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ABSTRACT Polarized Fourier transform infrared spectroscopy has been used to study the
structure of purple membrane from Halobacterium halobium. Membranes were oriented by
drying a suspension of membrane fragments onto Irtran-4 slides. Dichroism measurements
of the amide I, II, and A peaks were used to find the average spatial orientation of the
bacteriorhodopsin a-helices. By deriving a function that relates the observed dichroism
to the orientational order parameters for the peptide groups, helical axis distribution, and
mosaic spread of the membranes, the average orientation of the a-helices was found to lie
in a range less than 26° away from the membrane normal, agreeing with electron microscopic
measurements. The frequency of the amide I and A peaks is at least 10 cm~' higher than
values found for most a-helical polypeptides and proteins. This may indicate that bacterio-
rhodopsin contains distorted a-helical conformations.

INTRODUCTION

The purple membrane of Halobacterium halobium contains a single membrane protein, bac-
teriorhodopsin, crystalized in the bilayer plane as a two-dimensional hexagonal array (1, 2).
Much interest has been focused on the structure of this protein because it has been shown to
function as a light-driven proton pump (3-5). Henderson and Unwin have recently shown
by electron diffraction that this protein consists largely of seven rods of high electron density
that run transversely through the bilayer plane (6). X-ray diffraction data (7, 8) indicate that
these rods are a-helices.

In this paper we report on the use of polarized infrared (IR) spectroscopy to study dried,
oriented films of purple membrane. This study was motivated by the ability of vibrational
spectrascopy to probe the composition and structure of membranes (9-13), and the success-
ful application of IR dichroism to determine the structure of oriented macromolecular
systems (14-17). Purple membrane presents an opportunity to study the IR dichroism of an
oriented preparation of a single membrane protein in situ. Measurements of linear IR
dichroism have been used to determine the orientational order parameter of the bacteriorho-
dopsin a-helices relative to the sample plane. Measurements of peak frequency gave addi-
tional information about overall hydrogen bonding in these a-helices and other structural
components of the membrane.

MATERIALS AND METHODS

Purple membrane was prepared from Halobacterium halobium R, according to the method of
Becher and Cassim (18). Sodium dodecylsulfate-polyacrylamide gel electrophoresis revealed a single
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protein band with a mol wt ~25,000. The purple membrane was washed in distilled water by repeated
pelleting and resuspension to remove residual sucrose. The resulting pellet was resuspended and
dried with a stream of N, gas on a $-mm thick Kodak Irtran-4 slide to form a film <1 gm thick
(Eastman Kodak Co., Rochester, N.Y.). This method resulted in a preferential stacking of the
membrane fragments in the plane of the slide. Freeze-fracture micrographs of dried sample re-
vealed well-ordered lameliar stacking of membrane fragments. Birefringence measurements showed
the sample was optically uniaxial with the optic axis normal to the sample plane (19). This agrees
with recent linear dichroism measurements made on dried purple membrane (20).
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FIGURE 1 (@) Experimental configuration for polarized Fourier transform IR absorptlion measurements
of purple membrane oriented on Irtran plates. (b) Geometry indicating a set of nested axially symmetric
distributions, The moment, M, is distributed about the a-helix axis, which is distributed about the mem-
brane normal that has a mosaic spread distribution about the sample normal. In the case of the purple
membrane, the distributions are assumed to be axially symmetric. (c) Peptide plane geometry assumed to

