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ABSTRACT We have observed the magnetically induced orientation of purple membrane suspensions by measuring the
birefringence as a function of concentration and temperature at fields up to 10.5 Tesla (T). At these fields, the
orientation approaches saturation even in dilute solutions; therefore, the birefringence data, together with an estimate of
the membrane size distribution obtained from electron microscopy, permits one to determine the diamagnetic
susceptibility anisotropy. We find AX,qe = 1.2 + 0.3 x 10> erg G~*mol ™' of bacteriorhodopsin. If AX were due only to
the oriented peptide bonds of the transmembrane alpha helices, this experimental value would indicate that AK, the
anisotropy per mole of peptide bonds, is considerably larger than previously suggested. On the other hand, the large
value for AX,,. of bacteriorhodopsin can also be explained by a net orientation of the aromatic amino acid side chains of
bacteriorhodopsin with their planes perpendicular to the membrane surface. In addition, the present data analysis
demonstrates the critical dependence of the calculated AX value on the values for the membrane size distribution.

INTRODUCTION

Purple membranes are patches of the cell membrane of the
Halobacterium halobium (H. halobium) that contain a
single protein, bacteriorhodopsin (BR), interspersed with
lipid molecules in a molar ratio of ~1:12 (Oesterhelt and
Stoeckenius, 1971). The normal growth medium for H.
halobium contains 4.3 M salt; resuspension of the cells in
distilled water causes them to lyse and most of the cell
membrane to distintegrate. Only the purple membrane
remains intact, and thus these specialized fragments are
readily purified.

BR is a light-driven proton pump and its function,
structure, and photocycle have been extensively investi-
gated (for reviews see Henderson, 1977; Stoeckenius,
1980; Wallace, 1982; Stoeckenius and Bogomolni, 1982).
Because the protein molecules form a two-dimensional
hexagonal lattice in the plane of the membrane, electron
diffraction analysis has been possible. The pioneering
three-dimensional reconstruction work of Henderson and
Unwin (1975) shows the BR monomer to consist of seven
rods traversing the membrane at angles to the membrane
normal from 0 to ~20°. The 248 amino acid sequence of
the protein has been determined (Khorana et al., 1979;
Ovchinikov et al., 1979), and there is substantial evidence
that most of the secondary structure is alpha helix (Blau-
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rock, 1975; Henderson, 1975, and see above reviews).
However, it has also been proposed that a significant
fraction is beta sheet (Jap et al., 1983).

The general phenomenon of orientation of anisotropic
macromolecular assemblies in magnetic fields has been
known for some time, as has the fact that purple mem-
branes in aqueous suspension orient with the membrane
planes perpendicular to the magnetic field direction (Neu-
gebauer et al., 1977). Such orientation results from aniso-
tropy of the diamagnetic susceptibility, which arises from
an anisotropic arrangements of chemical bonds. Of the
known types of protein secondary structure, alpha helices
have the highest diamagnetic anisotropy (Worcester,
1978), and since purple membranes contain a very closely
packed transmembrane protein that is largely alpha helical
in nature, this behavior is not surprising.

To characterize the magnetic orientation behavior of
purple membrane suspensions in more detail, we have
measured the birefringence (which is a function of degree
of orientation) vs. concentration, temperature, and mag-
netic field strength from 0 to 10.5 Tesla (T) (1T = 10
kilogauss). At these relatively high field strengths, the
orientation approaches saturation, elminating errors that
may arise from the necessity to determine the saturated
birefringence by other methods. In addition, in the dilute
limit, these measurements yield a value of the total mag-
netic susceptibility anisotropy per particle, which is inde-
pendent of sample concentration. Thus, errors in the
measurement of sample concentration have no effect.

