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Nonlinear Electron Paramagnetic Resonance Studies of the Interaction of
Cytochromec Oxidase with Spin-Labeled Lipids in Gel-Phase Membranes
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ABSTRACT: The interaction of lipids, spin-labeled at different positions ingh& chain, with cytochrome

c oxidase reconstituted in gel-phase membranes of dimyristoylphosphatidylglycerol has been studied by
electron paramagnetic resonance (EPR) spectroscopy. Nonlinear EPR methods, both saturation transfer
EPR and progressive saturation EPR, were used. Interaction with the protein largely removes the flexibility
gradient of the lipid chains in gel-phase membranes. The rotational mobility of the chain segments is
reduced, relative to that for gel-phase lipids, by the intramembranous interaction with cytociogitase.

This holds for all positions of chain labeling, but the relative effect is greater for chain segments closer
to the terminal methyl ends. Modification of the paramagnetic metal-ion centers in the protein by binding
azide has a pronounced effect on the spattice relaxation of the lipid spin labels. This demonstrates
that the centers modified are sufficiently close to the first-shell lipids to give appreciable dipolar interactions
and that their vertical location in the membrane is closer to the 5-position than to the 14-position of the
lipid chains.

Cytochromec oxidase is the terminal member of the considered as generally representative of membrane regions
mitochondrial respiratory chain that effects the reduction of with high lipid packing densities, e.g., in spatially segregated
molecular oxygen to water by means of electrons donated membrane domain$). The few magnetic resonance studies
from reduced cytochrome The reaction involves pumping that concentrate on lipieprotein interactions in gel-phase
protons toward the cytosol to provide the chemiosmotic membranes includéH NMR studies of rhodopsin9) and
driving force for ATP synthesis. The cytochroro@xidase saturation-transfer electron paramagnetic resonance (ST-
enzyme from beef heart is a multisubunit polytopic trans- EPR) of the myelin proteolipid proteirlQ) in reconstituted
membrane protein, which contains several metal-ion centersmembrane systems. Nonlinear EPR methods (ST-EPR and
that are designated henae hemeas, Cus, and Cy. The also progressive saturation EPR) are well suited to such
crystal structure of the whole 13-subunit assembly of the investigations with spin-labeled lipids. This is because both
bovine enzyme has been determin&jignd further refined  the gel-phase bilayer membrane lipids and the lipids interact-
recently for different redox forms (2). ing directly with the intramembrane surface of the integral

As a representative large integral membrane protein, protein have rotational motions on a time scale to which these
cytochromec oxidase has been the subject of several studies T:-dependent methods are optimally sensitive (11).
of lipid—protein interactions (3—6) by spin-label EPR In the present work, we have studied lipigrotein
methods. The latter has proved to be particularly useful for interactions with bovine cytochrome oxidase that is
guantitating the lipig-protein interactions with a wide variety — reconstituted in gel-phase dimyristoylphosphatidylglycerol
of intrinsic proteins in fluid-phase membranes (for a recent (DMPG) as the host membrane lipid. Phosphatidylglycerol
review see ref). Far less information is available on lipid is taken as representative electrostatically of the negatively
protein interactions in gel-phase lipid membranes. These notcharged lipid component of the inner mitochondrial mem-
only are found in reconstituted systems but also may be brane (predominantly diphosphatidylglycerol). Lipigrotein