be the basic absorbing unit.
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Polarized IR measurements were made by using a dual beam Fourier transform IR spectrometer
(Digilab FTS-14, Digilab, Inc., Cambridge, Mass.). The sample was mounted in one beam on a
single axis goniometer by which it could be tilted to any angle ag around a horizontal axis arranged
normal to the incident IR beam (cf. Fig. 1a). An IR polarized (PGY-Cambridge Scientific) was
placed before the sample in the IR beam (Cambridge Scientific Industries Inc., Cambridge, Md.).
Spectra were measured at ap = 0, 15, 30, 45, and 60° for the polarizer set in the horizontal position,
where the incident electric vector is parallel to the plane of the slide for all ag, and in the vertical po-
sition, where the incident electric vector makes an angle oy with the plane of the slide. Spectra were
recorded from 400-4,000 cm™" at 4 cm™" resolution by using 50-100 scans of both the reference and sam-
ple beams. This allowed peak assignments to be made with an accuracy of better than 1 cm~!.
Frequency calibration was made automatically with an internal He—Ne laser and was checked by
using polystyrene film. Measurements were carried out on at least two different samples for cach
angle and polarization. Absorption spectra were determined by subtracting the logarithm of the
sample beam intensity from that of the reference beam intensity to correct for the wavelength de-
pendence of the output power of the IR source. Each absorption spectrum was then corrected by
subtracting the absorption spectrum of the polarizer and appropriately oriented blank Irtran-4 slide.
This procedure eliminated artifacts due to the wavelength-dependent transmission of the polarizer and
Irtran in the polarized incident radiation, and yielded spectra with flat base lines (Figs. 2 and
3). Note that variations in Fresnel reflection losses with angle and polarization, which merely
shift the base line, are not significant. The wavelength dependence of the Fresnel loss was neglected.

DATA

Figs. 2 and 3 show the spectra of purple membrane from 600-2,200 cm-! and 2,200~
3,600 cm-!, respectively, for ap = 0, 15, 30, 45, and 60°, with the polarizer in the vertical
position and horizontal position (labeled /). The major peaks are assigned to cither vibra-
tions of the protein (bacteriorhodopsin) or the membrane lipids (9-17) (cf. Table I). The two
peaks at 1,662 and 1,545 cm™' in Fig. 2a (ay = 0) are assigned to the amide 1 (C=O stretch)
and amide 11 (in-plane NH bend) vibrations (9-17, 21-28). For the horizontal polarization,
the amide 1 and [I peaks exhibit at all o, a high amide II/amide I peak ratio of 0.98, com-
parable to the more typical value of 0.45 observed in proteins (21). For the vertical polariza-
tion (Figs. 2 and 3, A-E) this ratio varies from 0.98 at ay = 0° to 0.51 at oy = 60°. In addi-
tion, the amide I peak shifts to 1,667 cm™" as o approaches 60°. A third peak near 3,300
em™" (& = 0°) and 3,310 cm™! (ap = 60°) assigned to the amide A mode (NH stretching) is
also found to increase in absorbance with increasing ay (cf. Fig. 3). These effects are ex-
plainable only if the transition moments in purple membrane have an anisotropic orienta-
tional distribution. In this case the vectorial nature of the amide I, II, and A vibrations
(14, 21-28) renders the relative peak intensities dependent on the angle the incident electric
vector makes with each individual transition moment. Such an effect is found, for example,
in oriented films of a-helical poly-y-benzyl-L-glutamate (27). Fig. 4 shows the difference
spectrum obtained by subtracting the spectrum for vertical polarization at gy = 45° from the
vertical polarization at 0°. The negative peaks at 1,667 and 3,312 cm™' indicate increased
dichroism, whereas a positive peak at 1,545 cm™' indicates a decreasing dichroism of the
amide I, A, and II peaks, respectively.

THEORY AND ANALYSIS

To analyze these data, we calculate the dichroic ratio R as measured for the geometry of
Fig. 1 a:
R = <(Ey MY*> 4/ <(Eyz-M)*> 4, (1)
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TABLE [

FREQUENCY OF PEAKS IN IR ABSORPTION SPECTRUM
OF PURPLE MEMBRANE FROM 500 TO 3,600 cm™!,

viem”™ t ) Assignment Dichroism

577 Amide VI (out-of-plane deformation)

590(s) i

605-665 (B)

610

700 Phenyl B,

740 CH (rocking), amide V (?)

825(B)

937 (w) [l

975 (w) C—O stretching (perpendicular) L

1,062 P—O—C stretching

1,100

1,125

1,167 Ester carbonyl stretch, CH

1,235 P=0 stretch

1,300

1,367 (s) CH, wag

1,382

1,415(w) CO;, stretch (Glu, Asp)

1,457 CH ; bending modes

1,515(s) Tyrosine

1,547 Amide [l 1

1,661 Amide [ (o = 0°) 1

1,667 Amide I (og = 60°) !