These experiments have two goals. First, the birefrin-
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gence data for dilute suspensions, where the fragments
behave as noninteracting individual particles, permit us to
determine the diamagnetic anisotropy, AX, per unit volume
of membrane. This value can subsequently be interpreted
in terms of the orientations of molecular species within the
membranes. Second, at higher concentrations, where the
fragments begin to interact, a detailed study of the concen-
tration dependence of the magnetic orientation can elu-
cidate the nature of these intermembrane interactions.
Here only the dilute concentration regime has been ana-
lyzed in detail; studies of more concentrated samples will
be reported in a future publication.

MATERIALS AND METHODS

Sample Preparation

H. halobium strain R1 was grown in a defined growth medium (Argade
et al., 1981). The culture was harvested at the end of the logarithmic
growth phase and purple membrane was isolated by the method of
Oesterhelt and Stoeckenius (1974). After sucrose density gradient cen-
trifugation, the purple membranes were washed several times in deionized
distilled water. The membranes were pelleted at 43,000 g and resus-
pended in a minimal amount of water; this concentrated suspension was
diluted to produce samples ranging from 1.1 to 11.1 mg/ml. Sample
concentrations were determined by measurement of optical absorbance at
560 nm using an extinction coefficient of 1.8 cm~'/(mg purple mem-
brane/ml). The samples were kept at 2-4°C until use, and all experiments
were carried out within several days after removal from the sucrose
gradient to minimize sample aggregation and bacterial contamination.

The size and shapes of the purple membrane fragments were
determined by transmission electron microscopy. The samples were
deposited onto Parlodion-coated grids, rinsed, stained with 0.5% uranyl
acetate, allowed to dry, and examined in an electron microscope (EM
201, Philips Electronic Instruments, Inc., Mahwah, NJ). Prints were
made of several randomly chosen areas of two different grids, and all
clearly distinguished fragments (92 total) were measured.

Magnetic Birefringence Measurements

The membrane suspensions were placed in a glass cuvette of path length
1 = 0.1 cm, which was housed in a cylindrical brass oven equipped with a
small transverse optical port. The oven was surrounded in turn by a Teflon
insulator and copper cooling coils through which refrigerated water was
pumped. Temperature was controlled by a pair of thermistors
(UUA33J4, Fenwal Electronics, Framingham, MA) and a temperature
controller (model 72, Yellow Springs Instrument Co., Yellow Springs,
OH). For these experiments overall temperature control was about +50
mK, including magnetorestrictive effects in the feedback thermistor. The
oven assembly was placed in the axial bore of a 10.7 T Bitter magnet,
which possessed a 2.5 cm diam. transverse optical bore. The sample was
illuminated with an He-Ne laser (model 124B, Spectra-Physics, Inc.,
Mountain View, CA) (wavelength = 6,328 A), attenuated to 0.8 mW.
When the samples were removed from the light beam, the area through
which the beam had passed was observed to be slightly darker and bluer in
color than the rest of the sample, indicative of light adaption. Under these
illumination conditions and at room temperature, each BR molecule
spends at most 10% of its time photocycling.

To measure the degree of field-induced orientational order, an
automatically compensating optical birefringence scheme was utilized
(Rosenblatt and Ho, 1982; Rosenblatt, 1984). The apparatus, which was
based upon a compensating Pockels cell modulated by a small voltage at
2.8 kHz, had a phase sensitivity of ~3 x 107% corresponding to a
birefringence sensitivity of An = 3 x 107 for 1 = 0.1 cm. The
compensating voltage applied to the Pockels cell, which is proportional to
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the birefringence, was plotted vs. H* on an x-y recorder. The electronics
response time was ultimately limited by the 1 s smoothing filter in the
magnet electronics, but this was still fast relative to the total sweep
duration. Because the field was swept from 0 to 10.5 T over periods of
time ranging from 10 min for the sample of lowest concentration to 50
min at the highest concentration, drifts of the birefringence baseline could
be observed. These drifts were typically of the order An ~ 5 x 1077, or
~1% of the saturated birefringence for the 1.1 mg/ml sample.

A potential source of experimental difficulty was the presence of
circular dichroism, which has the effect of introducing a small amount of
ellipticity in addition to that due to the linear birefringence. From the
work of Heyn et al. (1975), the effective phase shift in zero field was
expected to be <1074, which is very small relative to our experimental
results. We thus exclude circular dichroism from further consideration.