interactions between cytochrorn@xidase and DMPG were
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we have used both ST-EPR and progressive saturation EPRand transferred into EPR capillaries. The samples were then
together with phosphatidylglycerol probesRGSL) that are packed as pellets in the capillaries by using a benchtop
spin-labeled at different positions in tten-2 chain, for centrifuge. EPR spectra were recorded after removal of the
studies in gel-phase membranes. Because cytochmme excess supernatant from the sample capillaries. All EPR
oxidase contains endogeneous paramagnetic metal centersamples were analyzed for their lipid and protein content
the nonlinear spin-label EPR spectra are sensitive not onlyafter the spectra had been recorded. Lipid/protein ratios were
to the rotational dynamics of the lipid chains but also to determined by Lowry protein assays (with bovine serum
spin—spin interactions with these metal-ion centers. Signifi- albumin as standard) and Rouser phosphate as$@yiq).
cant and consistent effects are obtained on modifying the Except for the period of measurement, samples were always
metal centers by binding azide. These latter results demon-kept on ice (or at £C during centrifugation).
strate a direct interaction with the spin-labeled lipid chains EPR Spectroscop¥PR spectra were recorded at 40
at the intramembrane perimeter of the protein. on a Varian 9-GHz spectrometer (model E-12 Century Line;
Varian, Sunnyvale, CA) equipped with a TE102 rectangular
MATERIALS AND METHODS cavity (Varian). Temperature was controlled to withid.1
Materials. DMPG was obtained from Avanti Polar Lipids °C by using nitrogen gas-flow temperature regulation and
(Alabaster, AL), and was found to be pure on thin-layer was measured with a fine-wire thermocouple positioned at
chromatography with the solvent system CHCH;OH/ the top of the sample within the EPR capillary. EPR sample
ammonia (65/30/3 v/viv). Phosphatidylglycerol spin labels capillaries (1 mm i.d.) were accommodated in a 4-mm quartz
with the nitroxyl group on theth carbon atom of then-2 EPR tube that contained light silicone oil for thermal stability.
acyl chain (RPGSL,n= 4,5, 7, 12, or 14) were synthesized A custom-built sample holder allowed positioning of the
from the corresponding spin-labeled stearic acidSASL), sample in the cavity with an accuracy of 0.1 mm. The
as described in ref3. Cytochromes oxidase (cyt ox) was  spectrometer was interfaced to an IBM personal computer
prepared from beef heart by the method of Yu et &fl)( with a Tecmar Labmaster A/D converter for digitizing and
with the modifications given in ret5. Lipid substitution by ~ storing the measured EPR data. For improved sensitivity,
DMPG was carried out in a manner similar to that described spectra were accumulated 8—16 times, depending on the
in ref 16 for the substitution by dimyristoylphosphatidyl- —signal-to-noise ratio. For conventional EPR spectra, the field
choline. Cytochrome oxidase was treated with a 500-fold modulation frequency was 100 kHz with a modulation
molar excess of DMPG in 10 mM HEPES buffer, pH 7.4, amplitude of 1.25 G. A filter time constant of 0.25 s was
containing 1 mM EDTA, fo 1 h atroom temperature. The  used. Saturation transfer and progressive saturation experi-
buffer contained 0.2% sodium cholate to facilitate the lipid ments were performed with samples trimmed to 5 mm length
exchange. After the solution was cooled on ice, the enzymethat were centered in the microwave cavity. Calibration and
was precipitated by adding cold concentrated ammonium measurement df; field intensity and determination of cavity
sulfate solution to a final concentration of 35%. The Q were performed as described in r2®. All saturation
supernatant was removed after centrifugation &4then measurements were performed under critical coupling condi-
the lipid incubation and ammonium sulfate precipitation steps tions. ST-EPR spectra were recorded in the second-harmonic,
were performed a second time. Subsequently, the cyt ox wasabsorption mode\;' display), with the lock-in detector set
taken up in buffer containing 1% sodium cholate, and at 9C-out-of-phase by the self-null method. The modulation
centrifuged at 66000 °C). The supernatant was assayed frequency was 50 kHz (detection at 100 kHz), modulation
for protein and lipid content by Lowryl{) and phosphate = amplitude was 5.0 G, and rnits; field at the sample was
(18) assays, respectively. 0.25 G (21). Progressive saturation EPR spectra were
Reconstitution and ESR Sample Preparatibme final cyt analyzed in terms of the double integraPj, and ST-EPR
ox-containing solution in cholate was divided into several spectra were analyzed by both the line height ra2i8) @nd
aliquots, and appropriate amounts of DMPG were added tofirst integral @4) methods. Calibrations of rotational cor-
each aliquot to give the desired molar ratios of DMPG to relation times for ST-EPR spectra were taken from24f
cyt ox. For cholate removal, samples were dialyzed &4  as given in ref25.
against 10 mM HEPES buffer, pH 7.4, containing 1 mM
EDTA, and 1 M KCI. The dialysis buffer was changed after RESULTS AND DISCUSSION
8—12 h, for a total of 3 times. Reconstituted membrane Chemical Lipid—Protein Reaction®irect evidence for
samples were found to be homogeneous on continuousan interaction between the spin-labeled lipid and the cyto-
sucrose-density gradients. Cytochrome oxidase activity afterchromec oxidase protein comes from measurements of the

reconstitution was measured according to Yoneta@). (An rates of reduction of the spin-label nitroxyl free radical in
activity of A = 5107 min! was found, i.e., approximately reconstituted membranes in the fluid phase. The time-
half of that before the reconstitution & 11 000 mirm?). dependent decay of the EPR intensity obtained from 14-