(”)

1725(w) C—OH (Glu, Asp)

1,740 Ester carbonyl stretch

2,850(s)

;:3-2,8 CH stretching modes

2,958

3,060 Amide B il

3310 Amide A [l
Tentative assignments were made from references (9. [1-17, 21-27, 34). The

type of dichroism found is indicated by || (absorption greatest at ag = 90°),
1 (absorption greatest at ag = 0°). Other symbols referring to the appearance
of peaks are s (shoulder), w {(weak), and B (broad). Peak frequencies were
measured directly from spectra and found to vary no more than +1 em™! for
different samples.

where M is a vectorial transition moment, and the average is over the distribution f(8, ¢)
of orientations of M. We assume the sample to be isotropic with respect to orientatio in the
plane (f independent of ¢) and with respect to a +r change in «, [as many mem-
branes face up as face down, f(6) = f(x — 8)]. The distribution f(6) may then be written
as a sum of even Legendre polynomials:

£O) = D [(@n + 1)/2] < Py(cos 6)> Py(cos 8), (2)
n=0
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FiGURE4 A plot of the vertical absorbance at ap = 45° subtracted from the vertical absorbance at 0°
vs. wave number. The major difference peaks occur at 1,667 om™! (R =14), 1,545 em™! (R = 0.93),
and 3,310cm™' (R = 1.82).

where P, is the Legendre polynomial of order! (P, = 1, P, = (3 cos?d — 1)/2,.. ), and:

< P)[ >f(') = f sin ﬂdﬂl’zl(cos 0)_[(0). ( 3)
[}
Under these conditions the dichroic ratio is given by
R=1+ sin’a(3<Pz>ﬂ,)/[l - <P2>/(‘)]). (4)

(Eq. 4 reduces to Eq. 14 of ref. 15 when the transition moment M is assumed to make an
angle 6 with the sample normal.) Here « is the angle between E, and the sample plane
(cf. Fig. 1) and is given by Snell’s law, a = sin~!(sineay/n), where n is the sample refractive
index. (We ignore the weak optical anisotropy.) Eq. 4 shows that in general R vs. sinla
should yield a linear plot with unit intercept and a slope determined by <P,>, =
<(3cos?® — 1)/2>, the only moment of the distribution f to influence the dichroism.

We now relate <P,>/, to the membrane structure. We consider the basic absorbing
entity to be the planar peptide group shown in Fig. 1¢. The transition moments for the
amide, I, I1, and A vibrations lie parallel to the peptide plane and are oriented as indicated
at angles

Oa =(10 £3)°, 6 =(15=3)°, and &, = (75 + 3), (5)
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respectively, from the C=0 bond direction (26-28). We may calculate <P,>, for a
given vibration by assuming a distribution f(n, v,, ¢,) of the peptide plane orientation,
where 7, v,, ¢, are the Euler angles giving the peptide plane orientation about the sample
normal. If the sample is macroscopically isotropic, f(n,,,€,) is independent of » (which
is therefore not shown) and depends only on the angles v, and ¢,, where 7, is the tilt of a
particular peptide plane from the sample normal. For the geometry indicated in Fig. 1¢,
< P,(8)> ,of a particular vibration may be expressed as follows in terms of the moments of
F(v.,¢€,) by using cos® = cosvy,cos(e, + 8,):

<P, >; = §(<cos?y,cos?e, >c0s28, + <cosly,sinle,>sin2d,

— 2<cos?y,cos¢,sine, >cosdysindy} — 4. (6)

Since <P,>, is measurable for three vibrations of the peptide plane, Eq. 6 may be
written for each § and the resulting equations solved for the three averages:

a, = <cos’y,cos’,>
a, = <cosly,sin%,>
a; = <cos’y,cose,sin e, >
2
<cos’y,> = a, + a,. (7)

In general, variations in v and e will be correlated so that, for example, <cos®y,cos®¢,> =
<cos’y,> <cos’¢,>, and evaluation of the angle <cos?¢> is not possible without
knowledge of the joint distribution f (v, €).

