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1. Introduction

For a full understanding of the properties of
membrane-bound proteins, studies on the purified
proteins must be performed in a membrane-like
environment. In such studies, model membranes of
ultrasonicated phospholipids are frequently used. It
has been shown that purified cytochrome ¢ oxidase
can be incorporated into vesicles of egg lecithin, in
amounts high enough to allow spectroscopic studies
of the enzyme activity in the lipid environment [1].
It is however equally important to investigate the
interaction between the protein and lipid since many
functions of the protein depend on the lipid environ-
ment.

In this study we have used proton NMR spectros-
copy to investigate the interaction between cyto-
chrome ¢ oxidase and lipid in sonicated small vesicles.
The NMR spectrum exhibits 3 well-resolved resonances
from the —N(CH3)3", —~(CH,),— and —CH, protons
which are sensitive to changes in the dynamics of the
vesicle.

We found that these groups of lines showed
marked changes in the presence of protein. The
integrated intensity of the peaks was reduced down
to ~50% in vesicles containing equal amounts (by
weight) of oxidase and phospholipid. This is consis-
tent with the idea of a zone of phospholipids close to
the protein which is completely immobilized, produc-
ing lines too broad to detect. The amount of immobi-
lized lipid is in our investigation calculated to be
0.7 mg lipid/mg oxidase. This figure is higher than
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what is reported in spin label studies of the motion
of the lipids in larger aggregates containing cyto-
chrome ¢ oxidase [2—4]. This fact can be ascribed to
the different methods used and the different sizes of
the vesicles studied.

2. Materials and methods

Cytochrome ¢ oxidase was prepared from beef
heart mitochondria either by the method in [5] or
[6] with subsequent removal of Triton X-100 on a
column of Amberlite XAD-2 [7]. L-a-Phosphatidyl-
choline from egg yolk was purchased from Sigma
Chemical Co. Vesicle preparation and incorporation
of cytochrome oxidase was made as in [1], except
for the buffers, which contained 0.05 M phosphate,
0.1 MKCl in D,0 (pH 7.4) throughout this investiga-
tion. Lipid phosphorus was determined by the method
in [8] and the protein concentration by its heme
content based on cytochrome oxidase mol. wt
200 000. The spectrophotometer used was Beckman
model Acta M IV. NMR spectra were obtained by the
Fourier transform technique on a Bruker 270 MHz
spectrometer at 14°C. A pulse method employing a
90°—7—90° pulse sequence was used to measure T
relaxation times. Integration of the NMR peaks was
made using a separate computer (NOVA 3) equipped
with a curve follower. All NMR spectra were recorded
with the same number of scans and with equal pulse
angle and receiver gain to allow for direct magnitude
comparison.
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3. Results

In the proton NMR spectrum of sonicated egg
phosphatidylcholine a triplet structure can be seen in
the end methyl group (fig.1A). This structure appears
after a sonication time of 15—30 min only in vesicles
without any protein present. When cytochrome ¢
oxidase was incorporated this structure disappeared
already at very small amounts of protein (fig.1B).
Apart from this line broadening the integrated
intensity of the resonance peaks in the lipid spectrum
diminished upon introduction of protein into the
bilayer. Judged from diam. measurements of 100 ran-
domly-chosen vesicles [on electron micrographs of
the same preparation {cont. 0.1 mg oxidase/mg lipid}
used for NMR measurements] vesicle sizes do not
change significantly upon introduction of protein.
The intensity of the sum of the methyl and the
methylene peaks shows a linear decrease up to a
protein/lipid weight ratio close to 1 (fig.2). These
peaks are overlapping and therefore the sum of their
areas was considered more reliable than any of the
individual peaks. The curve in fig.2 can be extrapolated
to zero NMR intensity at 0.7 mg lipid/mg protein.
Reduction of the protein in the presence of (N~ did
not give any increase of peak intensity. Measurement
of Ty relaxation times was also performed on the
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Fig.1, The tmethyl resonance peak of the 270 MHz *H NMR
spectrum of phosphatidylcholine in a D, O buffer medium
containing 0.05 M phosphate and 0.1 M potassium chloride
at pH 7.4 and 14°C. (A) 13 mg/ml phosphatidylcholine from
egg yolk after 30 min sonication. {B) Sample A in the
presence of 5.8 uM cytochrome ¢ oxidase {mg oxidase/mg
lipid = 0.09) after 1 min additional sonication,

