD when k is perpendicular to a. The sample is
composed of multilayers of lipid bilayer membrane with
the protein molecules embedded in the bilayers. Let the
normal to the plane of membrane be n and the angle
between 7 and a be ¢. In the liquid crystalline L, phase of
the membrane, we assume that the molecular axis a is
uniformly distributed over all values of the azimuthal
angle around n. The OCD of the sample, 8(«), is mea-
sured at an incident angle a between k and n, and
averaged over all values of the azimuthal angle around
the beam direction k. The general property of CD gives
the following orientation dependence (Tinoco and Ham-
merle, 1956):

8(a) = 8(0°) cos® @ + 6(90°) sin® a. 1)

It is easy to show that
8(0°) = G, cos’ ¢ + G, sin® ¢, )
0(90°) = Y2 G, sin* ¢ + G, (1 — Y sin® ¢). 3)

Suppose that two samples are prepared under two dif-
ferent conditions A and B, such that the inclination angle
¢ is changed from ¢ ,to ¢5. The OCD for state A and state
B give

0a(0°) = Gy cos ¢a + G, sin’ gs, 4)
04(90°) = ' G sin® ¢p + G.(1 — asin® ¢,), &)
05(0°) = G, cos’ ¢y + G, sin® ¢, (6)
8a(90°) = 1h G sin® 5 + G.(1 — Yhsin® ¢g).  (7)

The four equations are, however, not independent; even if
one makes use of two independent CD bands at different

wavelengths, it is not possible to determine G, G, ¢a,
and ¢g, unless there is an additional input such as the
Moffitt theory. OCD can nevertheless serve a useful
purpose even when an additional input is unavailable. If
the results of OCD are consistent with Eqgs. 4-7, it can be
used as a proof that state A and state B are different only
by a rotation of the molecular axis, not, for example,
different in the secondary structure of the protein.

Another case of interest is that there are two possible
orientations for the helix, and state A and state B
represent two different distributions of the helices in these
two orientations. OCD cannot distinguish a two-orienta-
tion problem from a rotation problem. For example, if the
two possible orientations are parallel and perpendicular to
the normal of membrane and x, (xg) represents the
fraction of the helices of state A (B) in the parallel
orientation, then

0a(0°) = xA Gy + (1 = x4) G, ®)
0a(90°) = (1 — xA)Gy + Vo1 + xA)G. &)
05(0°) = x5 G, + (1 — xp) G, (10)
05(90°) = (1 — xg)Gy + 'a(l + x)G,. (11)

These equations are equivalent to Eq. 4-7, if we let x, =
cos? ¢p, Xp = COS Pp.

The CD spectra sensitive to the secondary structures of
proteins occur below 240 nm. The lower wavelength
limitation of commercial CD spectrometers is ~185 nm.
Within this range the peptide spectra are dominated by
the 7—7* and n—7* transitions (see a summary of the CD
theories in Woody, 1985). The n—=* transition is charac-
terized by a magnetic dipole transition moment directed
along the carbonyl bond, which in a helix gives rise to a
negative CD band near 224 nm; the band is approxi-
mately Gaussian. The #—* transition in a helix splits into
three. One has its electric transition dipole polarized
parallel to the helical axis and gives rise to a negative
Gaussian band near 205 nm. The other two have their
electric transition dipoles polarized perpendicular to the
helical axis, and their amplitudes strongly depend on the
angle between the direction of the probing light and the
helical axis (or, more precisely, the projection of the wave
vector on the helical axis). When the angle is 0°, these two
transitions combine to have the shape of the derivative of
a Gaussian centered near 190 nm with the positive
amplitude on the long wavelength side, called the helix
band (Tinoco, 1964). On the other hand, when the angle
is 90°, the two transitions are degenerate, both are
positive Gaussians, and are centered near 190 nm. Thus,
if the incident light is parallel to the helix axis, its CD is
given by

Gy =0,y gy, 190 M, //) + 0,s(—g, 224 nm, //), (12)
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whereas the perpendicular CD is given by

G, =0, _,(+2190nm, L) + 0,_.,.(—g, 205 nm, 1)
+ 0pre(—g, 224 nm, L), (13)

where in the parentheses, the symbol g or gy indicates
that the band is a Gaussian or the helix form, respectively,
and the sign in front of g stands for positive or negative
amplitude; the second entry is the wavelength; the third
denotes whether the helix is parallel or perpendicular to
the light.