Although a,, a,, and a; may in principle be calculated from three measurements of
< Py> ;,in practice errors in the <P,> ,data produce large uncertainty in the g;, making
them of qualitative use only. However, useful information concerning the distribution of
moments is obtainable if we consider a more restrictive model for the orientation distribu-
tion. We assume in what follows that the membrane protein is entirely a-helical with fixed
vn and ¢, relative to a local a-helical axis. We assume f(8) to be determined by a set of
nested axially symmetric distributions, as illustrated in Fig. 1. The transition moment M
has an axially symmetric distribution f, (8, ) determined by v, and ¢, about the a-helix
axis, which is in turn isotropically distributed about the membrane normal with f,(8,).
Since there may not be perfect orientation of the purple membrane fragments, we distribute
the membrane normals with a mosaic spread function f,,(8,,), again assumed to be axially
symmetric. With this model, the measured moment <P,> , of the distribution about the
normal to the Irtran plate reduces to:

P> = P>, <P>, <Py>y,. (8)
This follows from application of the addition theorem of spherical harmonics (29). Eq. 4
now describes the dichroism for any nested set of axially symmetric distributions.

The average <P,> ;, depends on the angles v, and ¢, that, as shown in Fig. l¢, de-
scribe the orientation of the peptide group relative to the a-helix axis, and on §, which mea-

ROTHSCHILD AND CLARK  Spectroscopy of Purple Membrane 479



480

(R-1)/SIN? a)

SLOPE

/—0.95(10")

Q=1 Bepr=0°
0.82 (20°)

0.825 (22°)

0.75 (24*)
B 0.71 (26°)
0.67 (28°)
0.62 (30°)
AMIDE A

AMIDE I
0.51°{35°)
0.38 (40°)
0.12 (50°)
-0.12 (60°)
-0.32 (70°)
-0.45 (80

*)

-0.5(90°)

Q=<p2>M<p22Q>a|%
sicos~t (&850
Oett ( 3 )

AMIDE O
|

B 0(54.7°) }}
———— IR
. ’,

| l .

8 10 20 30 40 50 60

6 m

BiOPHYSICAL JOURNAL VOLUME 25

FiIGURE 5 The slope of R(sinza) for an absorption dipole, M, vs. §,,, the angle between M and an axis
about which M is symmetrically distributed for various values of @ (the order parameter for the sym-
metric distribution of the axis about the sample normal). The error bars are due to the variability in
measurements made for 8, as well as variability in peak intensity.
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sures the angle the transition moment makes with the C=0 group. The angles v, and ¢,
will depend to some extent on the constituents of the helix, but are expected to normally lie
well within the range 0 < v, < 10° (27), and 7 < €y < 13° (14). Using these ranges and
Eq. 5, we find the following angles, 8,,, for the principal peptide transition moments:

7 °

O, = (22 J_’s)
+5Y%

6 = (27 _7>

+5Y
oy = (85 _9). 9)

To obtain < P,> , , we assume Sfr(85) to be a & function, so that < P,> sy = Palcosly),

where §,, can vary over the indicated range in Eq. 9. Defining @ = <P,>, <P,> , we
rewrite Eq. 8 as

<Py> = QPycosby). (10)

In Fig. 5 we have plotted the slope (S = 3<P;> /(1 — <P;>/)of R vs. sin’« (Eq.
4) as a function of §,, for various values of @ = <P,>, <P,>,. ( may be viewed as
an orientational order parameter for the a-helix axes relative to the sample normal. We
have also indicated the effective tilt angle, 8.4, which the a-helix would have in order to
produce a particular Q. If for a given Q there were no mosaic spread (< P,>, = 1) and

all the a-helix axes were tilted from the normal by the angle, then 6.4 would be given by:
8.5 = cos~'((2Q + 1)/3)'2. Fig. 5 illustrates the behavior expected in tilted sample dichro-
ism measurements. For moments nearly parallel to the sample normal (Q >~ 1, 8,, =~ 0),
the slope and the dichroism are large. For Q &~ 1 and 8, >~ 90° or Q >~ -4, 6, >~ 0
(M distributed in the membrane plane), the slope is negative, as would be expected quali-
tatively. For @ = 0and S = 0(R = 1)an isotropic distribution is found.

