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ABSTRACT. Cytochromec oxidase isolated from beef heart mitochondria was reconstituted in bilayer
membranes of the anionic lipid dimyristoylphosphatidylglycerol (DMPG) with varying enzyme/DMPG
ratio. Lipid—protein interactions in the reconstituted membrane complexes were studied in the presence
and absence of saturating amounts of bound cytochmrbg both chemical binding assays and spin-
label ESR spectroscopy. The ESR spectra from a phosphatidylglycerol probe spin-labeled on C-14 of
thesn2 chain revealed two distinct lipid populations differing in their rotational mobility. The stoichiometry

of lipids that were restricted in their rotational motion by direct interaction with the integral protein was
50-60 lipids/cytochromes oxidase monomer, in the absence of cytochramn@dependent of the total
lipid/protein ratio. Cytochrome alone did not induce a motionally restricted population in the lipid
ESR spectra, when bound to bilayers of negatively charged DMPG alone, in the fluid phas€Cat 36
However, the motionally restricted lipid population associated with reconstituted cytoclerorigase/

DMPG membranes increased on binding cytochromedicating structural/dynamic changes taking place

in the membrane. Depending on the DMPG/cytochranogidase ratio, apparent stoichiometries of up

to 115 motionally restricted lipid molecules/cytochromexidase monomer were found, when saturating
amounts of cytochrome were bound. Under these conditions, cytochramgnds to~9 negatively
charged DMPG molecules, independent of the cytochromeddase content in the reconstituted system.

A likely explanation for these results is that the surface binding of cytochmpnepagates the motional
restriction of the lipid chains beyond the first boundary shell of cytochromeidase, possibly creating
microscopic in-plane domains.

In contrast to studies on the lipid interactions with integral Lipid—protein interactions with cytochronteoxidase have
proteins (e.g., ret), or on the binding of peripheral proteins  been characterized previously by spin-label ESR spectros-
to lipid membranes (e.qg., r@j, specific studies of the mutual  copy 8—10). The electron-donating substrate of the oxidase
effects of integral and peripheral membrane proteins on the complex, cytochrome, the structure of which is also known
membrane lipids are comparatively rare. Examples of the (11), is a highly basic peripheral protein that binds to the
latter are spin-label ESR studies on myelin proteolipid and surface of negatively charged lipid membrang, (13).
myelin basic protein reconstituted with negatively charged In the present work, we have concentrated on figitbtein
lipids (3), and on the binding of melittin (as a model fo'r the interactions for the cytochron@cytochromec oxidase redox
regulatory protein ph_ospholamban) to sarcoplasmic _retlculum partners, reconstituted in bilayer membranes of the negatively
membranes containing the CaATPase pump proteird]. harged phospholipid, dimyristoyl phosphatidylglycerol.

Z‘ﬁi;ﬁgﬂ'ﬁi ?;2 gggtgc ;elgzi?igt tgrrinﬁr;z;?ger;f“ﬁﬂﬁ’ an({ipid—protein interactions of cytochrome oxidase alone
' P perp graip in the latter lipid are found to parallel those found previously

Cogp!tiihromec oxidase is the terminal member of the for this integral protein reconstituted in zwitterionic phos-
y phatidylcholine 9). Binding of cytochrome increases, in

mitochondrial electron transport chain (for reviews, see refs L . . .
. . . a synergistic manner, these interactions of the negatively
5, 6). The eukaryotic enzyme is a large integral membrane S : o . .
charged lipid with the integral protein, in a way that is quite

protein composed of 13 subunits, the structure of which hasunlike that of the interaction of cytochromewith mem

