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ABSTRACT. The mitochondrial protein horse heart cytochromevas specifically spin-labeled with
succinimidyl-2,2,5,5-tetramethyl-3-pyrroline-1-oxyl-carboxylate on different lysine residues at positions
86, 87, 72, 8, or 25, respectively. Site-specifically labeled species were separated chromatographically
and identified by peptide sequencing of tryptic digests. The monolabeled protein was bound to negatively
charged phospholipid membranes composed of dioleoylphosphatidylglycerol, and the accessibility of the
spin-labeled lysine residues to lipid-soluble molecular oxygen and to lipid-impermeant chromium maltolate
was determined from the saturation properties of the ESR spectra. The accessibilities of the spin-labeled
proteins relative to those obtained for phospholipids spin-labeled in the headgroup region, in the presence
of unlabeled protein, identify the position of the spin-labeled lysine residues relative to the phospholipid
bilayer surface. We have found that cytochroooes not penetrate into the membrane interior and that

the active side of cytochromein the proteinr-membrane interaction is the side on which lys86, lys87,

and lys72 are located.

Eukaryotic cytochromec is a soluble electron-transfer domains on cytochrome& reductase and cytochrome
protein found in the intermembrane space between the outeroxidase 6, 7). Results obtained by Vanderkooi and col-
and inner membranes of mitochondria. It carries electrons laborators 8) suggest that cytochronebinds to the inner
from various dehydrogenase systems to cytochromedase mitochondrial membrane on the side of the protein at which
prior to reduction of molecular oxygen and participates in methionine 65 is located. Also, Brown andttich (9)
one of the final steps of the terminal respiratory chain that found that membrane-bound cytochroméad a preferred
is coupled to oxidative phosphorylatioh)( Cytochromec orientation, with the methionine 65 region directed toward
is a small, basic, heme-containing protein encoded by thethe membrane. According to the studies of Muga etld),(
nuclear genome2j. The crystal structure of the protein from cytochromec does not penetrate the bilayer deeply, and no
horse heart (105 residues) has been solved to a resolution osignificant changes in the secondary structure have been
1.9 A (3), and the most recent solution structure derived from found on binding of the protein to negatively charged lipid
NMR is closely similar, except with respect to the orientation bilayers (1). Binding to lipid membranes does, however,
of the surface side chaing)( Despite extensive studies, the loosen the tertiary folding of cytochronezeas evidenced by
detailed mechanism of the electron-transfer reactions ofincreased amide proton exchange rates by a number of
cytochromec and its biological redox partners (cytochrome techniques 11—13).

c reductase and cytochrons@xidase) is not yet completely Membrane association of cytochroradas been studied
understood (see e.g. r&). It is known, however, that  over the pH range from 4 to 714). It was found that
electrostatic interactions play a crucial role in these redox cytochromec associates electrostatically with acidic phos-
processes. pholipid-containing membranes at neutral pH and, accord-

On the baSiS Of kinetiC StudieS usil’lg Chemica”y mOdIerd |ng|y, is disp|aced by increasing the ionic strengj'ﬁ)( At
cytochromec derivatives, it has been shown that it is the acidic pH cytochromec was suggested to interact with
lysine-rich domain around the heme crevice by which membrane acidic phospholipids at a further site, presumably
cytochromec interacts with the negatively charged binding  py hydrogen bonding. Phosphorus-31 NMR has been used
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phoglycerol) bilayers have been studi@@,2]. It was found EXPERIMENTAL PROCEDURES
that holocytochrome is associated more intimately with )
bilayers of the unsaturated anionic lipid DOPG than with ~ Materials Cytochromec from horse heart (type VI) was
those of the saturated DMPG. Despite many different obtained from Sigma (St. Louis, MO), and the spin label
experiments 13, 16, 20—22) it is still not completely clear succmlm|dyl-2,2,5,5-tetramethy|-3-pyrrollne-l-oxyl-ca_lrbox-
what is the degree of penetration of cytochrocieto the ~ Y!ate was from Molecular Probes (Eugene, OR). Dioleoyl
membrane, which of the residues on the protein are respon-Phosphatidylglycerol (DOPG) was obtained from Avanti
sible for the interaction of cytochrongewith the membrane, ~ (Birmingham, AL). Phosphatidic acid spin-labeled at the
and whether cytochrome has a unique orientation when Phosphate of the lipid headgroup 4-phosphatidyl-2,2,6,6-
bound to membrane. tetramethyl-piperidine-1-oxyl (T-PASL) was prepared es-
In the present work, the location of horse heart cytochrome Sentially according to the method of Eildl). Cr(maltolate)