TABLE I
THE ABSORPTION INTENSITY OF THE AMIDE [, II, AND
A PEAKS MEASURED AT PEAK MAXIMUM AFTER
SUBTRACTING BASE LINE ABSORBANCE FOR BOTH
HORIZONTAL (H) AND VERTICAL (V) POLARIZATION.

ag | v IH 1 v il " A v A H
v} 53 53 50.6 52.1 13.1 124
15 52.5 51 47.1 49.6 14.2 12.6
30 58 50.5 454 49.1 16.6 12.1
45 735 50.5 47 49.3 216 11.9
60 87.5 49 48 47.8 28.1 13.8
70 97 50.4 46.1 49.6 275 12.2

The amide II peak intensity was corrected for error due to overlap
with the amide I peak by fitting the amide | to a Lorentzian. Similar
overlap corrections to the amide A and amide Il intensity were not
significant.
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RESULTS AND DISCUSSION

The amide I, II, and A peaks, by virtue of their intensity, were suitable for quantitative
analysis. The dichroic ratio R was measured for various values of o (Table II). These were
calculated from peak intensities corrected for overlap of distinguishable adjacent peaks by
assuming Lorentzian line shapes. In each case the entire absorption was considered due to
peptide vibrations. Fig. 6 shows the plots of R vs. sina for the amide I, II, and A
vibrations. In calculating a, the refractive index of the protein layer was taken to be n =
1.7, a value typically found for polypeptides in the IR (30). Although this is little better
than a guess at the refractive index for purple membrane, which appears weakly uniaxial from
optical measurements (19), the calculated order parameter @ is relatively insensitive to n,
such that a +20% variation in » will not substantially alter conclusions to be made. Least
square fits of these data to Eq. 4 (straight lines with unit intercept) yielded the following
slopes and < P,> for the three moments:

Amide A: slope = 399 +0.16 <P,>;= 0.570 £ 0.10
Amide II: slope = -0.23 = 0.15 <P,>;,= -0.083 + 0.06
Amidel: slope = 2.87 + 0.20 <P>;= 0488 + 001, (11)

We may use these values of <P,> and the §,, é,, and &y values of Eq. 5 to calculate the
averages a,, a@,, and a, of Eq. 7. As mentioned above, errors in the g, are large, with 0.86 <
<cos?y> < 1.12 and 0.74 < a, = <cos?ycos2e> < 0.85 (clearly only cos?y < 1 is
physically reasonable). Hence, qualitatively it is clear that both y and e are small (v, ¢ < 20°),
agreeing with previous IR dichroism studies on oriented a-helical polypeptides (14, 27).

© AMIDE A
3 ® AMIDE I
A AMIDE T

1 ] [ i ] { J
(o] 0.1 0.2 0.3

sIN? a

FIGURE 6 Measurement of dichroic ratio, R, for the amide I, 11, and A vibrations, showing the ex-
pected linear dependence on sina.. The three slopes are shown in Fig. 5.
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To use the measured <P,> in the framework of the nested axis model, we piot in
Fig. 5 the slope for the amide I, I, and A vibrations, using the respective 8,, ranges given
in Eq. 9 to determine the abscissa. If the nested model is correct, then the three resulting
points should all lie on a curve of common Q. Note that the amide A and I points fall on the
@ = 0.71 (8. = 26°) curve that is close to but out of the range of the amide II error
bars. If we consider the common curves for the amide I and A points, the data indicate a
range for Q and 8.4 of 0.6 < @ < 0.8 and 20° < 8.4 < 32°, respectively. The largest con-
tribution to the uncertainty in Q and 8. is the #,, ranges in Eq. 9. These can be reduced by
application of the results of other experiments. For example, X-ray diffraction has shown
the a-helices in bacteriorhodopsin to have an advance per residue 4 = (1.50 + 0.03);\.
From the geometry of the peptide group of Fig. 1 ¢ the ¢, spread in Eq. 9 yields 4 in the
range 1.2A < h < 2.2A. If we constrain ¢, using the above X-ray data, the ranges for
possible variation in Eq. 9 are reduced by two-thirds and the corresponding Q and 6.4
ranges for the amide A and I data from Fig. 5are 0.67 < Q < 0.75and 24° < 84 < 28°.