RESULTS AND ANALYSIS

An vs. H* was recorded for samples at five concentrations
(1.1, 2.2, 4.3, 8.2, and 11.1 mg/ml), each at several
temperatures between 8.5 and 37.0°C. A typical experi-
mental trace for low concentration is shown in Fig. 1. The
slope d(An)/d(H?) in the trace does not decrease monoton-
ically with H? but rather rises for small H? reaches a
maximum in the neighborhood of 810 77, and then begins
to fall off. This very slight nonlinear behavior is in excellent
agreement with theory (see Eq. 3 below) and, in fact, the
presence of an inflection point has been previously used to
analyze fluorescence data from Chlorella (Knox and Davi-
dovich, 1978).

For the highest concentration sample (11.1 mg/ml), An
rose very sharply just above H? = 0, achieving about one
half of its saturated value at H? between 3 and 5 T For
this sample the orientational relaxation time, as deter-
mined by the decay of An when the field was brought
rapidly back to zero, was quite long (several minutes).
Thus, it is possible that sweeps even slower than 50 min
would be required for an accurate study of the high
concentration samples.

With decreasing concentration, both the relaxation
times and the initial slopes decreased, so that by 2 mg/ml
the relaxtion time was faster than the electronics response
time and no hysteresis was observed when the field was
swept down from 10.5 to O T. More importantly, however,
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FIGURE 1 Birefringence vs. H? (Tesla?). Curve: experimental trace for

1.1 mg/ml sample at 29.7°C. Circles: two-parameter fit to the data (Eq.
3) using the measured distribution of fragment areas.
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the curves rapidly approached a limiting shape identical to
that obtained at 1.1 mg/ml (see Fig. 1). In this paper, we
shall confine our discussion to these results, which yield
information about the magnetic properties of the individ-
ual membranes as well as their optical properties in
suspension. Quantitative experiments on more concen-
trated samples, which yield information on membrane-
membrane interactions, are still underway.

In the infinitely dilute case, a membrane fragment
interacts only with the magnetic field. For purposes of
analysis, the membrane fragments are asssumed to be flat
and rigid, with the symmetry axis perpendicular to the
membrane surface. Thus, for a fragment of area A,
thickness ¢, and magnetic susceptibility anisotropy per unit
volume AX, the orientationally-dependent part of the free
energy is F, = —(1/2)AXA;t H? cos’ 8 (DeGennes, 1975),
where 0 is the angle between the symmetry axis and the
field. Because it has been found experimentally by neutron
scattering (Neugebauer et al., 1977) and nuclear magnetic
resonance (Lewis, B. A., D. M. Rice, J. Herzfeld, and R.
G. Griffin, unpublished results) that purple membranes
orient with the symmetry axis along H, we conclude that
AXx > 0.

The strong optical birefringence An of oriented samples
arises primarily from two sources: the inherent birefrin-
gence of the membrane deriving from the anisotropy of the
polarizability of its constituent molecules, and the form
birefringence, originating from electromagnetic boundary
conditions at the surfaces of the membrane fragments
(Born and Wolf, 1980). For membranes of uniform thick-
ness, the saturation birefringence scales with total area.
For the 1.1 mg/ml sample, the measured saturated bire-
fringence (H? — ) was about —3.5 x 107>, in close
agreement with the results of a calculation for the form
birefringence (Born and Wolf, 1980, p. 705) for a 1.1
mg/ml suspension of perfectly aligned thin plates of
refractive index 1.5 (Brith-Lindner and Rosenheck, 1977)
in distilled water (n = 1.33). Thus, the form birefringence
dominates for purple membranes.

