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Summary

A spin label study, as a function of temperature, has been made with
the bacteriorhodopsin membrane using a stearic acid spin label. The ESR
spectra show a strong variation with temperature and the presence of isosbes
tic points. The spectra are interpreted as indicating the presence of a two-
component system with an activation energy (approx. 14 kcal/mol) corre-
sponding to a protein conformational change. This activation energy is simi-
lar to that deduced from recent flash photolysis studies.

It is concluded that the spin label is sensitive to the temperature-depen-
dent protein conformational change in this membrane system.

Spin labels, despite difficulties associated with their inherent perturba-
tion characteristics have been shown to be useful as probes to gain insight
into the structure and dynamics of lipids and proteins in membranes [1, 2].
Spin-abelled fatty acids or lipids have been used to study the dynamics of
the lipid system within natural and reconstituted membranes [3, 4] . Intrin-
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sic protein—lipid systems, when studied above the main transition tempera-
ture (T). of the respective lipid or lipid mixture, give rise to an immobile
ESR component, which was assumed to indicate lipid molecules adjacent to
these proteins [4—9] . In order to study in more detail the physical state of
lipids adjacent to an integral protein, rhodopsin, Davoust et al. [10] bound a
spin label covalently to this protein. In all these studies it is implicitly as-
sumed that a change in the protein conformation caused, for example, by
temperature, pressure, etc., may not be reflected in the dynamics of the spin
label.

We will show in this paper that the molecular motion of a spin label at-
tached to a fatty acid chain and incorporated into a biological membrane, is
influenced by a protein conformational change. Temperature-dependent
changes in intrinsic proteins have been found for various proteins such as
rhodopsin [11, 12], bacteriorhodopsin [13, 14] and the Ca?*-ATPase from
sarcoplasmic reticulum [15—18].

We chose for our studies the purple membrane from Halobacterium
halobium, one of the best-characterized natural membrane systems. Only a
single protein, bacteriorhodopsin, which spans the bilayer of the membrane,
is present. It acts as a light-driven H' pump as a result of a cyclic photoreac-
tion [19]. The proteins are arranged in a two-dimensional lattice structure,
P; [20], and are immobile at their lattice points [21, 22]. The lipid:protein
molar ratio is particularly low. Only 12—14 lipids per protein are found [23]
with no preferred affinity of any lipid class to the protein [24].

We have recently provided evidence based upon our flash photolysis
studies that conformational transitions occur in bacteriorhodopsin [13]. The
double-exponential decay behaviour for one of the transients, M,;, , as well
as the temperature-dependence for transient, 'O's4o , Was explained by the
hypothesis that bacteriorhodopsin exists in a temperature-dependent equilib-
rium between two conformational forms. The two forms are then considered
to determine two different reaction pathways. The idea of two different bac-
teriorhodopsin conformers has support from another laboratory [14].

The growth of H. halobium R1 (kindly supplied by Dr. R. Henderson)
and purple membrane preparation was according to the procedure described
by Oesterhelt and Stoeckenius [25]. The collected purple membranes from
the density gradient were washed in 150mM KCl/20mM acetate buffer, pH 5,
and used in this condition. For ESR measurements the purple membranes
were sedimented and incubated at room temperature with an N-oxyl-4',4'-
dimethyloxazolidine derivative of 16-ketostearic acid as spin label. The sam-
ples contained between 1 and 2 mol spin label per 100 mol lipid.

ESR spectra were recorded on a Varian E9, 9 GHz spectrometer,
equipped with an N, gas-flow temperature-regulation system. The spectra
were digitised (1000 points) and stored on cassette using a Varian 620/L 100
minicomputer with 20K core memory. The same system was used for inte-
grations and spectral subtractions. The experimental spectra were shifted
both horizontally and vertically for a common centre-point.

The ESR spectra for our stearic acid spin label incorporated into the
purple membrane are shown as a function of temperature in Fig. 1. It can be
seen from the spectra that a marked temperature-dependence of the line-
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Fig. 1. ESR spectra of a stearic acid spin label [1, 14] incorporated into purple membranes from H.
halobium at different temperatures.

shape occurs. At low temperatures an immobilised component is indicated
which decreases as the temperature is raised. Although the double integrals
of the experimental spectra were all within 12% of the mean, the double inte
grals were normalised for the spectra shown. The experimental findings are
in agreement with the results obtained by Chignell and Chignell [26].

One characteristic of the set of spectra in Fig. 1 is the occurrence of at
least three non-baseline isoclinic (or isoslopic) points as arrowed. From this
result we deduce that the same number of isosbestic points in the respective
ESR spectra is oceurring [27], which indicates that the measured ESR spec-
tra are the composite of two different spectra. It should be noted that no
isoclinic point would be obtained if one or both spectra showed a significant
temperature-dependence of their line-shape.