I i X- Il : . oy T
recently been determined by X-ray crystallograpiy. ( branes composed of negatively charged lipids alone. This
is in contrast to the results of previous studies involving the
myelin basic protein and proteolipid protein, where interac-
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MATERIALS AND METHODS recorded after removal of the excess supernatant. A solution
. . ) containing cytochrome (100 mg/mL) was added to the
Materials. DMPG! was obtained from Avanti (Alabaster, second aliquot to give cytochron(DMPG ratios of 1 mol/
AL) and was found to be pure by thin-layer chromatography 5| - These samples were incubated for at least 20 min at
using a solvent system CH{ILH;OH/ammonia (65/30/3 VIV/ 145 temperature, and subsequently the membrane com-
v). Phosphatidylglycerol spin-labeled _vvith the nitroxyl group plexes were separated by centrifugation. They were then
on the C-14 atom of thesn2 chain (14-PGSL) was  \ashed two times with buffer to remove excess cytochrome
synthesized from the corresponding spin-labeled stearic acid; The cytochrome/cytochromec oxidase/lipid complexes
(14-SASL) (L4). Horse heart cytochromewas from Sigma \yere transferred to ESR capillaries and packed by centrifu-
(St. Louis, MO). Cytochrome oxidase was prepared from  ga4ion. Control samples not containing cytochrome oxidase
beef heart by the method of Yu et al5j with modifications were prepared by dispersing DMPG plus 1 mol % 14-PGSL,
(16). Substitution of the enzyme-associated lipid by DMPG \ hich had been dried down from chloroform solution, in
was carried out in a manner similar to that for the substitution ) ;¢er containing an excess of cytochroree Identical

by DMPC (17). Detergent-solubilized cytochrone®dxidase  reqyits and binding stoichiometry (9 DMPG/cytochrog)e
was treated with a 500-fold molar excess of DMPG in 0.2% \yere also obtained on adding excess cytochroeDMPG
sodium cholate/10 mM HEPES, 1 mM EDTA, pH 7.4, for  gispersions of low ionic strength and incubating. All ESR
1 h at room temperature. After cooling the solution on ice, gamples were analyzed for their lipid and protein content
the enzyme was precipitated by adding cold concentratedyfier the spectra were recorded.  Lipid/protein ratios of
ammonium sulfate solution to a final concentration of 35%. samples containing only DMPG and cytochromexidase
The supernatant was removed after centrifugation &4 \ere determined using Lowry protein assays with BSA as
and the lipid incubation and.(NJ)’gSO4—preC|pltatlon steps  standard 18) and phosphate assays9. The monomer
were repeated a second time. Subsequently, the lipid-mgjecular mass of cytochromeoxidase was taken to be
substituted cytochrome oxidase was taken up in buffer 5qq kpa. Cytochrome (molecular mass 12.4 kDa) was
containing 1% sodium cholate and centrifuged at 60@0  etermined after dissolving the corresponding samples in
C). The solubilized preparation was assayed for protein e containing 5% SDS. The absorbance differences at
and lipid content using protein and phosphate assays actgg nm of reduced and oxidized cytochromevere used
cording to Lowry et al. 18 and Rouser et al.19), and standardized on solutions of known concentrations in
respectively. The cytochronteoxidase-containing solution  he same SDS-buffer. Reduction of the samples was
was then divided into several aliquots, and different amounts e formed with sodium dithionite. Treatment with dithionite
of DMPG in 0.2% cholate were added to each aliquot 10 iy not affect the UV vis spectra of samples containing only
give different molar ratios of DMPG to cytochrome  cyischromec oxidase and DMPG. Samples were always
oxidase. For cholate removal, samples were dialyzed agalnsq(ept on ice (or at 4C during centrifugation), except for the
}0 mM HEPES, 1 mM EDTA, ahl M KCI, pH 7.4, at 4 cytochromec incubation step and ESR data collection.