EFFECTS OF TILTED INTERFACE,
LINEAR DICHROISM, AND LINEAR
BIREFRINGENCE

The artifacts in CD spectroscopy have been thoroughly
discussed recently by Shindo and Nakagawa (1985) and
by Schellman and Jensen (1987; also see the references
cited therein). The most serious problems are caused by
the coupling of the anisotropic properties of the sample to
the nonideal properties of the instrument. The latter
include (a) anisotropic transmittance in the photodetec-
tor, (b) a residual static strain birefringence in the
photoelastic modulator, and (c) a second harmonic
response in the lock-in amplifier (Shindo and Nakagawa,
1985). The quantitative expressions for the effects
encountered in this experiment are given in the Appendix.
In the following we show how we resolved this problem.

The primary concern in an OCD measurement is the
linear dichroism (LD) due to tilted dielectric interfaces.
We will use a fused silica plate as a substitute sample to
study this problem. Let us denote by a the angle between
the normal of the plate, n, and the beam direction &, and
by 8 the angle between an axis of the photoelastic
modulator and the plane of incidence (the plane defined
by n and k). From electrodynamics, we know that the
polarization in the plane of incidence is transmitted more
than the polarization perpendicular to the plane. Fig. 1 A4
shows the apparent CD of a fused silica plate oriented at
a = 30°, 8 = 45° The apparent CD increases with shorter
wavelengths because the increasing refractive index of
fused silica enhances the effect. At the same « angle but
B = —45°, the apparent CD is equal and opposite in sign
to the CD of 8 = 45° (Fig. 1 C). No apparent CD was
detected when 8 = 0° (Fig. 1 B). Indeed we found that at
a given wavelength the apparent CD is proportional to
sin 2. Also, as expected, the apparent CD caused by a
silica plate is independent of its thickness; a 0.25-mm
thick plate and a 3-mm thick plate produced the same
spectra shown in Fig. 1.

Eq. A8 in the Appendix describes the total output from
the photodetector due to an LD. A numerical estimate
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FIGURE 1 Apparent CD due to a tilted fused silica plate. The plate is
tilted so that the light is incident at a = 30°, The azimuthal angle 8
(defined in the text and in Fig. 5) is 45° for spectrum A, 0° for spectrum
B, and —45° for spectrum C. The spectra are independent of the
thickness of the silica plate.

shows that Eq. A8 can be simplified within experimental
errors: for a fused silica plate tilted at & = 30° in air, e'P ~
1.035 at wavelength 230 nm (note that this LD is one
order of magnitude larger than that of the samples; see
below); for our spectropolarimeter (J500-A; Jasco Inc.,
Easton, MD), cos §, ~ 1, Jo(6,) ~ 0.32, or dc(cos) ~ 0.32
(Shindo and Ohmi, 1985); also AT was estimated to be
~5% in the range of wavelength 200-300 nm (Shindo and
Nakagawa, 1985). Thus, within 1-2% uncertainty the
apparent CD is given by Eq. A10, which represents the
LD artifact added to the baseline. And after the baseline
subtraction the apparent CD is proportional to sin 23, in
agreement with experiment. We note that without the
static retardation in the photoelastic modulator and the
second harmonic response in the lock-in amplifier, the
factor ac(cos) would be zero and LD would not affect CD
(this is true for all the cases considered below). However,
eliminating only one of these two defects is insufficient to
remove the LD effect.

Next we superpose LD on a CD sample. The total
output from the photodetector for this case is given by Eq.
All. The magnitudes of CD of our samples are ~107*.
From the optical rotatory dispersion measurement, we
know that CD and circular birefringence (CB) of proteins
are of the same order (Imahori and Nicola, 1973). Thus,
within 1-2% uncertainty the apparent CD is given by Eq.
A12; the spectrum is a linear addition of a CD term and a
LD term to the baseline. We tested this by using a tilted
silica plate and a solution sample of poly-y-methyl-
L-glutamate (PMLG) which is a typical a-helix former in
hexafluoroisopropanol (HFIP). In Fig. 2 we show the CD
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FIGURE 2 CD of a PMLG solution sample with (spectrum A, dashed
line) and without (spectrum B, solid line) a tilted fused silica plate
(a = 30°) inserted in the light path in front of the PMLG solution.
Spectrum C, dotted line, is spectrum A minus the spectrum of the silica
plate, Fig. 1 A.

spectra of PMLG with (spectrum A) and without (spec-
trum B) a fused silica plate (o« = 30°, 8 = 45°) inserted in
the light path in front of the sample. (All spectra shown in
the figures have their baselines subtracted.) Spectrum C
obtained by subtracting the spectrum of the silica plate
(Fig. 1 A) from spectrum A agrees well with spectrum B.
The additivity of LD and CD signals means that LD
signal can be removed by averaging over angle 8 (this
averaging method was first suggested by Tunis-Schneider
and Maestre, 1970). The factor ac(sin)/[1 + dc(cos)
AT sin 2a] multiplying to CD in the first term of Eq. A12
is included in the instrument calibration; its calibrated
value is 2, so that in the absence of LD Eq. A12 reduces to
CD. Thus LD does not affect the amplitude of CD. The
main effect of LD is that in Eq. A12 the LD term can be
much larger than the CD term; if the removal of the LD
signal from the apparent CD is incomplete, a remaining
small fraction of LD signal can still significantly distort
the CD spectrum. In practice, we found that the average
of the apparent CD measured at 16 equally spaced 8
angles (0, 22.5°, . ..) effectively eliminates the LD arti-
fact.