To quantitatively interpret the measurements, we note
that the net sample birefringence is given by

N
An = Y_An, A; { Py(cos 8) ), (1)

i=1
where NV is the number of fragments illuminated by the
laser, An, is the contribution to the birefringence per unit
fragment area of a fully aligned membrane fragment, and
P, (cos 6) is the second Legendre polynomial (DeGennes,
1975), i.e., Py(cos ) = 3/2 cos’ 8 — 1/2. {Py(cos ) ),
represents the degree of field-induced order of fragment i
and is given by the Boltzmann distribution. For an individ-

ual fragment of area A4,

13 2 1 2.2
j(; (2x — 2)exp(b,,A,-Hx)dx

j;l exp (b,A; H>x?) dx

(Py(x)), = N V3
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where b, = Axt/2kgT, kg is Boltzmann’s constant and T is
temperature. Note that b, represents the susceptibility
anisotropy per unit fragment area divided by kpT. It is
assumped that the fragment thickness ¢ is uniform. Com-
bining Egs. 1 and 2, and writing the integrals in terms of
Dawson’s function (Abramowitz and Stegun, 1972), we
obtain

An(H?Y
N v HY) — V H?
) 3[(Vb,A;H?) — D(Vb,A,H?)] 1 O
Py 4b,4,H* D(\b,A,H?) 2
where
D(x) — e ™ _[x e dr. 4)

From Eq. 3, it is clear that the fragment area has two
effects: larger fragments, with a larger net susceptibility
anisotropy (« b, 4;) will have an orientational distribution
more shaprly peaked ~8 = 0; in addition, fragments of
larger area contribute proportionately more (« An, A;) to
the total birefringence. Thus, to obtain the two-fitted
parameters An, and b,, it is necessary to have a knowledge
of the distribution of fragment areas A,. To this end, the 1.1
mg/ml sample was examined by electron microscopy,
which showed that most of the membranes were roughly
oval in shape and that the distribution of fragment sizes
was quite wide, as shown in Fig. 2. Membranes with linear
dimensions from 0.25 to 2.2 um were observed, with a
mean of 0.75 um. The area distribution was skewed to
lower areas, peaking at ~0.25 um” and trailing off slowly at
the high end. The arithmetic mean of the area distribution
for the 92 fragments measured was 0.46 um’ with a
standard deviation of 0.28 pm?.

A two parameter (An,2;A4;, b,) fit of Eq. 3 was
performed using both the birefringence data and the
electron microscopic area data, assuming that the size
distribution determined from the measured fragments was
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FIGURE 2 Area distribution of purple membrane fragments in the

experimental sample, determined by transmission electron microscopy of
uranyl acetate-stained samples for 92 fragments.
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representative of the entire sample. The fit was performed
for data at all concentrations to determine the concentra-
tion regime for which the noninteracting model is valid. At
any given temperature it was found that the fitted value for
the saturated birefringence, An,Z; A;, scaled approximately
as the concentration, as expected. On the other hand, the
effective b, was found to decrease rapidly with decreasing
concentration, approaching a constant at low concentra-
tions. Specifically, b, (8.2 mg/ml)/b,(4.3 mg/ml)/b,(2.2
mg/ml)/b (1.1 mg/ml) was ~5.8:1.6:1.09:1.0 at room
temperature. The results suggest that the effective b,
values at higher concentrations include an interaction
component to F,, while at the lowest concentration these
interactions are vanishingly small. The remainder of this
paper will deal exclusively with the noninteracting regime,
ie., 1.1 mg/ml

The filled circles in Fig. 1 indicate points along a
least-squares fit to the data. Table I shows the fitted values
for both b, and the saturated birefringence (=An,Z; A4,) for
the 1.1 mg/ml sample as a function of temperature. Two
features are immediately apparent. First, although b, is
expected to scale as 1/7, it in fact falls off more rapidly,
decreasing by 20% when 1/T decreased by only 10%. In
Fig. 3, the fitted b, values are represented by circles and
the dotted line is that expected for a simple 1/T depen-
dence, normalized to the experimental b, value at 22.6°C.
Possible causes of this deviation are considered in the
Discussion section. A second notable feature of the data in
Table 1 is the constancy of the saturated birefringence with
temperature. This result is expected for fragments for
which the shape and rigidity remain constant with temper-
ature. In addition, it should be noted that the fit is quite
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FIGURE 3 b, vs. temperature. Circles: values from the two-parameter fit

to the experimental data for the 1.1 mg/ml sample. Dotted line:
calculated 1/7T dependence, scaled to the fitted value at 22.6°C.
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TABLE 1
PARAMETERS FROM FIT TO DATA FOR 1.1 mg/mi

SAMPLE

Temperature b, Saturated birefringence

°C T 2em™?