cin association with negatively charged phospholipid bilayer Was synthesized as described in 2éf

membranes is investigated directly by determining the Preparation of Spin-Labeled Cytochrome c Datives.
accessibility of different spin-labeled residues to paramag- The reaction of spin-labeled succinimide with horse heart
netic relaxation agents that are preferentially soluble either cytochromec was carried out fol h atroom temperature

in the aqueous phase or in the hydrophobic membranein @ 2:1 mixture of 10 mM sodium phosphate buffer, pH
interior. For this purpose, cytochrontewas spin-labeled 5.0, and acetonitrile. The final concentration of cytochrome
specifically at various lysine residues located in different Cin the reaction mixture was 8 mg/mL. A few drops of 0.1
regions of the tertiary fold, viz. lys86, lys87, lys72, lys8, or M potassium ferricyanide were added to keep the protein in

lys25 23). These single modifications of cytochroréy the oxidized state. Equimolar amounts of spin label and
spin-labeling have been found not to affect the conforma- protein were used. The initial separation of spin-labeled
tional characteristics of the cytochromerotein. In parallel, ~ cytochromec monoderivatives was made by FPLC (Phar-

the DOPG membrane was spin-labeled in the lipid headgroupmacia/LKB, Malmig Sweden) on a HR5/5 Mono S column.
region with a negatively charged phospholipid probe T-PASL A 10 mM sodium phosphate pH 7.0 solution was used as an
(4-phosphatidyl-2,2,6,6-tetramethyl-piperidine-1-oxyl) and €lution buffer with a linear gradient running from 0 to 250
the accessibility of the spin-labeled phospholipid to relaxation MM NaCl in 60 min (flow rate 1 mL/min). The derivatives
agents was measured in the presence and absence dPr which the cytochrome/spin label ratio was assayed to
cytochromec. be 1:1 mol/mol were further purified by HPLC (Pharmacia
The location of the spin label, attached to the protein (in LKB) using a 250 mmx 4.6 mm SynChropack CM 300
solution and in the membrane bound form) relative to the column (SynChrom Inc., Lafayette, IN). A linear gradient
membrane-water interface, was determined using paramag- unning from 0 to 60% of solvent B (solvent A, 30 mM
netic quenching quantitated by progressive saturation ESRS0dium phosphate pH 7.8; solvent B, 300 mM sodium
spectroscopy. This method is based on the exposure of thg?hosphate pH 7.8) with a flow rate of 1 mL/min was used.
nitroxide spin label to paramagnetic relaxation agents that The concentration of the modified protein was estimated
are soluble either in the hydrophobic membrane interior, viz., SPectrophotometrically (absorbance coefficient9.4 mM™
molecular oxygenJ4—26), or in the aqueous phase, viz., ¢M %, for oxidized cytochrome) using a Beckman DU-7
chromium maltolateZ7). Changes in the nitroxide relaxation ~SPectrophotometer. The concentration of spin label bound

times due to interactions with the faster relaxing paramag- to cytochromec was estimated from double integration of
netic species are a measure of their accessibility to thethe first-derivative ESR spectrum, with an aqueous solution

nitroxide group. of free spin label of known concentration used as a standard.
The relaxation agents, molecular oxygen and chromium For determination and identification of attachment sites, each
oxalate, were used earlier to determine the location of Purified monoderivative was denatured and resuspended in

bacteriorhodopsin, melittin, apocytochronee and yeast 0.2 M ammonium blcgrbonate _buffer pH 8.0 qontammg 0.1
cytochromec in the membranel, 28, 29. Quite recently, mM CaC} and then digested with TPCK trypsin for 20 h at
the membrane location of the M13 coat protein was 37 “C (enzyme/protein ratio 5:100 w:w). Peptides were
determined by using Rf and molecular oxygen as quench- separated by reverse-phase HPLC (Pharmacia LKB)_ on a
ing agents 30). The disadvantage of the use of chromium 3:9 x 300 mm Bondapak phenyl column (Waters Associates,
oxalate and Nif, particularly with charged proteins or Milford, MA) using a linear grad|ent_ running from 0 to 50%
charged lipids, is their net electrostatic charges. Use of an©f solvent B (solvent A, 0.09% TFA in #; solvent B, TFA/
uncharged, polar relaxation agent as a probe for the aqueou$!20/CHCN, 0.09:9.91:90 v:v:v) in 90 min with a flow rate
phase helps to overcome this problem. In this study, of 0.8 mL/min. After lyophilization of each collected peptide,
chromium maltolateZ7) was used for this purpose and was the presence of spin Iabe_l was assayed by ESR measurement.
found to display a decreasing gradient of concentration from The final analysis of the isolated, pure, spin-labeled peptides

the aqueous phase to the membrane surface, in the presenc@s made using amino acid sequencing and mass spectrom-
of bound cytochrome. etry in order to identify the positions of the modified lysine

residues 23).