Activity after reconstitution in DMPG was therefore roughly PGSL in DMPG/cyt ox membranes at 3€ is shown in
comparable to the activity after reconstitution with other Figure 1. This time-dependent decrease in intensity arises
phospholipids (cf. refl4). After dialysis, each sample was from chemical reduction of the nitroxide by reducing centers
spin-labeled from a concentrated solution PGSL in localized on the protein. The reaction is to some extent
ethanol, which was such that the total amount of ethanol diffusion-controlled because the EPR intensity is quite stable
did not exceed 1% of the total sample volume and the final at lower temperatures in the gel phase, where lipid transla-
spin-label concentration was 1 mol % of the total lipid. After tional diffusion is very slow. The localized nature of the
washing to remove unincorporated spin label, membranesreaction is evident from the fact that the reaction rate is
were recentrifuged, taken up in a small volume of buffer, dependent on the position, of the spin label group in the
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Ficure 1: Decay of the double-integrated intensity of the conven- FGURE 3: Positional dependence)(of the outer hyperfine splitting,
tional EPR spectrum of 14-PGSL spin label in cytochrome 2Amax in the low-power EPR spectra ofPGSL spin labels in
oxidase/DMPG complexes (1:150 mol/mol), measured atpH4 aqueous dispersions of DMP®) and in cytochrome oxidase/
and T= 36°C. Solid line indicates a best-fitting single exponential DMPG complexes (®) at 10C.
with a rate constant of 0.054 mih

chains in the lipid/protein complexes. The degree of im-

mobilization of the lipid chain depends, however, on the
segmentn, of the chain to which the spin label is attached.
The dependence of the outer hyperfine splitting on chain
segment position is given in Figure 3 for DMPG membranes
with and without incorporated cytochromexidase protein.
In normal gel-phase lipid bilayers, the chains exhibit a
characteristic, although limited, gradient of increasing flex-
ibility toward the terminal methyl end£6). This is evident
from the decreasing values Af,.xin DMPG alone that are
shown in Figure 3. The effect of the membrane-spanning
protein is to reduce this flexibility gradient considerably. It
is likely that the major restriction of the flexibility arises
from lipid chains directly in contact with the intramem-
12-PGSL branous surface of the protein. This has been found previ-
ously to be the case for spin-labeled lipids interacting with
rhodopsin in rod outer segment disk membrar2gy.(In the
14-PGSL gel phase, the lipid chain environment immediately adjacent
N to the protein is not readily distinguished from that in the
bilayer regions of the membrane remote from the protein
(cf. ref 10). This is unlike the situation in the fluid phase,
but the possibility still exists that these environments are
Ficure 2: Conventional EPR spectrdly(display), measured atlow  distinct, although unresolved, in gel-phase membranes.
?iﬁg’g:’]angigog‘;;ﬁls zfobohﬁgGngf)rr?em?'P)G;'a S|rF1)IT: '%%ﬂrsmige Saturation Transfer EPR Spectra in the Gel Phaggure
ogidase/DMPpG complexes—) at 10°C. The position,r)(,t of the 4 gives theVy' ST-EPR spectra that correspon(_j to_ the
spin label in thesn-2 chain of the differenn-PGSL positional ~ conventionaV, EPR spectra that were presented in Figure
isomers is indicated on the figure. Lipid:protein rato53 mol/ 2. Comparison with the latter shows a considerably greater
mol. Total scan width= 100 G. effect of the protein on the microsecond motions of the lipid
o ) ) ) chains, to which ST-EPR is sensitive, than on the nanosecond
lipid chain. The rate is fastest for 14-PGSL and considerably ,otions to which conventional EPR is sensitive (see, e.g.,
slower for spin labels located further up the chain (data not q¢ 28). Values for the effective rotational correlation times,
shown). Fl_ttlng to a single exponential, as shown in Figure =", of the n-PGSL spin labels were obtained from the
1, results in a decay rate of 0.054 mirfor 14-PGSL. diagnostic line height ratiod /L, C'/C, andH"/H) in the
Conventional EPR Spectra in the Gel PhaskeV; EPR low-, central-, and high-field regions of the ST-EPR spectra
spectra of differenn-PGSL spin label positional isomers at  (see ref23 for a definition of ST-EPR line height ratios).
10 °C, in the gel phase of DMPG, are given in Figure 2. £or this purpose, calibrations obtained with spin-labeled

