FIGURE 1 Computer filtered images of outer mitochondrial membranes containing oblique (A4, 8) and rectangular (C) lattices, stained with
potassium phosphotungstate (4, C) or uranyl acetate (B) as described in footnote of Table 1. Micrographs taken with a Philips 301 (Philips
Electronic Instruments, Inc., Mahwah, NJ) operated at 100 kV (A4, B) or a JEOL 200 at 150 kV (C) (JEOL USA, Electron Optics Div.,
Cranford, NJ). Each image was reconstructed by inverse transformation of the discrete Fourier spectrum from a single membrane layer. The

scale in each image is the same; the bar in A4 represents 5 nm. Contour lines and unit cells are superimposed.

to negative-stain specimen preparation (details of which
are presented in footnote to Table I). When 0.1 mM
EDTA is included in the dialysis buffer, the lattice param-
eters are unaffected (Table I, specimen 2) although there
are indications in the filtered images of decreased phos-
photungstate accumulation by the subunits (data not
shown). On the other hand, when the dialysis medium
contains 0.1 mM CaCl,, the predominant lattice is rectan-
gular (or near-rectangular) with unit cells large enough to
accommodate only two stain-accumulating sites (Table 1,
specimen 4). With phosphotungstate, the stain centers in
the new lattice display the same diameters and nearest-
neighbor distances, 4.5 to 5 nm, as in the oblique lattice,
although their packing is now nearly hexagonal (Fig. 1 C).
The change in ordering of the outer mitochondrial
membrane subunits induced by calcium pretreatment is
interesting in light of evidence that similar treatment
alters the accessibility of substrate molecules to enzymes
in the intermembrane space of intact plant mitochondria
(6, 4). The calcium-induced symmetry change may, for
example, reflect a permeability-related conformation
change in the outer membrane subunits. Alternatively, the
lattice changes associated with calcium exposure may be
lipid-related, e.g., the result of endogenous phospholipase

activation. These two possibilities are currently under
investigation.

This material is based upon work supported by grant PCM-8021789
from the National Science Foundation and grant 37005-80 from Health
Research, Inc.
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PHOTOACOUSTIC CALORIMETRY OF PURPLE

MEMBRANE

JANE LEGRANGE, DAVID CAHEN, AND S. Roy CAPLAN
Departments of Membrane Research and Structural Chemistry, The Weizmann Institute of Science,

76100 Rehovot, Israel.

Photoacoustic measurements on suspensions of purple
membrane fragments at optical density 38, extracted from
the halophilic bacterium Halobacterium halobium were

BioPHYS. J. © Biophysical Society

used to determine the thermal energy changes associated
with the photochemically-induced intermediates and
conformational states of bacteriorhodopsin. Bacteriorho-
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FIGURE 1 The photocycle of bacteriorhodopsin with decay times of the
intermediates (taken from reference 1).

dopsin contains a retinal molecule attached to a lysine
residue through a protonated Schiff base linkage. A photo-
cycle is initiated by absorption of light by the retinal and
involves six known intermediates: bR;q, Kseg, Lsso, Myja,
Nsip, and O (1). A schematic representation of this
photocycle is shown in Fig. 1. Bacteriorhodopsin functions
as a light-driven proton pump (1). The protein and asso-
ciated lipid may undergo conformational changes asso-
ciated with the mechanism of this pump. We have used
photoacoustic measurements to determine the enthalpy
changes associated with the photocycle and the conforma-
tional changes.

RESULTS AND DISCUSSION

The photoacoustic technique monitors thermal oscillations
in the membrane suspension that are induced by a modu-
lated light input. These thermal changes are sensed as
modulated pressure changes by a microphone in contact
with the air layer above the sample. The kinetics of the
thermal changes are obtained from the frequency (f)
dependence of the photoacoustic signal (2). The rate
constant of each thermal jump is equal to 2xf at the
midpoint of the jump. The frequency dependence due to
the photoactivity of the protein is superimposed on the
frequency dependence due to the decrease in thermal
diffusion length as a function of frequency. The photoa-
coustic data must be normalized by data from a nonpho-
toactive reference whose frequency dependence results
solely from the changing thermal diffusion length and heat
transfer across the membrane-aqueous solution boundary.
A purple membrane suspension of concentration equal to
that of the sample is photobleached with NH,OH (3) and
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FIGURE 2 The normalized photoacoustic signal as a function of
frequency for membrane suspensions at different values of pH and ionic
strength. P,,/P. is the photoacoustic signal of the purple membrane
normalized by a reference. 4, pH 7.7, no salt; B, pH 7.7, 1 M NaCl; C,
pH 7.0, no salt; D, pH 9.0, no salt; E, pH 9.0, 1 M NaCl.

mixed with ink so that the absorption at the measuring
wavelength is equal to that of the sample.