L Abbreviations: DMPG, 1,2-dimyristoygrglycero-3-phosphoglyc-  ESR Sample PreparatioAll experiments were performed
erol; DOPG, 1,2-dioleoy$nglycero-3-phosphoglyceral; T-PASL, 4-phos-  in @ buffer containing 10 mM HEPES pH 7.0. For experi-
phatidyl-2,2,6,6-tetramethylpiperidine-1-oxyl; HEPES, 4-(2-hydroxyethyl)- ments in the absence of oxygen, buffers were saturated with

1-piperazineethanesulfonic acid; TPX, tetramethylpentene polymer; . Mar ;
ESR, electron spin resonance; HPLC, high-pressure liquid chromatog- argon; sample tubes and ESR capillaries were flushed with

raphy; FPLC, fast protein liquid chromatography; TFA, trifluoroacetic argon as well. For OX_ygenated s_amples, oxygen was flushed
acid. around the samples in TPX capillaries (for 1 h) and sample
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tubes and ESR capillaries were also flushed with oxygen. were then fitted to a sum of three Lorentzian absorption line
Excess supernatant and sample were removed from the memshapes at field positions fixed by the corresponding peak

brane pellets in the ESR capillaries to obtain samples centers. (Note that fitting the absorption spectra, rather than
mm in length, so as to avoid inhomogeneities of the micro- the first-derivative spectra, emphasizes the major component,
wave and modulation fields in the ESR cavity (cf. 8. at the expense of a minor sharp component that is present

For preparation of lipid dispersions, a dry lipid film was in some of the spectra; cf. r&3)) The fitted line widths
prepared from DOPG (ranging from 0.2 to 0.5 mg) with 0.1 were used to calculate transverse relaxation tirgs, for
mol % butylated hydroxytoluene to prevent lipid peroxida- the three individuain hyperfine linesifn = 0, +-1). Finally,
tion. For samples with unlabeled cytochrome dry lipid a nonlinear least-squares fit to the microwave saturation of
film was prepared from 0.5 mg of DOPG and 1 mol % spin- the second integrals of the conventional ESR spectra was
labeled lipid (T-PASL) with 0.1 mol % butylated hydroxy- performed according to the following dependencéHii35):
toluene. The dry lipid film was then hydrated with respec-
tively 100 or 200uL of buffer and put through 5 cycles of I(Hy) = IH 1 +
freezing and thawing. After incubation at 3 for 30 min, o \/1 2T T
the samples were concentrated by centrifugation (Beckman Ve ™1 lalom

L7-55, Ti-50 rotor, 50 000 rpm) 02 h and transferred to 1 + 1 1)
1-mm i.d. glass capillaries. For lipicbrotein samples, protein \/1 +y 2H.2T.T «/1 +y 2H2TT

solution was added to the lipid dispersion at a protein/lipid et 120 e’ 12
ratio of 1:1 w/w. The samples were incubated for-3®@ where the common spiflattice relaxation timeT;, and

min at 37°C, and the resulting proteirlipid complexes were  normajization factor,lo, are the two fitting parameters.
collected by ultracentrifugation (Beckman L7-55, Ti-50 rotor, - potational diffusion coefficients were obtained from the
50 000 rpm) for 2 h. Where required, the argonated tipid dependence of the line widthd, 1) of the individual

protein complexes were resuspended in 17.5 mM Cr(galt) pyperfine components according to r&8 and 37:
freshly dissolved in argonated buffer. Subsequently, the

samples were collected by centrifugationr f@ h and _ 2

transferred to 1-mm i.d. ESR glass capillaries. Samples llTZ'm' A+ Bm+Cm )

containing only spin-labeled cytochrongesolutions were . . ) . .

flushed with oxygen or argon and transferred to 1-mm i.d. Which yields the separate line width coefficietsand C.