It is possible to determine the proportions of fluid and immobile com-
ponents from a measured composite spectrum, either by subtraction or by
combination. In the subtraction method the spectrum of one component is
subtracted from the composite spectrum until the spectrum of the second
component is obtained. Regardless of which method is used, the a priori as-
sumptions in evaluating the composite spectra are: knowledge of at least one
component (subtraction method) or both (combination method) and that no
change with temperature occurs in line-shape of the individual component
spectrum. The almost perfect isoclinic points rule out any marked tempera-
ture-dependence in the line-shape of either of the spectra, so limitations men:
tioned by Jost and Griffith [28] against the ‘fluid component’ subtraction
method are therefore not relevant to our system. However, we do not know
whether at the highest and lowest temperature (40 and 1°C, respectively) we
are obtaining a single component spectrum: (heating to even higher tempera-
tures or the use of glycerol in order to measure at lower temperatures is not
possible, as in both cases changes in the purple membrane are occurring
(Hoffman, W., unpublished observations)).

We therefore evaluate our spectra using the subtraction method in the
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following way. (a) The spectrum obtained at 40° C was subtracted in various
proportions from the spectra measured at lower temperatures. The end-
point of subtraction for this method is reached by the occurrence of phase
reversal of the narrow fluid component line. As the spectrum at 40°C may
contain some immobile component this method provides an underestimation
of the amount of immobile component. (b) We also subtracted the spectrum
measured at 1°C from the spectra at higher temperatures. This evaluation
provides an underestimation of the mobile component. Using the first
method we obtain 5% of fluid component at 1°C and from the second
method we obtain 20% of immobile spectrum at 40°C. (These are lower
limits in each case.) These values are used to calculate the fraction of immo-
bile and fluid components at various temperatures, and are given in Table I.

TABLE I

Computer analysis of the ESR spectra measured at various temperatures by the subtraction methods
a and b as described in the text. The error to obtain the endpoint is 10% (*, method b) and 5% (**,
method a).

T (°C) Method a Method b
% (40° C spec- % fluid = % (1°C spec- % immobile =
trum)** of total % (40°C) X 0.8 trum)* of total % (1°C) X 0.95

1 5 4 — —

10 15 12 70 66.5

20 25 20 60 57

25 37.6 30 45 42.75

30 50 40 35 33.26

40 — — 20 19

The temperature-dependence for the calculated ratio of fluid:immobile
component is shown in Fig. 2 in the form of a van’t Hoff plot for both meth-
ods a and b. The reaction enthalpies are 15.1 and 13 kcal/mol (1 kcal = 4.18
kdJ), respectively. The true temperature-dependence should lie between the
two lines seen in Fig. 2 which provide only upper and lower limits.

Also shown in Fig. 2 is the temperature-dependence for the equilibrium
constant proposed for two bacteriorhodopsin conformers based upon our
flash photolysis studies [13] . The reaction enthalpy in this case is 16.7 + 2.3
kcal/mol when calculated from the temperature-dependence of transient
'Os40 . A slightly lower value of 13.7 + 2.5 kcal/mol is obtained from the
temperature-dependence of two different M,,, forms. The reaction enthal-
pies obtained by flash photolysis and ESR methods are similar (within ex-
perimental error).

Chignell and Chignell [26] suggested that the highly immobile compo-
nent corresponds to boundary lipid. If this were the case one might expect
that a continuous change in spin-label motion would occur with temperature
rather than the observed occurrence of a two-component change with isos-
bestic points (see Figs. 1 and 2). We do not know where the spin-labelled
molecule is situated because of the very high protein to lipid content of the
biomembrane structure. Nevertheless, the conclusion that a protein confor-
mation change occurs explains the presence of these isosbestic points and
corresponds to an appropriate activation energy for the process.
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Fig. 2. Van’t Hoff plot for the ratio, fluid:immobile ESR component, calculated according to method
a (s.—=) and method b (#——e) as described in the text. Straight lines are obtained by linear regression
vielding reaction enthalpies of 15.1 kcal/mol (w—=a) and 13.0 kcal/mol (¢——®). Interrupted line is
the temperature-dependence of the ratio between two bacteriorhodopsin conformers and is redrawn
from Ref. 13.

The occurrence of fluid and immobile ESR components observed in
biomembranes and reconstituted systems is usually attributed to the pres-
ence of the spin label within fluid and boundary lipid regions with the pro-
tein assumed to provide a boundary wall [4—9]. Our studies show that the
changes in conformation of the protein may well provide a dominant role
in determining the occurrence of the two ESR components, at least in this
membrane system.