We now turn to our OCD samples, which are multi-
layer membranes sandwiched between two fused silica
plates. The anisotropy now includes linear birefringence
(LB), LD as well as CD. The main cause of LD is still the
tilted dielectric interfaces. To make the LD as small as
possible, we have built a sample chamber to minimize the
interfacial effect by matching the refractive index along
the light path; as a result, we have ' = 1.004 at
wavelength 230 nm and o = 40°, the largest tilt angle in
our OCD measurement (see the experimental section).
The LB in our samples is due to the uniaxial nature of

membranes. The birefringence (An) of multilayers can be
measured by conoscopy; we found Arn = 0.031 for pure
lecithin and 0.024 for lecithin containing gramicidin (40
to 1 molar ratio) at wavelength A = 632.8 nm (Huang and
Olah, 1987); we expect these An’s to increase by 10% at
A = 200 nm as An of quartz does; we will use An = 0.03 to
estimate the LB effect. It is easy to show that when light
passes through a stack of bilayers of total thickness D at
angle o (with respect to the normal of the membranes),
the phase difference between the ordinary and the
extraordinary waves is LB = 27 DAn sin® a/A cos o (Born
and Wolf, 1980). The largest LB in our OCD measure-
mentis ~15°(D = 0.5 um, « = 40°,\ = 200 nm). We will
show below that the effect of LB is expressed as 1-cos LB,
we see that this factor is at most 0.03 for our samples. The
total effect of anisotropy will be estimated by considering
a combination of LD; + LB + CD + CB + LD,. The
optical axes of LD and LB are the same, both defined by
the angle 8 given above.

The result is given in the Appendix, Eqs. A16-18. The
apparent CD consists of two parts. One part, (I,./ly),,
can be removed by averaging over 8 like the LD term in
Eq. A12. The remaining part, (1,./I4),, is the CD signal
plus the baseline, but both are slightly modified by the LB
effect. The size of the baseline is typically 10% or less of
the CD signal; therefore, a maximum 3% modification on
the baseline is negligible. The factor cos LB multiplying
to CD (in Eq. Al17) is the only artifact that is not
correctable by a simple procedure. However, as we
pointed out 1 = cos LB = 0.97, the maximum error is
3%.

To be certain that our (-averaging process indeed
removes the B-dependent terms and that the LB effect
does not affect our spectra, we run the following test for
each OCD spectrum. For each spectrum, we measure the
sample alone and measure it again with a PMLG solution
sample inserted between the sample and the photodetec-
tor. The difference of these two spectra must agree with
the PMLG spectrum. Fig. 3 shows the result of the test
for the worst case of LB and LD, i.e., for « = 40°.
Spectrum A is the spectrum of PMLG alone; spectrum B
is the difference spectrum, i.e., the spectrum of the
combination of an alamethicin/DPhPC multilayer sam-
ple (¢ = 40°) and a PMLG solution minus the spectrum
of the sample alone, each independently averaged over (.
The good agreement shown in Fig. 3 (note that the scale is
magpnified ten times compared with Fig. 2 and the noise is
partly due to the fact that the PMLG solution is diluted
for this measurement so that its amplitude is comparable
to that of the multilayer sample; see figure caption)
indicates that our averaging method correctly removes
the spurious effects of a tilted multilayer sample from its
CD spectrum.

800 Biophysical Journal

Volume 57  April 1990



L L S L LA AL e
6— —
o ]
4 | —

7] r ( L

Q - 4

1 - )

% 2 .

Q C J

9 F ]

= F 3

= L ]

g (¢} ]
r ]
[ ]
-2 —
W b b b b b

180 200 220 240 260 280
wavelength (nm)

FIGURE 3 To prove that the artifacts of LD and LB are removable by
our averaging method, we measured the CD of a tilted (a = 40°)
alamethicin/DPhPC multilayer sample with and without a PMLG
solution inserted in the light path behind the sample, and each was
averaged over §. The latter spectrum was then subtracted from the
former to yield spectrum B, the dotted line. This is compared with the
CD of the PMLG solution alone (spectrum A, solid line). The spectra
look noisier than Fig. 2, because the scale is magnified ~10 times and
because Fig. 3 was measured at a higher sensitivity level than Fig. 2.