C. The dialysis buffer was changed after 8 to 12 h fora “ggr SpectroscopyESR spectra were recorded at X6
total of three times. After dialysis, samples were washed 4, 5 9 GHz spectrometer (Century Line—E2; Varian
and centrifuged tyvo times in 10 mM HEPES, 1 mM EDTA, Sunnyvale, CA) equipped with a Té& rectangular cavity.
pH 7.4 buffer, without KCI. Reconstituted samples were Temperature was controlled withie:0.1 °C by using
found to be homogeneous on continuous sucrose density,itrogen gas flow-temperature regulation and measured with
gradients. Cytochromeoxidase activity after reconstitution 5 thin-wire thermocouple that was placed close to the sample
was measured according to Yoneta2)( The activity of 4t the top of the microwave cavity. Sealed sample capillaries
the sampI?s.reconsututﬁad in DMPG was found tofbe: were accommodated within standard quartz ESR tubes,
5100 min™, i.e., approximately half of the cytochrone \\hich contained light silicone oil for thermal stability. A
oxidase gctllwty in detergent before the reconstitutian~ custom sample holder allowed positioning the sample in the
11000 min™). Activity after reconstitution in DMPG was  ayity with an accuracy of 0.1 mm. The spectrometer was
therefc_)re roughly comparaple to the activity after reconstitu- jhierfaced to an IBM Personal Computer, using a Tecmar
tion with other phospholipids (cf. refs). Labmaster A/D converter for digitizing and storing the ESR
ESR Sample Preparation and Sample Analysidter spectra. For improved sensitivity:-86 spectral scans were
dialysis, each sample containing DMPG and cytochreme  accumulated, depending on the signal-to-noise ratio. The
oxidase at a given ratio was spin-labeled using a solution of modulation frequency was 100 kHz with a modulation
14-PGSL in ethanol, which was added such that the total amplitude of 1.25 G. A time constant of 0.25 s was chosen.
amount of ethanol did not exceed 1% of the sample volume Spectral subtractions were performe®l) by using an
and the spin-label concentration was 1 mol % of the total interactive subtraction program written in C. The digital
lipid. Each of the spin-labeled samples was divided into sybtractions allowed quantification of the two lipid popula-
two aliquots. Membranes of the first aliquots were centri- tions found in the two-component ESR spectra.
fuged, taken up in small amounts of buffer, transferred to
ESR capillaries, and again centrifuged. ESR spectra wereRESULTS

Cytochrome c¢ Binding to Reconstituted DMPG/Cyto-
1 Abbreviations: BSA, bovine serum albumin; DMPC, 1,2-dimyris- chrome ¢ Oxidase Membrane€ytochromec binds elec-

toyl-snrglycero-3-phosphocholine; DMPG, 1,2-dimyristaytglycero- trostatically to membranes containing negatively charged

3-phosphoglycerol, 14-PGSL, 1-acyl-2-[14-(4,4-dimethyloxazolidine- |iniqs (22). The stoichiometry of saturation binding to

N-oxyl)]stearoylsn-glycero-3-phosphoglycerol; EDTA, ethylenediamine- ’

tetraacetic acid; HEPES\-(2-hydroxyethyl)piperaziné¥-2-ethane- membranes composed of DMPG alone corresponds to 9

sulfonic acid; ESR, electron spin resonance. DMPG/cytochromes (12, 13). Present work confirmed these




Cytochromec Effects on Cytochrome Oxidase/DMPG Bilayers Biochemistry, Vol. 37, No. 33, 19981581

30 T T T T

251

20

DMPG
+ Cytochrome ¢ (excess)

DMPG/ CCO
160 (mol/mol)

DMPG/ CCO
160 (mol/mol)
+ Cytochrome c (excess)

Cytochrome ¢ / Cytochrome Oxidase (mol/mol)

L

0 ! ! N ! !
0 50 100 150 200 250

DMPG/Cytochrome Oxidase (mol/mol)

Ficure 1: Binding of cytochrome to reconstituted cytochrone
oxidase/DMPG membranes as a function of the DMPG/cytochrome
¢ oxidase molar ratio. Excess cytochromewas removed by
washing twice with 10 mM HEPES, 1 mM EDTA, pH 7.4 buffer. FiIGure 2. Effect of binding cytochromes on the motionally
Linear regression (continuous line) indicates that one cytochrome restricted lipid component in the ESR spectra of the 14-PGSL spin
¢ molecule binds to 9 DMPG molecules, independent of the amount probe (1 mol % of total lipid) in cytochrome oxidase/DMPG
of cytochromec oxidase reconstituted with DMPG. reconstituted membranes. ESR spectra from (A) DMPG and
cytochromec alone, (B) reconstituted samples of DMPG and
o ) o cytochrome ¢ oxidase at a ratio of 160 mol/mol, and (C)
findings. The saturation binding of cytochroraéo recon- reconstituted cytochromeoxidase/DMPG (1:160 mol/mol) mem-