Splid _Iin_es are the sp_ectra_l from DMPG/cyt ox complexes hemoglobin in aqueous media of different viscosities were
with similar lipid/protein ratios of ca. 50:1 mol/mol. Dashed | ,gaq (25, 29):

lines are the corresponding spectra from aqueous dispersions
of DMPG alone. In all cases, the outer hyperfine splittings,
2Amax Of the spectra are greater in the lipid/protein complexes
than they are in membranes of the gel-phase lipid alone. This
corresponds to a higher degree of immobilization of the lipid wherePy is the maximum, rigid-limit value of line height

Kk
P,— P

"(P) = —-b 1)
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12-PGSL

Ficure 4: Second harmonic, 9@ut-of-phase ST-EPR spectig(
display) fromn-PGSL spin labels in aqueous dispersions of DMPG
alone (---) and in cytochrome oxidase/DMPG complexes—)
recorded at 10C. The positionn, of the spin label in then-2
chain of the differenn-PGSL positional isomers is indicated on
the figure. Lipid:protein ratic= 53 mol/mol. Total scan width=
100 G.

Table 1: Effective Rotational Correlation Tinfes

spin =e(L) 7==f(C) 7=%f(H)
label L"/L (us) c'/ICc (us) H"/H (us)
DMPG Alone
4-PGSL 0.681 28 0.017 5 0.519 36
5-PGSL  0.644 26 —-0.611 <0.1 0.467 29
7-PGSL 0.230 24 —-1517 <01
12-PGSL  0.478 15 —-0.759 <0.1 0.438 25
14-PGSL 0.428 12 —-1.099 <01 0.300 8
DMPG/Cytochrome Oxidase
5-PGSL 0.725 32 —0.221 2 0.677 63
7-PGSL  0.626 24 —0.302 1 0.580 46
12-PGSL 0.814 41 0.044 5 0.663 60
14-PGSL 0.700 30 —0.309 1 0.619 52

aefi(P) values were obtained from diagnostic ST-EPR line height
ratios,P'/P, for n-PGSL spin labels in aqueous DMPG dispersions and
in DMPG/cyt ox (50:1 mol/mol) complexes at 1TC. Rotational

correlation times were obtained by use of calibrations with spin-labeled

hemoglobin (25, 29).

ratio P andk andb are calibration constants that are given
in ref 25. These derived values of effective correlation time
are given in Table 1 for DMPG bilayers with and without
cytochromec oxidase.

Table 2: Normalized Integrated ST-EPR Intenstties

spin label Istp(x10P) IsT(x10P)
5-PGSL 0.43 0.21
7-PGSL 0.28 0.02
12-PGSL 0.52 0.08
14-PGSL 0.37 0.07

a|srvalues (defined in re24) of the ST-EPR spectra fromPGSL
spin labels in DMPG bilayerd4r,) and in DMPG/cyt ox (50:1 mol/
mol) complexes @rp at 10 °C are given.

toward the center of the lipid chain. This anomaly almost
certainly arises from the known tendency of lipids labeled
in this region of the chain to segregate in gel-phase
membranes33). With this exception, the ST-EPR correlation
times reflect the gradient of increasing flexibility toward the
terminal methyl ends of the chains that was evident in the
conventional EPR spectra. This is fully in agreement with
previous ST-EPR studies on gel-phase phosphatidylcholine
lipids (26).