8.60 = 0.05 2.25+0.02 x 107 —3.48 £ 0.02 x 10°*

15.26 2.18 -3.53

22.56 2.06 -3.50

29.71 1.89 —3.53

36.56 1.79 —~3.48

sensitive; changing b, or An, by 1% from the fitted values
more than doubles the rms deviation of the fit, making it
larger than the experimental error.

Given values of b, of ~2.1 x 10" T"2 cm™2, AX can
immediately be calculated. Using kg7 = 4.1 x 107" erg
and membrane thickness 4.9 x 1077 cm (Blaurock, 1975),
we find AX (per unit volume) = 3.5 erg cm ™ Tesla > =
3.5 x 107% erg cm~* G "* (gauss) (cgs units). Because there
are three BR molecules per 63 A unit cell of the hexagonal
lattice of purple membrane (Blaurock and Stoeckenius,
1971), there is one molecule per 1,146 AZ for a 49 A thick
membrane (Blaurock and Stoeckenius, 1971), each 5.6 x
10" ? cm® contains one molecule. Thus, AX,,. (AX per mole
of BR) = 1.2 x 10 *ergmol~' G2

DISCUSSION

From the above analysis of high-field magnetic birefrin-
gence data on a 1.1 mg/ml suspension of purple membrane
fragments, a diamagnetic anisotropy value of AX,,; =
1.2 x 107 erg G2 per mole of bacteriorhodopsin has been
calculated. We now interpret this experimental result in
light of what is known about the structure of purple
membrane. Significant contributions to the diamagnetic
anisotropy of the membrane are to be expected from three
groups: the peptide bonds of BR, the lipid molecules, and
the aromatic side chains of BR. Note that because of the
threefold symmetry of the BR lattice in native purple
membrane, the symmetry axis of the diamagnetic suscepti-
bility tensor due to the protein must be strictly normal to
the membrane surface; any in-plane components will can-
cel out.

Worcester (1978) suggested that the dominant contri-
bution to AX for proteins such as BR is that of the peptide
bonds and showed that for an alpha helix perpendicular to
the membrane plane, AX,,. = NVAK/2, where AK is the
diamagnetic anisotropy per mole of peptide bonds and N is
the number of residues. For beta sheet also oriented
perpendicular to the membrane AX,, = NAK/S8; thus
substitution of beta sheet (in any orientation) for alpha
helix will reduce the diamagnetic anisotropy of the protein.
If the transmembrane alpha helices of BR indeed dominate
the diamagnetic anisotropy of purple membrane, then we
can calculate the peptide bond AK from the experimental
AXx value. Using a reasonable upper limit of 210 residues in
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alpha helices normal to the membrane surface (30 in each
of 7 helices), we calculate AKepige ~ 1.1 x 107° erg G2
mol~". For 175 helical residues (25 x 7), we obtain 1.4 x
1077, and for the (unlikely) case in which all 248 residues
are in the helices, we obtain 9.7 x 10 °erg G > mol .

All these values are considerably larger than those
previously suggested either on theoretical grounds (5.36 x
107 erg G™* mol ™' by Pauling [1979]) or by experimen-
tal data (8.8 x 107 erg G2 mol~' by Worcester [1978];
3.7 x 10"® erg G "> mol~' by Murthy et al. [1976]). Also,
Torbet and Maret (1981) state that their experimental
results on phages are more consistent with the lower two of
the above three estimates. These discrepancies suggest
either that all previous values for the peptide bond AK are
too small, or that other groups in the membrane are also
oriented so as to increase the net AX. The next paragraphs
discuss the latter possibility, whereas to verify the first
possibility, further experiments on well-defined polypep-
tides with a wide range of side chains would be ueful.