stituted membranes of cytochrormexidase and DMPG was ~ branes with a saturating amount of cytochroméound. The
determined as a function of the cytochromexidase/DMPG spectral component from motionally restricted Iieids is indicated
ratio by using a spectrophometric assay for cytochramne by the arrows. Spectral scan width: 100 5= 36 °C.
Lowry protein assay for cytochronmoxidase, and phosphate
assay for DMPG. The cytochroneeoxidase content of the  cytochromec to the surface of DMPG bilayer membranes
reconstituted membranes was determined before addition ofproduces only a very limited decrease in mobility at the 14-C
cytochromec. All reconstituted cytochrome oxidase/ atom position of the lipid chains (cf. réR). The spectrum
DMPG membranes of different lipid/protein ratios exhibited of 14-PGSL in Figure 2A is only slightly broader and more
binding of cytochrome (Figure 1). The amount of bound  anisotropic than that of this label in bilayers of DMPG alone,
cytochromec, normalized to the cytochrome oxidase at the same temperature. In contrast, the spectrum from 14-
content of the membranes, is given in Figure 1 as a function PGSL in reconstituted DMPG/cytochrome oxidase mem-
of the DMPG/cytochrome oxidase ratio in the reconstituted  branes contains two distinct spin-label components &C36
samples. The relationship is approximately linear, and (see Figure 2B). One of these components is similar to that
extrapolation to zero lipid content (i.e., cytochromexidase of the spin label in DMPG bilayer membranes alone (or with
alone) indicates that relatively little cytochromé&—0.2 + cytochromec bound; Figure 2A). The other component
0.4 mol/mol) is bound to cytochromeoxidase under our  corresponds to a population of lipids with a much reduced
experimental conditions (samples were washed with cyto- mobility that are interacting directly with the integral
chromec-free buffer after incubation with cytochrong. cytochrome oxidase enzyme. Qualitatively similar results
The slope of the linear regression (0.1:£10.003 mol/mol) have been obtained previously for cytochrome oxidase
shows that about 9 mol of DMPG are bound by 1 mol of reconstituted in zwitterionic lipids such as dimyristoyl
cytochromec, independent of the cytochrone oxidase phosphatidylcholine (cf. ref8, 9, 23). Most interestingly,
content of the membrane, as the lipid content of the incubation of reconstituted samples of DMPG/cytochrome
membranes increases. This is the same as the stoichiometrpxidase with excess cytochroraeesulted in spectra in which
of binding to DMPG membranes not containing cytochrome the motionally restricted spin-label component (in the outer
oxidase (see above). wings) was greatly increased (Figure 2C) compared with
14-PGSL ESR Spectralhe ESR spectra of the C-14 atom samples lacking cytochrontg at the same temperature (cf.
position phosphatidylglycerol spin label in (A) bilayers of Figure 2B). This observation of a cytochroménduced
DMPG alone to which a saturating amount of cytochrame increase in the population of motionally restricted lipid spin
is bound, (B) reconstituted cytochrome oxidase/DMPG labels in DMPG/cytochrome oxidase membranes, although
membranes at a lipid/protein ratio of 160 mol/mol, and (C) cytochromec binding to DMPG alone does not induce a
the same cytochrome oxidase/DMPG membranes to whichsecond component in the outer wings of the spectra (Figure
cytochromec is bound at saturation, are given in Figure 2. 2A), lead us to examine this effect at various ratios of
Spectra were recorded with a sample temperature 6£36 ~ DMPG/cytochrome oxidase. ESR spectra of 14-PGSL in
which is well above the chain melting transition of DMPG samples of different DMPG/cytochroneoxidase ratios,
bilayer membranes (ca. 23C). Saturation binding of  both in the absence and in the presence of saturating amounts
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A ) populations of motionally restricted lipid in reconstituted
DMPG+Cytochrome ¢ Oxidase membranes both with and without bound cytochrame