EXPERIMENT

Sample preparation

DPhPC in CHCI, (20 mg/ml) was purchased from Avanti Polar Lipids,
Inc., Pelham, AL. It was further diluted to give a stock solution of 10
mg/ml. Alamethicin was purchased from Sigma Chemical Co., St.
Louis, MO; it was used without further purification. A stock solution of
alamethicin was prepared in CHCI;:CH,OH (1:1) at the concentration
of 1 mg/ml, and stored at —20°C. For each sample batch, 10 m] of
DPhPC stock solution was mixed with the appropriate amount of
alamethicin stock solution at the desired molar ratio. A clean nitrogen
stream was blown on the solution so as to remove the solvent; then it was
further dried under vacuum (10 um) for 4 h. Approximately 10 ml of
distilled water was added to the dry mixture. The mixture was homoge-
nized so as to break up any large aggregates.

A small amount of this homogenized dispersion was removed to
prepare a vesicle sample: the allotment was diluted with water to ~1
mg/ml DPhPC concentration, and sonicated for 30 min at 0°C. Immedi-
ately after sonication the CD was measured using a 1-mm path length
cuvette. To check the effect of light scattering from this particulate
system, the CD measurement was performed at two different sample
positions from the photodetector; no difference was noticed between
these two measurements. The pH of the vesicle dispersion was 6.0-6.4.
The concentration of DPhPC in the vesicle sample was rechecked later
by using a modified Fiske-SubbaRow method (Dittmer and Wells,
1969). The vesicle sample represents the case where the a-helices are
isotropically oriented. When the OCD of a multilayer sample is (mathe-
matically) averaged over all orientations, it should be the same as the
vesicle spectrum; thus, the latter serves the purpose of a consistency
check.

Multilayer samples were prepared as described by Huang and Olah
(1987). The lipid/alamethicin dispersion was sonicated, lyophilized, and
left under vacuum for 24 h. The flufly powder was removed from
vacuum and placed in a container, which was placed in a larger flask

containing a small amount of water. The flask was then sealed and
placed in the dark. The top of the sample container was left open so the
sample would be in contact with H,O vapor. The sample was incubated
for 3-5 d at high humidity (>95%) and room temperature until it
appeared to be a clear gel.

Three sample batches, DPhPC/alamethicin at molar ratio 47:1 and
90:1, and pure DPhPC, were prepared by the same procedure. A small
amount from each sample batch was then sandwiched between two
fused silica plates (1 in x 1 in x 0.5 mm) without a spacer. We were
able to align each sample into uniform multilayers within a few minutes
(Huang and Olah, 1987). There was no smectic defect as shown under a
polarized microscope. Because no spacer was used, the sample thick-
nesses were ill-defined. Therefore, a duplicate sample with a spacer of
known thickness (13 um) was made. The thickness of the no-spacer
sample was determined by the ratio of its CD spectrum to that of the
13-um-thick sample. (Due to the strong absorption by DPhPC, the
measurable spectra of 13-um-thick samples were limited to above 224
nm.) The thicknesses of the thin samples were ~0.5 um with less than
10% uncertainty.

PMLG (Mw = 150,000) was purchased from Sigma Chemical Co.
and was used without further purification. HFIP was purchased from
Aldrich Chemical Co., Milwaukee, WI; it was spectroscopic grade. The
concentration of PMLG in HFIP was adjusted so that its CD spectrum
was about the same order of magnitude as that of the multilayer
samples.

Hydration-Dehydration

The multilayer samples were kept in a dark bottle which contains a
small amount of water so that the sample was in contact with H,O vapor
through the gap between the two silica plates. The sample in equilibrium
with 100% relative humidity (~20°C) has a stable CD spectrum
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FIGURE 4 CD of alamethicin in DPhPC multilayers as a function of
the water content. All spectra were measured at the normal incident
angle a = 0°. Spectrum A is the CD of the full-hydration state equili-
brated with 100% relative humidity at ~20°. If the sample is exposed to
50% relative humidity, the spectrum changes from A to E through B, C,
D. If the sample with spectrum E is exposed to 100% relative humidity,
it changes to A through D, C, B. The hydration/dehydration processes
are completely reversible.
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unchanging in time. This sample is called a fully hydrated sample and its
state the full-hydration state. When a fully hydrated sample was
exposed to air (50% humidity, 20°C), its CD spectrum underwent
dramatic changes during the time course of dehydration and approached
a definite CD spectrum, which was stable on further dehydration (Fig.
4). The sample was examined under a polarized microscope during the
time course, and no visible change was noticed. This steady state which
was reached by dehydration while the multilayers were maintained in
the L, phase is called the low-hydration state. The dehydration process
is entirely reversibie. When a low-hydration sample was returned to the
bottle with 100% relative humidity, its CD spectrum went through the
transient states seen during dehydration in the reversed order, and
approached the full-hydration state. In general the dehydration process
from the full- to the low-hydration state takes ~3—4 d, whereas the
hydration process takes ~4 d. If a sample was kept in air longer than 5-7
d, smectic defects began to appear near the edge. Unless the defects
were severe, the sample recovered upon hydration.