Fig. 2 shows normalized frequency spectra of purple
membrane suspensions at different values of pH and ionic
strength. The excitation is at 560 nm, near the 570 nm
absorption maximum of bacteriorhodopsin. Exothermic
heat jumps are observed in these curves at 35, 60, 85, 130,
200, and 300 Hz. The jumps at 130, 60 Hz, and 35 Hz
yield rate constants corresponding to the decay times of
M2, Nsa, and Ogg. The jumps at 85, 200, and 300 Hz
may represent energy changes associated with large
conformational changes of the protein occurring at 2 ms,
0.8 ms, and 0.5 ms after illumination. The jump at 35 hz is
the most sensitive to changes of pH and ionic strength. At
pH 7.7 and in 1M NaCl, this jump is smaller than that
observed under other conditions. Ort and Parsons (4) and
Garty, Cahen and Caplan (2) observed an endothermic
change on this time scale. It is possible that several
enthalpy changes associated with conformational changes
in the protein-lipid complex and with the photoactive
pocket of the protein are competing, so that under
different conditions the net enthalpy change at 35 Hz can
be endothermic or exothermic. The data in Fig. 2 are
preliminary and it is necessary to study the behavior at 35
Hz in more detail.

The results suggest that enthalpy changes occur which
are associated with changes other than the formation of
photocycle intermediates. There may be a net conforma-
tional change between bR,;,, and M,,. The enthalpy
changes at 0.5 ms, 0.8 ms, 2 ms, and 4.5 ms may reflect
the conformational states of the protein-lipid complex as it
returns to the original conformation of bR s;,.
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THE RELATIVE LOCATIONS OF INTRAMEMBRANE
FLUORESCENT PROBES AND OF THE CYTOSOL
HEMOGLOBIN IN ERYTHROCYTES, STUDIED BY
TRANSVERSE RESONANCE ENERGY TRANSFER

J. EISINGER AND J. FLORES

Bell Laboratories, Murray Hill, New Jersey 07974 U.S.A.

We have investigated the use of transverse resonance
energy transfer (RET) to determine the level of fluores-
cent probes within the phospholipid regions of the erythro-
cyte membrane relative to the plane of closest approach of
the cytosol hemoglobin. The n-(9-anthroyloxy)-stearic and
palmitic acids (n-AS and #-AP) and 9-vinyl anthracene
(9-VA) embedded in the membrane were used as donors,
and the hemes of the cytosol hemoglobin were the accep-
tors.

The experiments were analyzed by a model in which the
acceptor hemes are constrained to remain in the half space
defined by a plane whose normal distance from a donor
(D) is d. The hemes are assumed to be uniformly and
continuously distributed and their orientations to be
dynamically and isotropically averaged. It can be shown
that at the high heme concentration inside the erythrocyte
(20 mM) and the modest efficiencies of RET encountered
here, this model is adequate for determining at least an
approximate value of d, but in any case a d,,,.

RESULTS

Following Wolber and Hudson (1), it is convenient to
express the distances and the acceptor density (p) as
dimensionless parameters, so that x = d/R, and p is the
number of acceptors per volume R}, where R, is the usual
Forster distance. The desired equation for x may then be
obtained analytically in terms of the measured average
RET efficiency, <T>

d = xRy = [(mp/6)(<T>""-1)]"". (1)

This relationship is illustrated graphically in Fig. 1.

<T> was determined by measuring the fluorescence
decay of the membrane-bound probes in intact erythro-
cytes and ghosts made from labeled cells. The decays were
measured by means of a monophoton lifetime instrument
using a high-pressure hydrogen spark lamp of 2.5-ns
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half-width. The experimental time profiles were fitted by
multi-exponential decay functions of the type

I(t) = )_o;exp(—t/7) (2)

after convolution by the excitation pulse profile. One may
then define the mean lifetime of the donor by

<T> = Zai 72 3)

since a;7; is the fraction of light with life time 7. By
comparing <7> for intact cells and ghosts (subscripts ¢
and g), i.e., in the presence and absence of the heme
acceptors,
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FIGURE 1 The dependence of <T>, the dynamically averaged RET

efficiency from a donor, D, to a continuum of acceptors beyond a plane
whose normal distance from D is x. x is a dimensionless quantity
measured as a multiple of the Forster distance Ry. p is the density of
acceptors per volume R).
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