Quantitatve Analysis of Motionally Restricted Lipid=or
samples without cytochrome the ratio of the integrated
intensities of the two resolved lipid spin-label components
(fluid spin label/motionally restricted spin label) from
DMPG/cytochrome oxidase complexes was plotted against
the total lipid/protein ratio determined using standard lipid
and protein assays (data not shown). A linear dependence
was obtainedr(= 0.98), as expected from the conventional
equation for equilibrium lipie-protein associatior?d, 25):

immobile
Component

|

130

= i, = J(NK,) — 1K, (1)
98 ‘
‘\ where n¢/n, is the ratio of fluid to motionally restricted
98 populations of 14-PGSL, ang is the DMPG/cytochrome
oxidase mole ratio. From the linear regression parameters,

95 \ a value ofN, ~ 55—60 motionally restricted lipids is found
78 per cytochrome oxidase monomer, with a relative associa-
tion constant for 14-PGSL df, ~ 1. This result is in good
DMPG / CcO agreement with studies on cytochromexidase reconstituted
(mol / mol) immobile in lipid bilayers of zwitterionic dimyristoyl phosphatidyl-
Component choline with spin-labeled phosphatidylcholir@® (0). Cy-

tochromec oxidase therefore does not exhibit a measurable
specificity for spin-labeled relative to unlabeled phospholipid,
when both the host lipid and the spin-labeled lipid have the
same headgroup. Characterization of cytochrome oxidase
reconstituted in DMPC by freeze fracture revealed a random
dispersion of proteins in fluid-phase membrar@&26). The
similar stoichiometries of motionally restricted (i.e., perim-
eter) lipids in DMPC and DMPG therefore indicate that
cytochrome oxidase is similarly dispersed in DMPG.

To compare the results obtained with cytochrome
oxidase/DMPG membranes with those from similar samples
with bound cytochrome, the relative population of mo-
tionally restricted lipid, normalized to the content of cyto-
chrome ¢ oxidase integral protein in the membranes, is
plotted as a function of the total lipid/cytochrorn@xidase
ratio in Figure 4. The results of spectral subtractions, for
samples containing cytochrora@xidase and DMPG alone,
show that the number of restricted lipids remains close to
55 lipids per cytochrome oxidase, independent of the total
lipid/cytochromec oxidase ratio. However, reconstituted
membranes saturated with cytochroo@ntain amounts of
T motionally restricted lipids that increase progressively with
) ) the lipid/cytochromec oxidase ratio, at least in the region
immobile of DMPG/cytochromec oxidase ratios investigated here.

Component
E 3 Effect of binding cviochrome on thg ESR spectra of Therefore, there is a greater population of motionally
IGURE 5. . - . .
14-PGSL (1 mol %) in Dl\/?Pé//cytochromeoxidase me?nbranes reSt.”Cted “p.'d’ the .hlgher s the cytochrorp/ce:ytochrome
at various lipid/cytochrome oxidase ratios. Panel A: ESR spectra € Oxidase ratio (cf. Figure 1). Up to 115 motionally restricted
from reconstituted DMPG/cytochroneeoxidase membranes alone,  phospholipids were found in the double reconstituted system

at the lipid/cytochrome oxidase molar ratios indicated. Panel B:  at a mole ratio of DMPG/cytochronwoxidase of 200. More
ESR spectra from reconstituted membranes as in panel A, but withthan half of the total spin-labeled lipid population is

saturating amounts of cytochroneebound. Samples were in 10 . .
mM HEPgES, 1 mM ED1¥A, pH 7.4 buffer. Spepctral scan width motionally restricted throughout the range of DMPG/

immobile
Component

!

DMPG + Cytochrome ¢ Oxidase
+ Cytochrome ¢

DMPG / CcO
mol/mol

100 G, T = 36 °C. cytochromec oxidase ratiosr() studied. Also this fraction
changes only slowly with increasing lipid/protein ratio,
of cytochromec, are shown in Figure 3. A large increase 'emaining at 76-75% up ton, = 130 mol/mol, and

in the motionally restricted spin-label population was ob- decreasing to ca. 60% over the rangewof 130-200 mol/
served at all DMPG/cytochronteoxidase ratios investigated. mol.