Rhodopsin from the disc membrane of vertebrate rod outer segments
displays a similar type of conformational change with reaction enthalpies
between 10 and 30 kcal/mol depending on solution conditions [11, 12].
This conformational change occurs as well when rhodopsin is detergent-solu-
bilized and contains less than 0.2 mol phospholipid per mol rhodopsin [29].
Thus, this type of conformational change is a feature of the protein itself
and not, particularly, induced by a lipid phase change. In a recent study by
Davoust et al. [10] a spin-labelled fatty acid was covalently bound to recon-
stituted rhodopsin in egg lecithin vesicles. These workers show a change with
temperature and with variation of the protein to lipid ratio of the amount of
observed immobile ESR component. A protein conformeric change of rho-
dopsin as a function of temperature may also need to be taken into account
in this system.

This research was supported by the Medical Research Council, the
Wellcome Trust and the Cancer Research Campaign. M.T. holds a SRC stu-
dentship. We also acknowledge a NATO travel grant to D.C. The interest of
S.T.L. through a CASE award is also acknowledged.



183

References

o w0 [

-2

McConnell, H, and McFarland, B.G. (1970) Rev. Biophys. 3, 91—136

Jost, P., Waggoner, A.S. and Griffith, O.H. (1971) in Structure and Function of Biological Mem-
branes (Rothfield, L., ed.), pp. 83—144, Academic Press, New York

Hong, K. and Hubbell, W.L. (1972) Proc. Natl. Acad. Sci. U.S.A. 69, 2617—2621

Griffith, O.H., Jost, P.C., Capaldi, R.A. and Vanderkooi, G. (1973) Ann. N.Y. Acad. Sci 222,
561—573

Marsh, D., Watts, A., Maschke, W. and Knowles, P.F. (1978) Biochem. Biophys. Res. Commun, 81
397—402

Jost, P.C., Griffith, O.H., Capaldi, R.A. and Vanderkooi, G. (1973) Proc. Natl. Acad. Sci. U.S.A.
70, 480—484

Traeuble, H. and Overath, P. (1973) Biochim. Biophys. Acta 307, 491512

Marsh, D. and Barrantes, F.J. Proc. Natl. Acad. Sci. U.S.A. 75, 4329—4333

Warren, G.B., Houslay, M.D., Metcalfe, J.C. and Birdsall, N.J.M. (1975) Nature 255, 684—687
Davoust, J., Schoot, B. and Devaux, P.F. (1979) Proc. Natl. Acad. Sci. U.S.A, 76, 27556—27569
Hoffmann, W., Siebert, F., Hofmann, K.P. and Kreutz, W. (1978) Biochim. Biophys. Acta 503,
450461

Stewart, J.G., Baker, B.N. and Williams, T.P. (1977) Biophys. Struct. Mech. 3, 19—29

Hoffmann, W., Graca-Miguel, Ml._Barnard, P. and Chapman, D. (1978) FEBS Lett. 95, 31—34
Korenstein, R., Hess, B, and Kuschmitz, D. (1978) FEBS Lett. 93, 266—270

Hoffmann, W., Sarzala, M.G. and Chapman, D. (1979) Proc. Natl. Acad. Sci. U.S.A. 76,
3860—3864

Inesi, G., Millman, M. and Eletr, S. (1973) J. Mol. Biol. 81, 483—504

Dean, W.L. and Tanford, C. (1978) Biochemistry 17, 1683—1690

Kirino, Y., Anzai, K., Shimizu, H., Ohta, S., Nakanishi, M. and Tsuboi, M. (1977) J. Biochem. 82,
1181—1184

Stoeckenius, W., Lozier, R.H. and Bogomolni, R.A. (1979) Biochim. Biophys. Acta 505, 215—278
Blaurock, A.E. and Stoeckenius, W. (1971) Nature New Biol. 233, 152—155

Razi Naqvi, K., Gonzales-Rodrigues, J., Cherry, R.J. and Chapman, D. (1973) Nature New Biol,
245, 249—251

Korenstein, R. and Hess, B. (1978) FEBS Lett. 89, 15—20

Oesterhelt, D. and Stoeckenius, W, (1971) Nature New Biol, 233, 149—152

Wildenauer, D. and Khorana, H.G. (1977) Biochim. Biophys. Acta 466, 315—324

Oesterhelt, D. and Stoeckenius, W. (1974) Methods Enzymol. 31, 667—678

Chignell, C.F. and Chignell, D.A. (1975) Biochem. Biophys. Res. Commun. 62, 136—143
Marriott, T.B. and Griffith, O.H. (1974) J. Magn. Res. 13, 45—52

Jost, P.C. and Griffith, O.H. (1978) in Methods in Enzymology (Hirs, C.H.W, and Timasheff, S.N,,
eds.), part G, Academic Press, New York

Stewart, J.G., Baker, B.N. and Williams, T.P. (1975) Nature 258, 89—90