For the purpose of subtracting the lipid background from the CD of
alamethicin in multilayers, a pure DPhPC sample was prepared for each
alamethicin sample by the identical procedure, and the pair were always
kept in the same hydration condition. We found little changes in the CD
of pure DPhPC during the dehydration or the hydration process. The
13-um-thick samples, which were prepared for the purpose of deter-
mining the thicknesses of the thin samples, behaved exactly like the thin
samples. The thickness normalization was performed in the full- and
low-hydration state separately. The normalization ratios obtained in
these two ways agree within 10%.

CD measurement

Circular dichroism spectra were measured on a spectropolarimeter
(J500-A; JASCO). 0.06% (w/v) ammonium d-camphor-10 sulfonate in
H,O was used to calibrate the CD scale assuming a molar ellipticity of
[0)20050m = +7895.1 deg - cm?/dmol. The wavelength was calibrated
with the 586-nm peak of neodymium glass and the 287.7-nm peak of
holmium glass. A computer-controlled rotator was mounted in the CD

FUSED SILICA  WATER FUSED
WINDOW SILICA
PLATE

SAMPLE

sample compartment as described by Olah and Huang, 1988a. The
rotator’s axis was collimated with the light beam.

One way to reduce the LD effect, that is discussed in a previous
section, is to make the dielectric discontinuities on the tilted interfaces as
small as possible. In the previous experiment (Olah and Huang, 1988a),
we cut a fused silica cylinder into two at a desired tilt angle and inserted
a multilayer sample between them, so that the light passed through the
tilted sample practically without refraction. However, the alignment
procedure for this sample assembly is tedious and time-consuming. In
the present experiment, we used a different sample assembly to achieve
the same purpose. A hollow aluminum cylinder was built with each end
sealed by a plane silica window, and with an opening on the side. A
multilayer sample in silica plates was sealed with apiezon W wax around
its edge before it was positioned and fixed inside the cylinder with its
normal making a chosen angle with the cylindrical axis (Fig. 5). The
interior was then filled with distilled water, and the side opening covered
and sealed. The cylinder/sample assembly was mounted on the rotator
mentioned earlier, which allowed the assembly to be rotated about the
cylindrical axis. By this arrangement the light enters and emerges from
the high refractive index region both by normal incidence. Inside the
cylinder, water diminishes the variation of the refractive index along the
light path, so that the effect of interfaces discussed above are reduced.
The refractive index of hydrated DPhPC at 589.3 nm and 486.1 nm was
measured on an Abbe refractometer, and its wave-length dependence
was estimated by using the Sellmeier equation (Fasman, 1974); its value
varies from 1.45 at 486 nm to 1.56 at 199 nm. The angles of refraction in
DPHhPC when light from water incident on the silica surface at 30° and
45° were calculated by using Snell’s law. The variations of the angles of
refraction with wavelength from 195 to 260 nm are <0.5%, which is
within the error of our angle measurement. Therefore, the angles are
approximately independent of the wavelength. When the sample is tilted
at 30°, the angle a between the normal of the sample plane and the light
beam actually passing through the lipid multilayers is 27°, when the
sample is tilted at 45° the angle a is 40° (Fig. 5).

A single spectrum was the average of 16 scans which correspond to 16
angles of B (0°, 22.5°, 45°, . .., 337.5°). The background of the water
chamber was measured and subtracted from each spectrum.

FIGURES Schematic drawing of the sample chamber. The part of the diagram inside the circle is magnified to show the angle a. 8 is the angle
between the phase-retardation axis of the photoelastic modulator, x, and the plane of incidence defined by k and n.
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DATA ANALYSIS AND DISCUSSIONS

Fig. 6 shows two sets of OCD spectra obtained from one
alamethicin multilayer sample in the full-hydration state,
spectrum A, B, C, and in the low-hydration state, spec-
trum D, E, F (the corresponding lipid background has
been subtracted from each spectrum). Although in each
set of OCD only two spectra are independent, it is a good
practice to measure spectra at more than two angles. The
consistency check of the tilt angle dependence by Eq. 1
often serves to screen the suspect data.