To quantify this increase, spectral subtractions and integra- A topic of considerable interest is the extent to which the
tions (cf. ref 21) were used to determine the relative additional population of lipids that are restricted by the
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120ff—F———T————— T T " T lipid populations lies beyond the time scale of optimum
sensitivity of conventional spin-label ESR spectroscopy.

1001 DISCUSSION

Cytochrome c¢ Binding to Reconstituted DMPG/Cyto-
chrome ¢ Oxidase Membrane3he binding of cytochrome
c to reconstituted membranes of DMPG and cytochrame
oxidase is dependent on the content of DMPG lipid only,
and to a good approximation does not depend on the presence
of cytochromec oxidase. Extrapolation to zero lipid content
of the linear fit in Figure 1 also shows that cytochrome
oxidase does not bind cytochrorneappreciably under our
experimental conditions, certainly not more than one cyto-
1 chromec per cytochrome oxidase. It should be noted that
,E( T all samples containing cytochromevere washed twice with

60 -

| L L 1 s 1 P L | s 1

F20 "0 120 140 160 180 200 cytochrome c-free buffer prior to the binding assays.
Interestingly, the data indicate that even the lipid in direct
contact with the hydrophobic surface of cytochroroe
Ficure 4: Motionally restricted lipid population in reconstituted  oxidase is still available for binding cytochronsebecause

complexes of cytochrome oxidase with DMPG, in the absence  ha pinding stoichiometry is the same as that for saturation
(open circles) and in the presence (filled circles) of bound

cytochromec, as a function of the lipid/cytochronteoxidase ratio, binding to DMPG alone, Wh'c,h corresponds to. cqmplete
n. StoichiometriesN, = fn, of motionally restricted lipid per ~ Surface coverage (cf. r@2). This suggests that binding of
cytochromec oxidase monomer were calculated assuming equiva- cytochromec might cause cross-bridging of the cytochrome
lence between 14-PGSL and DMPG (€.~ 1 in the absence of ¢ oxidase molecules at the lower lipid-to-enzyme ratios.

restricted lipid / Cytochrome Oxidase (mol/mol)

DMPG / Cytochrome Oxidase, n, (mol/mol)

cytochromec). It is interesting to compare these findings with the results
Table 1. Outer Hyperfine Splitting Constantsw, of the obtaineq previously on the.double—recqnstituted system _of
Difference Spectra Corresponding to the Motionally Restricted the peripheral basic protein and the integral proteolipid
Spin-labeled Lipid (14-PGSL) Population in Cytochrome Oxidase/  protein of nerve myelin with DMPG3). In experiments
DMPG Membranes of Different Lipid/Protein Ratios, in the similar to those reported here, it was found that the DMPG
Presence and Absence of Saturating Amounts of Cytochmme lipid in direct contact with the myelin proteolipid protein is
DMPG/cyt oxidase Anmax (gauss) not available for binding the myelin basic protein, which is
(mol/mol) -cyte +cytc in direct contrast to the present results for the cytochrome
78 204 >8.9 c/cytochromec oxidase/DMPG double-reconstituted system.
95 20.3 20.0 The data for the myelin proteins was interpreted in terms of
98 29.4 29.1 a mutual steric exclusion model in which the boundary layer
Eé gg-i gg-g of lipid surrounding the proteolipid protein is excluded from
160 297 285 interaction with the basic protein, and the latter binds only
191 29.0 29.2 to the bulk (i.e., nonboundary) lipid surface. Both proteolipid
mean 29.3:0.2 29.0+ 0.3 and myelin basic proteins exhibit a strong selectivity for