ESR capillaries (sample length 5 mm). The latter are directly related to the rotational correlation
After the ESR measurements, the lipiprotein complexes ~ iMes, 720 andzz, (37, 39:

were dissolved in 4L 5% sodium dodecyl sulfate dissolved

—l_
in 0.5 M NaOH. The phospholipid concentration was Ty = 6Dgy 3)
determined by the method of Eibl and Lan@8)( and the _
; ; . T,, == 2Dy + 4D 4
protein content was assayed according to the modified 22 RO RIl
method of Lowry 84), with bovine serum albumin as ) )
standard. whereDg), Drpy are the axial and off-axial components of

ESR SpectroscopgSR spectra were recorded on a Varian the diffusion tensor. Alternatively, if the rotational diffusion
Century Line Series 9 GHz spectrometer (Varian Associates, IS Near to isotropic, the effective diffusion coefficient for
Palo Alto, CA) equipped with nitrogen gas-flow temperature 1SOtropic rotanon,DF_zeff, can be obtained from the relative
regulation system. The spectrometer was interfaced to anLorentzian broadening of tha = 0 andm = —1 manifolds,
IBM PC to allow signal averaging and digital data storage -€-» from B + C in eq 2. The corresponding isotropic
and analysis. The sample capillaries were accommodated©tational correlation time is therr = (6Dg*") ™.
within standard 4 mm quartz ESR tubes containing light RESULTS
silicone oil for thermal stability. Conventional first harmonic,
in-phase, absorption spectra were recorded at a modulation Spin-Labeled Cytochrome c in Buffédfhe ESR spectra
frequency of 100 kHz and modulation amplitude of 0.5 G of cytochromec spin-labeled on the different lysine groups

pp, at microwave field amplitudes over the rarigg?¥2 = are given in Figure 1. The spectra of free cytochrarrie
0.005-0.6 G for progressive saturation measurements. Thebuffer solution are those given by the solid lines. For
H,-microwave field was calibrated according to B comparison, the ESR spectrum of the headgroup-labeled

Low-power, conventional ESR spectra were recorded at phospholipid, T-PASL, in bilayer membranes of DOPG is
a subsaturating microwave amplitude corresponding to also included in this figure. With the exception of the label
(H,%(¥? = 0.083 G, for detailed line shape analysis. All on lys72, the ESR spectra of spin-labeled cytochranie
measurements were performed under critical coupling condi- buffer consist of three sharp, differentially broader#d-
tions. The scan range for low-power spectra was 100 G hyperfine lines. The mean rotational diffusion coefficients,
(using a field/frequency-lock) and 160 G in progressive Dg = (DriDrn)*? (38), of the free cytochrome spin labels
saturation experiments. Saturation curves were obtained forwere determined from the Lorentzian line widths as described
the total spectral intensity (i.e., the second integral of the under Experimental Procedures and are given in Table 1.
first-derivative ESR spectrum) as a function of the root-mean- To allow for any anisotropy in the rotational diffusion, the
square microwave magnetic fieldH,?(42, for each sample  diffusion coefficients for axial g and off-axial Dgrn)
(35). rotation were obtained separately by using the relative widths

Evaluation of Relaxation and Rotational Ratd$e low- of all three hyperfine lines3{). The anisotropy in rotational
power conventional ESR spectra were first integrated and diffusion, Dr/Drg, and the effective rotational diffusion
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Ficure 2: Rotational diffusion coefficientsDg, measured for
T-PASL in DOPG without (gray bar) and with (dark bar) cyto-
chromec and for spin-labeled monoderivatives of cytochrome
free in solution (gray bars) and bound to DOPG membranes (dark
bars). The lysine residue on cytochromé¢hat is spin-labeled is
indicated in the figure. Temperature 30 °C.

independent motion relative to the whole protein, whereas
for all other positions of lysine labeling the spin label
Ficure 1: Low-power conventional ESR spectra of T-PASL in a_tttachment d_lsplays ppn5|derab!e a(_idltlonal segmental mo-
DOPG with (dotted line) and without (solid line) cytochrome ~ tion. Assuming additivity of diffusional rates one can

and the ESR spectra of specifically spin-labeled monoderivatives therefore write:
of cytochromec free in solution (solid lines) and bound to DOPG