26

FEBS LETTERS

February 1979

100,

%% of peak intensity
O
S

00 1.0
mg oxidase/mg lipid

Fig.2, Integrated intensity of methyl + methylene peaks
plotted against mg cytochrome ¢ oxidase/mg phosphatidyl-
choline in sonicated vesicles.

methyl, methylene and choline protons of the lipid
spectrum. The largest effect was found on the end
methyl groups of the hydrocarbon chains, for which
the ratio of the Ty in presence and in absence of
oxidase was found to be 0.8 £ 0.1. The other signals
showed ratios which were not significantly different
from unity, The T'; measurements were made on
vesicle preparations containing 0.6—0.8 mg protein/mg
lipid.

4. Discussion

When studying proteins incorporated in artificial
membranes one is frequently faced with the problem
of measuring the vesicle size. Electron microscopy is
of course the obvious choice, but for many reasons an
NMR method would be advantageous. The ratio of
the inner to outer —N(CH3);' peaks is in principle
useful for this purpose [9], but we have found that
the correlation between peak ratios and vesicle size is
not simple, especially for the case when protein is
incorporated. The resolution of the NMR spectrum is,
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however, in general a good indicator of the homoge-
neity of the vesicle preparation, and we have found
that the appearance of the triplet structure in the
methyl peak indicates a homogeneous sample of small
vesicles. Incorporation of cytochrome ¢ oxidase into
such phosphatidylcholine vesicles result in a line
broadening in the NMR spectrum. At first this is
visible at the —CHj3 peak, which loses its triplet
structure (fig.1). This occurs already at low amounts
of cytochrome oxidase (<0.1 mg oxidase/mg lipid).
Then the effect on the lipid spectrum is shown as a
decrease of intensity, which is proportional to the
weight ratio of oxidase/lipid (fig.2). Our interpreta-
tion of the decrease of intensity is that part of the
phospholipids, in a layer close to the oxidase mole-
cules, are immobilized, producing lines too broad to
detect in the NMR spectrum. The effects can not be
explained by paramagnetic broadening from the
oxidase, since vesicles containing diamagnetic protein,
i.e., reduced in the presence of CN~ [10], did not
show a significantly different spectrum than vesicles
containing the same amount of oxidized protein. The
calculated amount of immobilized lipid is higher than
that found [2,3] using EPR spectroscopy with a spin
label in a natural mitochondrial lipid mixture. The
difference can be ascribed to the different composi-
tion of lipids and the different methods used. The
motion dependence for the spin label EPR lines and
the NMR lines is difficult to quantitate for the rather
complicated vesicle system but that the above men-
tioned results are reasonable can be understood from
the observation that large vesicles (=100 nm) give
spin label EPR lines typical of a fast motion situation,
whereas an NMR spectrum exhibits a broad feature
f11j.

At an even higher content of protein (mg protein/mg
lipid>1) the intensity of the signals did not continue
to decrease lineraly. This could reflect the difficulty
of incorporating cytochrome oxidase in amounts
close to the total protein content in the mitochondrial
membrane. This suggestion is supported by electron
micrographs of such vesicle preparations, which
showed oxidase molecules that were not incorporated,
in the buffer solution outside the vesicles.

The phospholipids which were visible in the NMR
spectrum were also perturbed by the presence of the
protein. The T relaxation time for the —CHj; protons
at the end of the hydrocarbon chains was consider-
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ably shortened, indicating that the lateral diffusion or
the local segmental motion was hindered. This result
shows that cytochrome oxidase has the greatest effect
on resonances originating from protons in the hydro-
phobic interior of the bilayer. This is clearly different
from the effects of cytochrome ¢ which gave the
largest changes in Ty values for protons near the
membrane surface [12].

The present investigation on sonicated lipid vesicles
using proton NMR spectroscopy gives support to the
interpretation made earlier [2—4] that the oxidase
molecule is surrounded by a zone of immobilized lipid,
which by our method is estimated to be about 3
molecular layers.
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