negatively charged lipids2@, 29). Our finding that cyto-
synergistic action of binding cytochroneeare reduced in ~ chromec binds even to the lipids adjacent to cytochrome
their mobility. The difference spectra that correspond to the oXidase (i.e., no steric exclusion) suggests a rather strong
total motionally restricted spin-labeled lipid population in €lectrostatic binding of cytochronteto negatively charged
the presence Of Cytochrorresti” approximate those Of a |IpIdS SUCh as DMPG. ThIS interaCtion iS apparently Stronger
Sing'e Component that lies in the slow-motion regime of than the electrostatic interaction between DMPG and the
conventional spin-label ESR. The outer hyperfine splittings, integral cytochromec oxidase protein, even though cyto-
2Amax of these difference spectra were used to CharacterizeChromeC oxidase does show SeleCtiVity for certain negatively
the mobility of the motionally restricted lipids. The values charged lipids over neutral lipidd@, 16, 23). In this context,
of Amax given in Table 1 show, as expected (cf. 8f that it is interesting that model membranes reconstituted from
there is little dependence on the DMPG/cytochrome oxidase cytochromec oxidase and zwitterionic DMPC do not exhibit
ratio and that these values are not Changed appreciab|y bﬁny Slgnlflcant net electrostatic potential (KlelnSChmldt et
the binding of cytochrome. Thus, both the first-shell lipids ~ @l-, unpublished results) and that cytochromeoxidase
associated with cytochrome oxidase, and the additional lipidstransiently binds positively charged cytochroroein its
that are restricted by the synergistic effect of binding reduced form during the enzymatic oxidation process, which
cytochromec, have rotational motions that lie in the slow- would not occur if there were a steric exclusion similar to
motional regime, in which the ESR spectra are not very th.at found for myelin basic/proteolipid protein recombinants
sensitive to differences in mobility (e.g., ref 27). This does With DMPG.
not imply that the degree of motional restriction of the lipids ~ Motional Restriction of Lipids.The existence of motion-
that are synergistically affected by the binding of cytochrome ally restricted lipid in bilayer membranes containing a
cis identical with that of the first shell of lipids surrounding reconstituted integral protein has been interpreted, from its
cytochrome oxidase. It is simply that the mobility of both stoichiometry, as a boundary layer, or first shell, of lipid
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surrounding the hydrophobic intramembranous surface of theto about 9 DMPG molecules and it could therefore form a
protein @, 30). The stoichiometry of lipids motionally  surface-bridge between lipids in the first boundary layer of
restricted by cytochrome oxidase reconstituted in DMPG  cytochromec oxidase and those in layers of higher order
is found to be the same as that for reconstitutions in (next to the first boundary shell). Such a mechanism is
zwitterionic phosphatidylcholine lipid®j, further verifying possible because, even though binding of cytochroadene
that these lipids correspond operationally to a first shell does not create a specific population of motionally restricted
around the integral protein. Comparisons with the recent lipids, it does induce a generalized increase in motional
high-resolution structure of the 13-subunit cytochrome restriction of the entire population of lipid chains, at
oxidase from beef hearT)further suggest that this functional  saturation binding (see Figure 2A, and r&f 13). There-
first shell of lipids also corresponds to the actual perimeter fore a synergistic effect of surface binding of cytochrome
lipids surrounding the intramembranous section of the protein on the motional restriction of the lipid chains by the
(e.g., refl). Binding of saturating amounts of cytochrome intramembranous section of cytochromexidase may lead
c increases the motionally restricted lipid population in to motional restriction of subsequent lipid shells.
membranes of cytochrome oxidase reconstituted with Again, it is interesting to compare the data reported here
DMPG. Moreover, the increase is (at least at the lower lipid/ for the cytochromec/cytochromec oxidase complex with
enzyme ratios) proportional to the DMPG/cytochrome  earlier studies on myelin proteolipid/basic protein recombi-
oxidase ratio. It is also remarkable that the increase in nant DMPG membranes). It was found that around 10
motionally restricted lipid population is rather large, with molecules of DMPG were motionally restricted per proteo-
the amount of restricted lipid being doubled at a DMPG/ lipid protein molecule, in the absence of myelin basic protein
cytochromec oxidase ratio of~180 mol/mol. A single (proteolipid proteinM; ~ 25 kDa, is much smaller than
cytochrome ¢ oxidase molecule was found to have a cytochromec oxidaseM; ~ 200 kDa), consistent with earlier
boundary population of about 55 DMPG molecules in the studies using a zwitterionic lipid environmerg8j. How-