Next, one may assume a value for x, (cos®¢,), and
solve for G, G, by using Eqs. 8-9 and also solve for xg
(cos® ¢p) by using

[64(0°) — 8,(90°))xp = A2[04(0°) — 65(0°)]
+ [%88(0°) — 204(0°) — 0,(90°)])xA. (14)

The last equation is obtained by eliminating G, and G,
from Egs. 8-10. Now if G, G, and x5 so obtained would
satisfy Eq. 11 as it does in our case, then we have proven
that state A (full-hydration state) and state B (low-
hydration state) are related to one another either by a
rotation of the molecular axis or as two different mixing
states of two possible helical orientations. The value one
assumes for x, for this part of analysis is totally arbitrary.
One purpose of this paper is to provide the experimentally
determined G, and G, for a-helices, so that for future
experiments one can determine the inclination angle ¢ of
a-helix by directly using Eq. 2 (or determine the fraction
x5 by using Eq. 8).
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FIGURE 6 OCD of alamethicin in DPhPC multilayers in the full-
hydration state (A, B, C) and in the low-hydration state (D, E, F). The
solid lines for A and F are the least-squares fits. The solid lines for B, C,
D, E are constructed from A and F by using Eqs. 1-3.

Moffitt’s theory predicts that the negative CD band
near 205 nm consists of G, component only, i.e., G, = 0
for this band. Consequently, we expect the CD amplitude
near 205 nm to obey the following a-dependence,

8(a) = G, [sin* ¢ + (1 — % sin® ¢) sin® a]. (15)

In particular, for helices parallel to the membrane normal
(¢ = 0°) one has 8(a) increasing with sin’ «, whereas for
helices perpendicular to the membrane normal (¢ = 90°)
0(«a) decreasing with sin* @. Thus a visual inspection of
the OCD (Fig. 6) is sufficient to conclude that the
inclination angle ¢ must be small for the full-hydration
state and large for the low-hydration state. Indeed, if we
let x4 (or cos® ¢, ) equal to one, i.e., ¢, = 0°, Eq. 14 yields
xp (or cos® ¢g) equal to zero, or g5 = 90°.

A nonlinear least-squares program was written to fit
the phenomenological expressions Eqs. 12 and 13 to the
spectra of normal incidence (« = 0°). Each Gaussian
band is assumed to have a form

g=Aexp[—(\ — \)’/A%] (16)

with three parameters: A the amplitude, A, the peak
position, and A the band width. The helix band has the
form (Tinoco, 1964)

gn = AL2(N — X)(No/A%) + 1] exp [ (A — A)?/A%] (17)

also with three parameters. Spectrum F of the low-
hydration state fits very well (see Fig. 7) with three
Gaussian bands as prescribed by the theory (Eq. 13) for
helices perpendicular to the light. On the other band,
spectrum A of the full-hydration state would not fit well
with a combination of Gaussian bands, instead it fits a
combination of a Gaussian and a helix band (see Fig. 8),
exactly as predicted by the Moffitt theory (Eq. 12) for
helices parallel to the light. The band parameters
obtained from our fit (Table 1) are in good agreement
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FIGURE 7 Spectrum F of Fig. 6 is fitted with Eq. 13. The band
parameters are given in Table 1.
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FIGURE 8 Spectrum A of Fig. 6 is fitted with Eq. 12. The band
parameters are given in Table 1.

with the calculated values given by Woody (1968) and
also with the experimental values obtained by Mandel
and Holzwarth (1972) from analyzing the spectra of
helical polypeptides in solution. With the spectrum A
designated for G, and the spectrum F designated for G,
we use Egs. 1-3 to construct the spectra for ¢, = 0°ata =
27° and 40°, and for ¢g = 90° at a = 27° and 40°; they
agree with spectrum B, C, E, D of Fig. 6, respectively (see
below). Also the transient spectra obtained between the
full- and low-hydration states (Fig. 4) can each be fitted
very well with a linear combination of spectrum A and
spectrum F, indicating that they are mixed states. (From
the OCD alone, we cannot exclude the possibility that a
transient state is a state of inclined helices with ¢ between
0° and 90°, but physically this is unlikely.)