The contribution to AX,,,. from the lipid molecules
cannot be calculated exactly in the absence of experimen-
tal data for the diamagnetic anisotropy of ether-linked
diphytyl lipids. However, for rough estimates we will use
the values of AX,, = —2.4 x 107 for dimyristoyl lecithin
bilayers (Scholz et al., 1984) and AX,,q. = —7 x 107% for
egg lecithin bilayers (Boroske and Helfrich, 1978). Higher
values have been obtained for crystalline lipid systems
(Sakurai et al., 1980), but the values for disordered
bilayers are more appropriate here, given that in hydrated
purple membranes the phospholipids undergo fairly rapid
long-axis rotation (Ekiel et al., 1981) and that the hydro-
carbon chains are not highly ordered. Because of the small
lipid content of purple membrane, the lipid contribution
calculated using these values is about a factor of three to
fifteen smaller than the experimental AX and thus cannot
be a major factor. Note that the lipid contribution opposes
that of the protein helices, so that oriented groups in the
protein must make an even larger contribution than dis-
cussed above. Finally, the contribution of one retinal
moiety per 10 lipid molecules, 30 aromatic groups, and 247
peptide bonds is expected to be negligible.

On the other hand, the contribution to AX,. of the
protein aromatic groups can be quite significant: from the
molar diamagnetic anisotropy of benzene, AK = 54 x 107¢
erg G2 (Worcester, 1978), we find that if all 24 tyrosine
and phenylalanine rings were oriented with their planes
perpendicular to the bilayer, an additional AX,,,. of 1.3 x
10~ would be obtained. This is more than enough to bring
AX up to the experimental value. In addition, the eight
tryptophans at AK = 86 x 10° (Torbet and Maret, 1981)
can contribute AX,,. up to 0.7 x 107>, Thus, our results
are consistent with a net orientation of about one third of
the aromatic side chains with their planes perpendicular to
the membrane surface, if we use Pauling’s value for the
peptide bond AK and an estimated 25 residues per helix.
Evidence for orientation of aromatic rings with their planes
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parallel to the axis of alpha helices has been found for at
least two other proteins, the coat proteins of phages
(Torbet and Maret, 1981) and fd (Cross and Opella,
1983). Thus, such orientations in the case of BR would not
seem unreasonable.

One test of the orientation of the aromatic side chains of
BR with respect to the membrane surface is the measure-
ment of ultraviolet linear dichroism of oriented purple
membranes. Such a measurement by Breton (dissertation,
cited by Worcester [1978]) indicated a net orientation of
the aromatic side chains in the opposite direction (parallel
to the membrane plane) from that suggested by the present
magnetic orientation results. If the majority of the aro-
matic rings are in fact oriented parallel to the membrane
plane, then the only remaining explanation for the large
experimental value for AX,,. of BR is that the correct
value for AX per mole of peptide bonds is indeed considera-
bly larger than all previous suggestions. However, an
alternative explanation is that the UV dichroism is domi-
nated by the eight tryptophan residues, while the 24
tyrosine and phenylalanine rings, which have much smaller
extinction coefficients, may be oriented differently from
the tryptophan side chains and outweigh them in the
measured diamagnetic anisotropy. Several groups have
reported dichroic changes in the appropriate wavelength
region during the photocyle of BR (Becher et al., 1978;
Hess and Kuschmitz, 1979; Bogomolni et al., 1978; Fuku-
moto and El-Sayed, 1983; Draheim et al., 1984). These
changes should be reflected in changes in b, (AX) during
the photocycle if aromatic group orientations dominate the
diamagnetic anisotropy, as suggested by the present
results. Thus, it will be informative to repeat the present
experiments under conditions in which the photointerme-
diates are more heavily represented.