membranes (dotted lines). The lysine residue on cytochwihnat Dg = Dg° + Dg (6)
is spin-labeled is indicated in the figure. Modulation amplitude, S€0
total scan width, and temperature are 0.5 G, 100 G, anfC30 o . )
respectively. whereDg° represents overall rotation of the protein @gheg
represents the segmental rotation of the spin label relative
Table 1: Rotational Diffusion Coefficient®ge", Dg), Rotational to the protein backbone. The greatest valueDgtey are
Anisotropies Dry/Drc), and Changes in the Spirt.attice for the labels on lys87 toward the C-terminal and on lys8,
Relaxgthn R?Fﬂlt@-‘l(lf/'rl) Duﬁ to O_xyger# for Sdp'fn'Labe|Ed _ close to the N-terminal. The membrane-bound T-PASL
'\DAono erivatives of Cytochrome in Buffer and for T-PASL in displays preferential anisotropic motion about the spin label
OPG, Measured at 3 x-axis (cf. refs36 and 37)
sample (1%);:11) (102271) DD A((iggggz) Spin-Labeled Cytochrome ¢ Bound to Lipithe ESR
P RIZRD spectra of the spin-labeled cytochroméerivatives bound
F};'Szﬁsir']-k')’l‘lf'?g% %g gé 1& - 8-% 8-%2 to DOPG membranes and of the spin-labeled phospholipid
lys86 in buffer 15 16 10 374 0.28 T_—PAS_L m_the presence of ynlabeled cytochrou:_rmre als;_o
lys72 in buffer 0.7 0.7 2.7 1.9320.32 given in Figure 1 (dotted lines). A decrease in rotational
lys25 in buffer 15 15 11 4.040.18 mobility of the spin label on binding cytochronweto the
lys8 in buffer 2.1 2.3 1.8 0.8 0.22

membranes is evident in all cases. The rotational diffusion
coefficients for each spin label with protein in the bound
coefficients Dg®f, calculated assuming isotropic rotation, are and unbound states are given in Figure 2. In the bound state,
also included in Table 1. the spin label on lys8 has the greatest mobility, followed by
The diffusion coefficient for overall rotation of the that of the spin label on lys25. The spin label on lys72 is
cytochromec molecule in buffer is given by the Debye rather strongly immobilized on membrane binding. Its
equation 89): spectrum is approaching the slow motional regime of spin
label ESR spectroscopy for whidg ~ 0.1 x 10° s™* (see
Dg° = KT/(6mt377) (5) Figure 1). This corresponds to immobilization of the overall
protein rotation on membrane binding, because the spin label
Herey is the aqueous viscosity ands the partial specific on lys72 has little segmental mobility, even for the unbound
volume of cytochrome. At 30 °C in buffer, Dz° = 0.6 x protein. Of the labels with independent segmental mobility
1¢® s1, a value which is close to the mean rotational in buffer, the largest chang@Dg, in rotational diffusion
diffusion coefficient measured for cytochromspin-labeled coefficient on membrane binding is for the spin label on
on lys72. In the latter case, the spin label has little lys87, whereas the smallest change is for the spin label on
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1 Table 2: Values of the Effectivé; T, Relaxation Time Products for
K +0, 4 Different Monoderivatives of Spin-Labeled Cytochromé&ree in
04 /" n Solution and Bound to DOPG Membranes, and for T-PASL in

A

DOPG Membranes with and without Cytochrome
sample T,T,in buffer (104s?) T;T, bound (10 <)

. T-PASL in DOPG 2.24+0.06 2.13+0.14
, *lipid 7 lys87 4.72+0.46 1.48+ 0.32

036 },}/
i T ] lys86 3.94+ 0.18 2.73+£0.22
- / S lys72 1.36+ 0.07 1.63+ 0.09
/)/./'/ 0 lys25 3.76+0.11 2.05+ 0.03

02 - lys8 2.51+ 0.06 2.82+:0.25

tives in the presence and absence of DOPG membranes are
given in Table 2. These values were obtained by fitting a
single component model to the saturation curves, i.e., by
assuming thafl,+1 = T,0 = T2-1 in eq 1. Corresponding
values for the headgroup-labeled T-PASL lipid in DOPG
TR Lerreb ey . membranes, in the presence and absence of unlabeled
0.0 0.1 0.2 03 04 0.5 0.6 cytochromec, are also given in Table 2. In nearly all cases,
<H1,5" (Gauss) there is a substantial decrease in the effeciivie product