Finally, we can also compare the OCD of a multilayer
sample with the CD of a vesicle sample. Because the
orientation of a-helix is isotropically distributed in a
vesicle sample, we have the vesicle spectrum related to G
and G, by

0, = '5G, + %G,. (18)

The spectrum constructed from G, and G, agrees with
the measured vesicle spectrum except that the vesicle

FIGURE 9 CD of alamethicin in DPhPC vesicles. Solid line is the
construction (Eq. 18) from the spectra of the multilayer sample. Dashed
line is the measured spectrum of vesicles with 100:1 lipid to peptide
ratio, and dotted line that of 50:1 ratio.

spectrum is slightly red shifted near 200 nm (Fig. 9). A
similar red shift is also noted for measured spectra B, C,
D, E in Fig. 6 compared with their respective constructed
spectra. We suspect that this could be due to the small
contribution from the nonhelical part of alamethicin,
which may rotate differently from the helical section
when the hydration condition changes.

In conclusion, we have shown, by the use of OCD, that
the helical section of alamethicin changes from an orien-
tation parallel to the membrane normal in the full-
hydration state to an orientation perpendicular to the
membrane normal in the low-hydration state. By this
analysis we have obtained G, and G, of a-helix, the two
basic components of the orientation-dependent spectrum;
they can be used for the orientation analyses of membrane
proteins in future experiments.

APPENDIX
Artifacts in OCD measurement

The notations used below are similar to, but not exactly the same as, that
of Shindo and Nakagawa (1985). In a typical CD spectrometer, a

TABLE 1 Band parameters for CD of a-helix
CD band Band center Band width Amplitude of alamethicin Amplitude of a-helix*
Anm Anm A 1072 deg cm® decimol™' A 1073 deg cm? decimol™’
n—w*, helix L k(g)* 2223 12.9 -2037 -51
helix//k(g) 2249 11.9 —4.04 -10
T — ¥, helix L k(g) 204.8 7.4 —18.65 —46
T — ¥, helix 1 k(g) 190.4 6.4 36.73 92
helix/ /k(gy) 188.5 10.1 -0.95 -24

*g stands for a Gaussian band; g, for a helix band.

*The mean residue ellipticity of PMLG in HFIP solution is used as the standard CD for isotropically distributed a-helices. The CD of alamethicin in
vesicles is compared with the standard, from which we estimate that 40% of the residues of alamethicin are helical. The numbers on the fifth column

are the numbers on the fourth divided by 40%.
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linearly polarized light passes through a photoelastic modulator and
then through a sample compartment, and enters a photodetector
connected to a lock-in amplifier. The principal axes of the modulator are
set at 45° to the incident polarization; the modulator provides a phase
retardation & along one axis (this axis is designated X-axis). Ideally the
phase retardation should be a pure sinusoidal function of time of the
form &, sin w?, but it may also contain a static retardation §, produced by
ambient strain in the modulator. Thus the total phase retardation is § =
3, + 0 sin wi, where w is the fundamental frequency of the modulator,
usually 50 kHz. The lock-in amplifier is tuned to the fundamental
frequency, but it may still have a second harmonic (100 kHz) response,
which will be denoted by R(2w). The anisotropic response of the
photodetector is expressed by different transmittances 7, and T, in two
principal axes, with axis | at angle a from X-axis. The output of the
spectrometer is the ratio of the ac (50 kHz) to dc signals I,./I;, which
can be calculated by using the elementary principles of optics (Velluz et
al., 1965). For simplicity, we express the dc and ac outputs of cos é and
sin 8 from the lock-in amplifier as

cos 6 = dc(cos) + ac(cos), (Al)

sin 6 = dc(sin) + ac(sin), (A2)

dc(cos) = cos 8,J4(8pm), (A3)

dc(sin) = sin 6,J5(6,,), (A4)

ac(cos) = 2 ¢08 6,/,(8,) R(2w) — 2 sin 8,J,(8,) sin wt, (AS)
ac(sin) = 2 sin 6,J5(8) R(2w) + 2 cos 8,J,(8,) sin wt, (A6)

where Jo, J,, J, are Bessel function of order i, 2, 3 (Shindo and
Nagakawa, 1985). In the absence of any sample, the above described
instrument will produce an apparent CD given by

L./ 14 = baseline

= ac(cos)AT sin 2a/[1 + dc(cos)AT sin 2a], (A7)

where AT = (T, — T,)/(T, + T,). This is the baseline.