As part of this analysis, it is important to assess the
accuracy of the experimental value for AX. Assuming that
experimental error such as baseline drifts in the electronics
are negligible (see Materials and Methods), the major
sources of error in obtaining AX (per volume) are the
determinations of the size distribution of the purple mem-
brane fragments and of the membrane thickness. In calcu-
lating AX,, from AX, the membrane thickness again
enters the calculation, so that errors in this parameter will
cancel out. Also included here are the lattice dimensions,
which are known to high precision. Since sample concen-
tration does not enter the calculation at all, the predomi-
nant source of error in the overall calculation therefore
comes from the area distribution, which in fact makes a
critical contribution, as shown below.

Two preliminary analyses of the magnetic birefringence
data were carried out. In the first, a two-parameter
(susceptibility anisotropy and saturated birefringence) fit
was performed assuming that the purple membrane frag-
ments were uniform in size, and in the second, the area
distribution was represented by a Gaussian distribution
with the width of the Gaussian being a third parameter of
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the fit to the data. These two treatments gave AX,,,. values
of ~1.7 x 107* and differed from each other by only ~15%.
However, because the measured area distribution was
highly asymmetric (see Fig. 2), it was deemed more
appropriate to include the actual area data rather than a
poor functional representation. As presented above, this
treatment yields a AX,,, value of 1.2 x 107?, considerably
lower than that obtained assuming either uniform frag-
ment size or a simple Gaussian distribution. These results
clearly show that errors in the assumed shape of the area
distribution will be reflected in the AX values obtained
from fits to the birefringence data.

Because the data analysis presented above uses the
measured area data, one can readily assess the quantitative
effects of errors in the area measurements. When the
largest fragment in the population (Fig. 2) was excluded in
performing the fit to the magnetic birefringence data, the
value for b, increased by ~5%; when six fragments were
added to fill the gap in the distribution between 1.1 and 1.6
um?, the value decreased by 15%. Thus, as expected, the
calculated values are quite sensitive to errors in the area
distribution, especially at the high end of the distribution,
and one can estimate that the standard deviation of the
final AX,,,. value is 20-25% due to statistical errors in the
area measurements. However, since the area data were
obtained by electron microscopy, the additional possibility
of systematic error cannot be ignored; for example, frag-
ments of differing size may differ in their degree of
adhesion to the EM grid, or very small fragments may not
be clearly distinguishable from the background. For these
reasons, we are reluctant to place error bars on the area
data, so we simply state that a significant fraction of the
fragment population would have to remain undetected to
alter the AX,,,. by a factor of two.

A final potential source of error in the estimation of
membrane fragment size is the possibility of aggregation of
the fragments. In preliminary experiments it was found
that the magnetic—field-induced orientation of dilute pur-
ple membrane suspensions decreased upon storage at 4°C
for periods of more than two weeks. These changes in
orientation behavior were believed to result from aggrega-
tion of membrane fragments during prolonged storage, and
such aggregation was in fact observed by light microscopy.
Note that this decrease in magnetic orientation with
storage time is consistent only with random, noncoplanar
aggregation of the fragments, whereas to produce an
increase in the average fragment size and thus in the
average diamagnetic anisotropy per particle, the mem-
brane fragments would have to aggregate in a systematic,
coplanar fashion. To minimize such artifacts, the experi-
ments reported here were performed within 7 d of isolation
of the purple membranes, and microscopic examination of
the present samples after completion of the magnetic
orientation experiments showed very little clumping.
Although it seems likely that any substantial aggregation
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would have been detected, the presence of a small popula-
tion of aggregated fragments cannot be ruled out.