There are several possible explanations for the amide II slope falling outside the range of
the common @ curve for the amide I and A points. We consider below two of the more likely
possibilities. @) The existence of a nondichroic peak near the amide II frequency is indi-
cated by the shoulder appearing on the low wave number side of this peak. This would add
a constant component to the peak intensity and make the dichroism appear smaller, hence
shifting the slope to lower values. b) A portion of the bacteriorhodopsin polypeptide chain
may be non-a-helical. Although estimates of the bacteriorhodopsin a-helical content based
on the Henderson-Unwin model (6) range up to 80%, a recent ultraviolet-circular dichroism
study estimated the a-helical content at only 40%;, (31). Nonhelical components of the pro-
tein will affect our results in several possible ways. For example, if we assume that 20%
of the peptide groups are oriented with vy = 0° and ¢ = —12°, the slopes of the amide I,
I, and A peaks calculated for the a-helical distribution would intersect the Q = 0.62
(6.z = 30°%) curve within the limits of error. On the other hand, if we assume there is ap-
proximately a 50% nondichroic component in each peak, all three points fall near the @ =
0.82 (8.4 = 20°) curve.

Keep in mind that Q is determined both by the mosaic spread and the intrinsic a-helix
distribution. A rough estimate of the mosaic spread is obtainable from freeze-fracture ob-
servations of multilayer-oriented samples (19). Study of fracture faces normal to the mem-
brane planes shows these planes are highly oriented and that the mosaic spread is caused
largely by distortion of the layered structure around foreign particles. Distribution of
membrane orientations obtained from such fracture faces indicates that <P,>, - 0.9.
Linear dichroism measurements at 565 nm also reveal little mosaic spread. The intrinsic
a-helix distribution order parameter would then be <P,>, > 0.8 (6. < 21°). Neutron
diffraction of purple membrane dried on quartz plates has also indicated only a small
amount of mosaic spread (20).

The Henderson-Unwin electron microscopic-determined picture of bacteriorhodopsin
shows three a-helical segments perpendicular to the plane of the membrane and four in-
clined at a small angle. If we assume that our measurements include three absolutely
perpendicular segments, then the other four segments would have to be inclined at an
average tilt no greater than 28°.
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Frequency of the Amide A, I, and Il Bands

Numerous experimental and theoretical studies have established that a rough correlation
exists between the frequency of specific peptide group vibrations and the secondary struc-
ture of a protein (14-17, 21-28). It has been found that the amide I and II vibrations for
a wide variety of extensively a-helical polypeptides and proteins fall in the range 1,650-
1,655 cm™', although one must use the amide I frequency as a sign of a-helical structure
with caution, since unordered conformation also falls near 1,656 cm™' (23).

Both the amide A and amide 1 bands of bacteriorhodopsin fall outside the normal
range for an a-helix. The amide I approaches 1,667 cm ! and the amide A 3,312 cm !
as a — 70°, While this deviation could be attributed to drying of the membrane, ran-
domly oriented suspensions of membrane fragments in D,O still display an amide I peak
at 1,660 cm-!, Hence, it is likely that the high amide 1 frequency reflects a structural
feature of the native purple membrane.

Several factors might contribute to the abnormally high amide I and amide A frequencies:

(1) It is likely that significant distortion from the standard Pauling-Corey a-helix (pitch,
P =54 A and unit height, # = 1.5 ,&) will produce shifts from the normal amide I and A
frequencies of an a-helix. For example, weakening of hydrogen bond strength normally
raises the amide I and A frequency (33, 34) of peptide groups, although one must use cau-
tion in extrapolating this effect to a-helices. Two examples of distorted «-helical poly-
peptides with amide I frequencies near 1,665 cm™' are poly-8-benzyl-L-aspartate, which
forms a left-handed helix (35), and poly-g8-benzyl-D-L-glutamate, which forms an ap,-
helix (36). In the case of bacteriorhodopsin, the existence of distorted a-helical conforma-
tion is also supported by X-ray scattering on dried purple membrane, which reveals an
anomalous pitch, P = 5.05 :&(7).

Two possible explanations for distorted a-helices in bacteriorhodopsin are the existence
of supercoiling, as reported (6), or an unusual primary sequence that promotes the specific
interactions of side-groups, thereby disrupting the normal a-helical conformation. In fact,
both side-group interactions and supercoiling have been proposed as part of a mechanism
for proton transport in bacteriorhodopsin (37). Recent partial amino-acid sequencing of
bacteriorhodopsin (90 residues) also reveals that the sequence occurring in the a-helical
region is atypical for an a-helix (38).