absence of cytochrome When there are roughly three ever, when the myelin basic protein was added, the stoichi-
times as many lipids present as are required to form the ometry of motionally restricted lipid decreased, which differs
boundary layer, addition of cytochromseauses almost two-  from the results reported here on cytochroti®ytochrome
thirds of these to be motionally restricted. ¢ oxidase/DMPG. It was suggested that the myelin basic
One way to interpret the increase in motional restriction protein disturbs the interaction of lipids with the intramem-
is as a propagation of the immobilization effect of lipids in branous portion of the proteolipid protein, possibly by means
the presence of cytochronegextending the chain restriction  of the membrane-penetrant sections of former (cf.2%f
from the first lipid shell around cytochrome oxidase to Addition of cytochromec to reconstituted lipie-protein
lipids in the second and possibly even third shell around the membranes, on the other hand, cannot result in such an effect
protein. Cytochrome oxidase has been found to have a because this peripheral protein was found not to penetrate
considerably invaginated intramembranous surfége Klow- the lipid bilayer (2). Therefore, the effects that a peripheral
ever, it is unlikely that conformational changes in the enzyme protein may cause on the interface between integral mem-
would result in an increase of its hydrophobic surface large brane proteins and the fluid membrane lipids could depend
enough to account for such a dramatic increase in populationto a large extent on the ability of the peripheral protein to
as that observed at high lipid/enzyme ratios. The likelihood penetrate the lipid bilayer, and correspondingly could also
is therefore that the binding of cytochrorméo reconstituted ~ depend on the functional properties of the integral pretein
DMPG membranes causes a propagation in the motionalperipheral protein couples, viz., a structural role in the case
restriction of the lipid chains that are directly in contact with of the proteolipid and basic proteins of myelin, and an
the intramembranous surface of cytochrotrexidase. The enzymatic redox couple in the case of mitochondrial cyto-
mechanism for this is not known with certainty, but there chromec and cytochrome oxidase.
exist two general possibilities: either by a direct or by an
indirect interaction with cytochrome The indirect mech- CONCLUSION
anism would involve aggregation of cytochromexidase The results of this study therefore indicate that binding of
by interaction with cytochrome. An increase in population ~ cytochromec to reconstituted membranes composed of
of motionally restricted chains could then arise from trapping negatively charged lipid and containing cytochrormexidase
of lipids within the cytochrome oxidase aggregates. This can induce formation of microdomains in which the rotational
mechanism again is less likely because of the relatively large mobility of the lipid chains is appreciably restricted relative
number of lipids that would have to be accommodated at to that in fluid lipid membranes. This is in contrast to
high lipid/protein ratios (up to four lipid shells between structural interactions of the myelin proteolipid and basic
adjacent cytochrome oxidase molecules), which per force proteins in double-reconstituted membran®s but quali-
must tend to disperse the cytochromexidase aggregates. tatively similar to the interactions of melittin with the Ca-
Additionally, the stoichiometry of cytochromzbinding to ATPase and associated lipids in sarcoplasmic reticulum
cytochrome oxidase/DMPG membranes corresponds to com-membranes4). The size and configuration of the lipid
plete coverage of the DMPG membrane surface implying protein domains in the cytochrontécytochromec oxidase
that any notionally “trapped” lipids must be in contact with system is not known, but the effective lipid/protein stoichi-
cytochromec and not segregated from it. On the other hand, ometry can reach quite high values, up to 120:1 mol/mol at
a propagation of lipid immobilization could take place by high total lipid/protein ratios. A possible functional signifi-
direct interaction with cytochrome which can bind to the  cance for this lipid domain formation remains speculative,
lipid surface even close to cytochronteoxidase, as is  butitis clear that it might function to concentrate and channel
indicated by Figure 1. We found that cytochroméinds the cytochromee substrate to the integral oxidase enzyme.



Cytochromec Effects on Cytochrome Oxidase/DMPG Bilayers

The inner mitochondrial membrane is specifically enriched
in the negatively charged lipid diphosphatidylglycerol (i.e.,
cardiolipin) 31), which might be even more effective in this
respect than is monophosphatidylglycerol. Certainly, diphos-
phatidylglycerol is considerably enriched relative to mono-
phosphatidylglycerol, in its selective association with cyto-
chromec oxidase 10).
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