Incorporation of cytochromeoxidase in gel-phase DMPG
membranes gives rise to a slowing in rate of both axial and
off-axial chain rotational motion. An analogous effect has
been found previously with the myelin proteolipid protein,
for overall chain mobility in gel-phase lipid membranés$ (
11). The present results display a very pronounced effect on
the chain flexibility profile for microsecond motions. Again
with the exception of the anomalous 7-position label, the
flexibility gradient is almost entirely removed by the presence
of the transmembrane protein. The effective rotational
correlation times for 14- and 12-PGSL are comparable to
those for 5-PGSL. Compared with gel-phase lipids alone,
the protein therefore restricts the chain flexibility to a much
greater extent at the terminal methyl ends than it does for
positions closer to the lipid headgroups. The effective
rotational correlation times deduced from tH&L andH"'/H
diagnostic ratios differ somewhat in the presence of cyto-
chromec oxidase. This is unlike the situation for DMPG
membranes alone, which suggests that tipdbtein interac-
tion induces some anisotropy in the off-axial chain motions.

Saturation Transfer EPR IntensitielSurther information
on the lipid—protein interaction is obtained from the
integrated intensities of the ST-EPR spectra from the spin-
labeled lipids. This spectral parameter is sensitive not only
to rotational mobility but also to any interactions that affect
the spin—Ilattice (i.e.T:1) relaxation of the spin label (see,
e.g., ref34). The normalized integrated ST-EPR intensities,
IsT, Of the differentn-PGSL spin labels in gel-phase DMPG
membranes and in DMPG/cyt ox complexes are given in
Table 2. Progressive changes are seen in the valugs of

In gel-phase bilayers alone, the rotational correlation times with position,n, of the spin label in the lipid chain for the
are evidently anisotropic, because the three diagnostic region©MPG membranes. This yet again reflects the chain flex-
of the ST-EPR spectra produce different values, relative to ibility gradient in gel-phase bilayer membranes. The one

isotropically rotating hemoglobin (see Table 1). Effective

exception is the 7-PGSL spin label, for which the integrated

rates of rotation are considerably faster about the long axisST-EPR intensities are anomalously low, because they are

of the lipid molecules to which only th&'/C ratio is sensitive

reduced by spirspin interactions between the partially

(30, 31. The rates of off-axial chain rotation that are recorded segregated labels (see 1&8%) in both membrane systems.

by the line height ratiosL"/L and H"/H, in the outer

For all positions of labeling, the integrated ST-EPR

diagnostic regions of the spectra are considerably slower.intensities are much higher in the presence of cytochrome
Comparable values are obtained from these two ratios, oxidase than they are in the absence of the protein (see Table

indicating relatively little anisotropy in the off-axial rotation
(see also reB32). Somewhat atypical, i.e., nonsystematic,

2). Because the lipid/protein ratio is close to the number of
first-shell boundary lipids (cf. ref2), the values ofsrpgiven

results are obtained for the 7-PGSL spin label that is situatedin Table 2 directly reflect the properties of the lipigrotein
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Table 3: Normalized ST-EPR Integrated Intensities and Effective
T,T, Relaxation Time Products from Progressive Saturation

5-PGSL spin label Ist (x10%) (T1To)eM (x 10 ?)
+Azide
5-PGSL 0.45 4.8
14-PGSL 0.30 2.6

14-PGSL _

—Azide
5-PGSL 0.33 2.7
14-PGSL 0.27 1.8

a|st values (defined in reR4) and T1T,)* values (obtained from
power saturation curves according to eq 3) are given for the 5- and
14-PGSL spin labels in DMPG/cyt ox (43:1 mol/mol) complexes at
10 °C, in the presence and absence of 5 mM azide.

the values of which are also given in Table 3 (see later
discussion). The direction of the change in bdgh and
(TiTo)eis such that the paramagnetic relaxation enhancement
14-PGSL is reduced on binding azide.

The ST-EPR intensitiedst, approximately are propor-
tional to the effective spinfattice relaxation times[ " (35,

Ficure 5: Conventional (top) and ST-EPR (bottom) spectra of 37), and therefore the enhancements in paramagnetic relax-

cytochromec oxidase/DMPG (1:46 mol/mol) complexes, doped ation rate are given by (see ré4)

with 5- or 14-PGSL (as indicated), in the absence (---) and presence

(—) of 5 mM azide, at pH 7.4 and = 10 °C. Spectra are T.0

normalized to the maximum positive line height for each pair. Total A/ = i — i ~ |- i (2)
scan with= 100 G. ST |ST0 |STO Tlp