(2) Other membrane groups might contribute to the absorption near 1,665 cm™', thereby
raising the apparent position of the amide I frequency. These include retinal, the bacterio-
rhodopsin chromophore found to absorb near 1,665 cm~!, the guanidinium groups of
arginine and lysine, and perhaps some of the unusual triglycosyl diether and glycosulfate
lipids found in purple membrane (39). However, since a large dichroism is observed at
1,667 cm~!, the absorbing group must be both one of the most intense vibrations in the
membrane as well as highly dichroic. It is unlikely that the above groups are present in
sufficient quantity in relation to the protein peptide groups to account for this degree of
dichroism.

(3) The shift of the amide I band from 1,660 cm~'to 1,665 cm™" might reflect a shift be-
tween the two IR-active amide I modes predicted for the carbonyl groups in an a-helix
(9, 14, 16). However, it can be shown that of these two modes, the perpendicular compo-
nent (a, = 0) to the alpha-helix axis should be at a higher frequency (14). This contra-

1
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dicts our measurements, indicating the parallel component (, = 90) is near 1,665 cm~'.
More likely, the activity near 1,660 cm~!, emphasized in the perpendicular orientation, is
due to predominantly unordered conformation for which v; = 1,656 cm~! (23). Unfor-
tunately, it is difficult to resolve this component, which is obscured by the a-helical amide 1
contribution to bacteriorhodopsin.

Other Membrane Groups

Several other peaks in Figs. 2 and 3 can be tentatively assigned to either lipid or protein
groups in the membrane (Table I) (9, 11-17, 21-27, 36). Prominent peaks appear at
1,235 cm -1 (P=0), 1,062 cm~! (P—O—C stretch), and 1,167 cm ! (C—O—C stretch),
which are likely to be part of the phospholipid content of the membrane, estimated to be
only 25%,. The ester carbonyl stretch peak (1,740 cm-') that appears as a strong band in
the IR spectrum of most membranes (9, 11-13) appears only weakly in purple membrane,
due to the unusually low lipid content. It is usually difficult to detect protein residue vibra-
tions because they are obscured by other modes. The shoulder near 1,515 cm~! may be due
to tyrosine (40), although the perpendicular component of the amide II also absorbs in this
region,

Limitations of the Present IR Measurements on Purple Membrane

The measurements made thus far are for the light-adapted form of purple membrane. It
would be desirable to measure IR spectra under conditions where the membrane is partially
or completely trapped in 412 mm intermediate.

In this study we approximated the integrated intensity by measuring peak height corrected
in the case of the amide 11 for overlap with the amide I peak. A more complete analysis
would attempt a complete deconvolution of overlapping peaks and measurement of actual
integrated intensity.

These studies were performed in most part on dried purple membrane, as were some
X-ray measurements (7) and the electron microscope studies of Henderson and Unwin (6)
(in this case the membranes were dried in sucrose solutions). We have also studied mem-
branes dried from 0.1 M sucrose solutions. Although much H,O absorption is present near
the amide I peak, under these conditions it can be subtracted, revealing an amide 1 fre-
quency of 1,665 cm-!.

In conjunction with the present study, we also studied the dried bacteriorhodopsin film
using resonance Raman spectroscopy and optical birefringence measurements. We ob-
served little difference in the Schiff base region of the 412 nm intermediates between the
dried and aqueous suspended membranes, establishing that the 570 mm intermediate con-
tains a protonated Schiff base, and the 412 mm intermediate an unprotonated Schiff base in
the dried state, as has been found in the suspended state (41,42).! The dried film also ex-
hibited optical transmittance changes upon exposure to light, which could be interpreted as
due to a transition between two different states. The decay of the light-driven state (pre-
sumably the 412 mm intermediate) occurred slowly with a time constant = 1 s, agreeing with
a previous report (43).

IRolhschiId, K.J.,N. A Clark, and P. Argade. Work in preparation.
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Conclusions

Polarized IR measurements of purple membrane confirm the electron microscope deter-
mined model of bacteriorhodopsin that consists largely of a-helices running transverse to
the bilayer plane. We find an amide A and I frequency outside the normal range of most
a-helical proteins and polypeptides. These frequency shifts may be a consequence of the
a-helix distortion found by Henderson in his X-ray study of purple membrane. The applica-
tion of some of the methods reported here should be useful for studying in situ orientation
and structure of other membrane proteins such as rhodopsin.
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