The results presented here show a slightly smaller
degree of orientation at 1.7 7T than observed by Neuge-
bauer et al. (1977), who reported ~10% orientation of a 2
mg/ml suspension of purple membrane. Similar experi-
ments of the magnetic birefringence of purple membrane
suspensions at fields of 1-2 T have recently been carried
out by Marrero and Rothschild (Marrero, 1981; Marrero
H., and K. Rothschild, manuscript submitted for publica-
tion). The difference could arise from variations in either
the size or the aggregation state of the membrane frag-
ments, both of which are critical in accurately determining
AX o> a8 shown above. Since the size of purple membrane
fragments varies considerably and was not measured in the
earlier study, a detailed comparison of these results with
those reported here is not possible. As shown above,
analysis of experimental results using only the mean
fragment size rather than the actual size distribution can
lead to significant errors (here ~40%) in the final value of
AX,e- In addition, it should be noted that for measure-
ments carried out only at low fields it is necessary to
determine the saturated birefringence separately, which
introduces another potential source of error.

Finally, we consider the large variation of b, with
temperature. An S-shaped curve similar to that of Fig. 3
but with an even larger deviation from 1/T dependence
was observed by Torbet and Maret (1981) for suspensions
of the bacteriophages PF1 and fd. To explain this tempera-
ture dependence, one can postulate either structural
changes or general flexibility changes with temperature.
The former possibility has been suggested by some investi-
gators (e.g., Hoffman et al., 1980; Korenstein et al., 1979),
who inferred the occurrence of conformational changes in
BR with temperature. The latter, flexibility changes with
temperature, can occur either at the level of the whole
membrane (or phage) or at the molecular level. If the
elastic constant for distortion of the membrane shape were
a decreasing function of temperature and the magnetic
correlation length £, = (A;)'s, one would expect larger
fluctuations, and therefore a decrease in both b, and An,, at
higher temperatures. With a typical value of K = 10°¢
erg/cm (Clark et al., 1980), we estimate £, =
(K/AXHY'? = 0.5 um ~ ( A;)""%. However, An, varied by
only +1% around An, = —3.50 x 10~ and showed no
systematic change with temperature (Table I), ruling out
significant temperature-dependent deviations from flat-
ness.

Flexibility changes at the molecular level would result
from an increased degree of vibrational motion of individ-
ual groups in the proteins at higher temperatures. For
example, with increasing temperature, individual aromatic
groups of helices may undergo faster and wider-amplitude
librational motions about their equilibrium positions. Evi-
dence for such librational motions of the phenylalanine
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rings of BR, increasing with temperature, has been
obtained from deuterium nuclear magnetic resonance
studies by Rice, D. M., B. A. Lewis, S. Das Gupta, J.
Herzfeld, and R. G. Griffin (manuscript in preparation).
Such motions will decrease the average diamagnetic and
optical anisotropies of the individual groups and thus of the
membrane (or phage) as a whole. Either structural or local
motional changes could also explain the fact that Torbet
and Maret (1981) observed a larger deviation from 1/T
dependence than seen in the present results. In the bacteri-
ophage the optical anisotropies of the individual groups
dominate the observed birefringence, thus effectively
squaring the effect of orientation changes or thermal
motions of individual groups on the magnetic birefrin-
gence; for purple membranes the form birefringence domi-
nates the observed birefringence so that only the diamag-
netic anisotropy will be affected by such changes.

In summary, we have measured the magnetic birefrin-
gence of dilute purple membrane suspensions as a function
of magnetic field strength up to 10.5 Tesla and have
independently determined the size distribution of the pur-
ple fragments in the suspension. An important feature of
the data analysis is the demonstration that an accurate
knowledge of the size distribution of the membrane frag-
ments, rather than simply the mean size, is essential to a
correct determination of the diamagnetic anisotropy. By
including the measured size distribution in a two-parame-
ter fit to the birefringence data, we have calculated a value
for the diamagnetic anisotropy per mole of bacteriorhodop-
sin monomers that suggests a net orientation of the
aromatic side chains of BR with their planes perpendicular
to the membrane surface. However, given the possibilities
of systematic bias in the size determination and of an
undetected subpopulation of aggregated membrane frag-
ments, it is difficult to estimate the error bars on this value.
It is clear that future studies of similar systems with a wide
distribution of particle sizes must carefully address the
issue of correctly characterizing the size distribution.
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