interface. Predominantly, the higher valuesgfrarise from
motional restriction of the lipid chains at the protein interface wherels® andT,° are the ST-EPR integral and effectiVe
(cf. Table 1 and re24). Additionally, howeverT; relaxation respectively, in the absence of azide, antilis the change
enhancement by interaction with the paramagnetic metalin T, relaxation rate induced by azide. From Table 3, the
centers in cytochrome oxidase may also affect the ST- effects of azide are characterized hyl/ls7) = —79 and
EPR intensities (see, e.g., @f). The result of paramagnetic —36 for 5-PGSL and 14-PGSL, respectively. This suggests
interactions is to reduce ST-EPR spectral intensities andthat the metal ion centers that are modified by azide are
therefore the degree of chain motional restriction may be situated closer to the polar/apolar surface than to the middle
greater than reflected by the measured valuelsof of the membrane, i.e., closer to the C-5 position than to the
Paramagnetic interactions with the metal centers of cyto- C-14 position of the lipid chains (cf. re88). Preliminary
chrome oxidase have been investigated by reaction of azidemolecular modeling by arranging lipid fatty acid chains
Azide is known to interact with the G&" and hemeas around the hydrophobic perimeter of the X-ray crystal
cofactors (2,36). Therefore, the effect of azide on thespin  structure of bovine cytochromeoxidase (1.2), with their
lattice relaxation rates of these metals can be used to detecvertical position determined by the transmembrane hydro-
paramagnetic contributions to the relaxation behavior of the phobic stretches identified in the cytochrome oxidase struc-
spin-labeled lipids. Conventional and saturation transfer EPR ture, agrees with this result. This also holds true for the
spectra of the 5- and 14-PGSL spin labels in DMPG/cyt ox location of the hemesa-Cug?t center relative to the chains
complexes of low lipid/protein ratio, in the presence and of those phospholipids that are resolved in the crystal
absence of azide, are given in Figure 5. Binding azide hasstructure (1).
practically no effect on the conventional EPR spectra of the  Progressive Saturation Experimentsipid—protein in-
spin-labeled lipids, because the metal ligands are notteractions and paramagnetic relaxation enhancements were
expected to affect the overall lipichrotein interactions.  also studied by means of progressive saturation of the
Some differences are observed in the line shapes of the ST-conventionalV; EPR spectra. The saturation curves for the
EPR spectra that are given in the lower part of Figure 5. integrated spectral intensity with increasing microwave
The effects of modification of the spin state of the hesye  radiation power are given in Figure 6. Data are presented
group, and/or bridging of the two metal centers, by the azide for variousn-PGSL spin labels in DMPG membranes and
ligand (36) are seen much more clearly, however, in the ST- in DMPG/cyt ox complexes in the gel phase at°@ Least
EPR intensities that are given in Table 3. Binding of azide strongly saturating are the spin labels in lipid membranes
to the metal ion centers will not change the mobility of the without protein (open symbols). Interaction with cytochrome
lipids associated with the protein (cf. upper part of Figure oxidase increases the degree of saturation of the lipid spin
5). Therefore, the differences ikt in the presence and labels, producing larger deviations from a linear dependence
absence of azide must arise from changes in efficiency of of the EPR intensity orH; field (solid symbols). Among
paramagnetic relaxation on modifying the spin state of the the different spin-label positions, 7-PGSL stands out as
hemeas and/or Cy centers. Supporting evidence for this saturating less readily both in DMPG membranes and in
comes also from the effective relaxation time products, DMPG/cyt ox complexes. This pronounced relaxation en-
(T, To)e, determined from progressive saturation experiments, hancement, seen also above in the ST-EPR spectra, arises
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FIGURE 6: Progressive saturation of the second integral,dEPR
spectra fromn-PGSL spin labels in DMPG dispersions (open
symbols) and in cytochrome oxidase/DMPG complexes (solid
symbols). Saturation curves are given as a functioH dfield for
5-PGSL (O,m), 7-PGSL (O, @), 12-PGSL 4, a), and 14-PGSL

(v, ¥) positional isomers. Spectra were measured &tCL0Solid
lines indicate least-squares fits to eq 3, with the fitting parameters
given in Table 4.