A sample of linear dichroism (LD) with its principal axis of higher
transmittance making an angle 8 with X-axis produces a total photode-
tector output

I(LD) = I, + Iy = | + cos dsin 28(e'® — 1)/(e'® + 1)
+ AT[cos 2(a — B)(e'® — 1)/(e*™® + 1)
+ cos § sin 28 cos 2(a — B)
+ cos & cos 28 sin 2(a — B)2e'°2/(e'P + 1)],
(A8)

where a proportionality constant common to both Iy and /,, is omitted.
In all the cases under consideration, we have | < e'® < 1.04. Hence we
have (e'® — 1)/(e*® + 1) ~ LD/2, 2¢'*?/(e'® + 1) ~ 1, and I,./ I,  as
follows

Lo/ Iy = [ac(cos) (LD/2) sin 28
' + ac(cos)AT sin 2a]/(1
+ dc(cos)(LD/2) sin 28

+ AT[(LD/2) cos 2(a — B)

+ dc(cos) sin 2a]}. (A9)

Using the values dc(cos) = 0.232 and AT = 0.05 (see the text), we have,
within 1-2% uncertainty,

I/ I4 = [ac(cos)(LD/2) sin 28
+ ac(cos)AT sin 2a]/[1

+ dc(cos)AT sin 2a]. (A10)

If one superposes an LD on a sample of CD, one obtains a total
photodetector output

I(LD + CD) =y + Ipc = 1
+ e® + cos 3(e'® — 1) sin 28
+ 2 tanh (CD/2) sin de'®/?
+ AT sech (CD/2)[(e™® — 1)
- cos (28 — CB - 24a)
— 2e'P/2 cos & cos 28 sin
. (28 — CB - 2a)
+ (e*® + 1) cos & sin 28 cos

. (28 — CB - 2a)}, (Al1)

where CB is the circular birefringence accompanying the CD. Because
CD ~ CB ~ 107" in our case, the same numerical approximations
leading to Eq. A10 gives

1./ 13 = [ac(sin)CD/2 + ac(cos)(LD/2) sin 28

+ ac(cos)AT sin 2a]/[1 + dc(cos)AT sin 2a]. (A12)

We now consider a combination of LD, + LB + CD + CB + LD,
like our multilayer samples, where LB is linear birefringence. We shall
derive our results in three steps. First, using only the approximations
tanh CD = CD, tank LD, = LD,, and tank LD, = LD,, we have the
total photodetector output

I(LD, + LB+ CD + CB + LD,) =1lye + [, =1
+ (CD/2)(cos 28 sin LB cos 6 + cos LB sin §)
+ (LD, /2) sin 28 cos 8 — (LD,/2)[1 — cos CB sin 23
- cos § — sin CB(cos 28 cos LB cos 6 — sin LB sin 8)]
+ AT [cos (CB + 2a — 28) sin 28 cos & + sin
- (CB + 2a — 28)(cos 283 cos LB cos § — sin LB sin §)]
— (CDLD,/4)(cos 28 sin LB cos 6 + cos LB sin 8)
+ (LD,LD,/4) cos CB — AT(LD,/2) cos 2(a — )
+ AT(LD,/2) cos (CB + 2a — 28)
+ AT(LD,LD,/4) cos 2(a — B) cos 283 cos &
— AT(CDLD,/4) cos 2(a — B)(cos 23 sin LB cos é

+ cos LB sin 8). (A13)

Second, we neglect the last six terms and put CB equal to zero in Eq.
A13. This is based on the orders of magnitude characteristic of our
samples: CD ~ CB ~ 107, LD, ~ LD, ~ 4 x 107 (also AT ~ 0.05). In
making these approximations, we note that the dc terms are compared
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with 1, whereas the ac terms are compared with CD ~ 10~*. The error
caused by these approximations is <1%. The result is

I =1+ (CD/2) (cos 23 sin LB cos 6 + cos LB sin §)
+ {(LD,,LD,)/2} sin 283 cos &
+ AT sin2acos 6 — AT sin 2(a — 3) sin LB sin
+ AT (cos LB — 1) cos &

- [sin 2a cos? 28 — (') cos 2a sin 48]. (A14)

The third step consists of more detailed quantitative analysis. We
examine the dc terms first. In the text we show that 1 — cos LB < 0.03.
With dc(sin) < 107? (Shindo and Nakagawa, 1985) and the orders of
magnitude of CD, LD, and AT given above, we see that I, is the same as
in the previous cases (Eqs. A7, A10, and A12), i.e.,

Iy = 1 + dc(cos)AT sin 2a, (A15)

with <1% error. Thus, the apparent CD separates into two parts:

lac/ldc = (lac/ldc)l + (lac/ldc)Zs

(Ie/ I4c), = [ac(sin) /214, ]CD cos LB
+ [ac(cos)AT sin 2a/I4][1 — (1 — cos LB) cos28],

(Al6)

(A17)

(Loe/ 14c)2 = (214) ~'[ac(cos)CD sin LB cos 28
+ ac(cos)(LD,,LD,) sin 28
+ ac(sin)2A T sin LB sin 2(8 — a)

+ ac(cos)AT(1 — cos LB) cos 2asin 48]). (A18)

The first part consists of the CD signal and the baseline, whereas the
second part can be removed by averaging over 8, as discussed in the
text.
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