Table 4: Effectivel;T. Relaxation Time Products from Progressive
Saturation Measurements

spin label (]]__rz)peﬂ (X 1o Sz) (T1T2)|_eff (X 104 32)
5-PGSL 5.7 1.6
7-PGSL 3.4 0.6
12-PGSL 5.1 0.9
14-PGSL 4.0 11

a(T,T,)* values (obtained from power saturation curves according
to eq 3) are given fom-PGSL spin labels in DMPG membranes,
(TiT2) ¢, and in DMPG/cyt ox (53:1 mol/mol) complexed,:T2)-,
at 10°C.

ox complexes imply slower rates of chain rotational motion,
as is predicted theoretically for correlation times greater than
R ~ 1078 s (39).

The values of ;1 T,)¢" for DMPG/cyt ox complexes in the
presence and absence of azide are given in Table 3 for the
5- and 14-PGSL spin labels. Binding of azide to the
paramagnetic metal centers in cytochroonexidase corre-
sponds to changes in relaxation rateA§fl/T;T,) = —1.6 x
10" and —1.7 x 10 s2 for 5-PGSL and 14-PGSL,
respectively, in the gel phase. Corrected for the different line
widths, this corresponds to values &{1/T;¢") = —3.2 x
10° and —2.7 x 10 s for 5-PGSL and 14-PGSL. The
relative values of the change im; relaxation rate are
therefore in agreement with the conclusion, reached already
from the ST-EPR intensities, that the azide binding site, i.e.,
the hemeaz—Cug?t binuclear center, is closer to the
5-position than to the 14-position of the lipid chains.

CONCLUSIONS

Nonlinear EPR methods are found to be a sensitive means
to investigate lipid—protein interactions in gel-phase mem-
branes. These techniques are likely to be applicable not only

from spin—spin interactions that result from partial exclusion to membranes reconstituted with synthetic lipids but also
of the 7-PGSL spin label in the lipid gel phase. For other generally to any membrane system in which the lipid
positions of labeling, the degree of saturation increasesmobility is low, which is particularly the case when the

systematically from the terminal methyl toward the head- protein component forms quasicrystalline arrays (e.g., refs

group region of the lipid chains.

The power saturation curves for the integrated intensity,
A, of theV; EPR spectra can be described by the following
form for the dependence di, field (22):

AgH,
1+ VeZH 12(T1T2)Eﬁ] vz

A(Hy) = ®3)

whereT:¢ and T,¢ are the effective spinlattice and spir

spin relaxation times, respectively. is the electron gyro-
magnetic ratio, and\, is a normalization constant. Fits of
this equation to the data for DMPG membranes are given

8 and 40).

The lipid chains that interact directly with the hydrophobic
transmembrane surface of cytochroomxidase are hindered
in their rotational motion, relative to those in gel-phase
membranes. This is seen by the increase in ST-EPR
intensities and values of the effective relaxation time;
products (Tables 2 and 4). The effect of the transmembrane
profile of the protein surface is seen very clearly, relative to
the chain flexibility gradient present in gel-phase lipid
membranes (Figure 3). The preferential increase in hindrance
of the chain motion for spin labels close to the methyl
terminal is consistent with the intramembrane structure of

by the solid lines in Figure 6. Equation 3 gives an adequate Cytochromec oxidase, which consists of polytopéchelix

description of the saturation behavior of these single-
component spectra. Values of the effectivd, relaxation
time products, obtained from fitting the saturation curves,
are given in Table 4. In general, the results of progressive
saturation experiments parallel, and confirm, those from the
ST-EPR intensities that are given in Table 2. Slight deviations
are found in the relative values of{T,)¢" compared with
those oflst, because the former depend not onlyTafi* but
also on T2 (i.e., additionally on the line widths). In
particular, the larger values off{T,)¢ for the DMPG/cyt

bundles (1).

Proximity of the first shell of boundary lipids to the
paramagnetic metal centers in cytochromeoxidase is
demonstrated directly by the effects on the sgattice
relaxation of spin-labeled lipids. This relaxation enhancement
is dipolar in origin, but estimates of distances are limited by
uncertainties in the relaxation rates of the paramagnetic
centers. The dependence on position of the spin label in the
lipid chain, however, gives information on the vertical
location of the azide binding site relative to the lipid
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membrane that is fully in agreement with the crystal structure 19. Yonetani, T. (1966Biochem. Prep. 11, 1420.

of the enzyme. 20. Fajer, P., and Marsh, D. (1982) Magn. Reson. 49, 212—
224.
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