Ficure 3: Progressive saturation curves for the second integral of on binding of cytochrome. The sole exlceptlon to th.'s IS
the conventional ESR spectra, for cytochromepin-labeled on  Cytochromec labeled on lys72, for which the rotational
lys86: free in deoxygenated solution (solid squares); bound to broadening of the spectrum is already very considerable when
deoxygenated DOPG membranes (triangles); bound to DOPGthe protein is free in solution. Binding to the membrane, in
membranes saturated with oxygen (open squares). The integrateqpe |atter case, drives the spectrum into the slow motional

ESR intensity is plotted against the root-mean-square microwave . . . . . .
magnetic field intensitylH:2732, at the sample, and is normalized regime. Spectral simulations that include rotational dynamics

to the same slope at low power. Other experimental conditions are Of the spin label have been made recently for progressive
as for Figure 1. Solid lines are nonlinear least-squares fits of eq 1 saturation experiments of the type performed hé@p These
to the saturation curves. show that, for spectra in the fast motional regime (such as
those here, with the exception of lys72), thel, product

lys25. In the latter caseADr ~ Dr’; i.e., essentially only  optained in progressive saturation experiments decreases with
the contribution from overall rotation of the protein is decreasing rotational diffusion coefficient. The decrease in
suppressed and the segmental mobility of the spin label on(T,T,)f in Table 2 is therefore a result of the rotational
lys25 remains essentially unaffected by binding to the jmmobilization on binding cytochrometo the membrane,
membrane. For all other lysine groups spin-labeled, mem- which is consistent with the line width analysis given above.
brane binding additionally induces a decrease in segmentalFor cytochromes labeled on lys72, the increase ify )
mobility, most prominently for lys87 which presumably s associated with a transition to the slow motional regime,
therefore directly contacts the membrane surface. that is also consistent with theoretical simulatioa)( For

The rotational mobility of the T-PASL lipid, spin-labeled lys8, the values ofT;T,)* in the free and bound states just
in the polar group region, is greatly reduced by binding overlap, within the error range. However, there is an apparent
cytochromec to DOPG membranes. This is consistent with tendency for thel T, product to increase on binding. It is
a direct steric interaction between cytochromand spin possible that there are intrinsic increases;iwith decreasing
labels at the lipid polar headgroups, on protein binding to rotational mobility that are not included explicitly in the
the membrane surface. theoretical simulations4Q), which were based solely on

The spin-lattice relaxation enhancements by molecular rotational modulation of the spectral anisotropies.
oxygen have been determined for the various spin labels in  Further analysis, by measuring the individual hyperfine
solution by methods to be described later. These values ardine widths and fitting eq 1 to the saturation curves, as
also included in Table 1 but do not correlate directly with described in Experimental Procedures, was also performed.
the spin label rotational mobilities that are presented in the This leads to values for th&; relaxation times, in the
table. presence and in the absence of cytochrarbending to the

Progressie Saturation Studies: Lipid/Protein Interaction. membranes. These results are given in Figure 4. It is seen
Typical saturation curves with increasing microwave power that theT; relaxation rate either decreases, or does not change
are shown for spin-labeled cytochromi Figure 3. Binding significantly (lys25, lys87), on binding of cytochroneeto
of spin-labeled cytochrometo DOPG membranes decreases the DOPG membranes. For rotational rates that are below
the degree of saturation, giving rise to larger spectral the Larmor frequency~5 x 10 s™1), the spin-lattice
intensities at high microwave power (compare solid squaresrelaxation rate is both expected and observed to decrease
and triangles in Figure 3). Results from the sample in oxygen with decreasing rotational diffusion coefficient (see e.g. ref
(open squares in Figure 3) indicate, however, that useful 41). The results of Figure 4, therefore, are also consistent
sensitivity to the presence of paramagnetic relaxation agentswith the rotational immobilization on membrane binding of
still remains after membrane binding. cytochromec.

Values of the effectiveT;T, relaxation time product Progressie Saturation: Relaxation AgentBypical satu-
obtained for the different spin-labeled cytochroogeriva- ration curves for spin-labeled cytochrormén the presence

1S I g o o

R ] R 1 W

0.1

Normalized integrated intensity of absorption

I 5 1 o e o

0.0
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20 T T Table 3: Increases in Relaxation Rate Produt(4,/T:T>),

Measured at 30C, as a Result of Oxygen- and Cr(malinduced
Relaxation Enhancement of Spin-Labeled Cytochrani@erivatives
Associated with DOPG Membranes and with Spin Labels Located

15 1 in the Headgroup Region in the Membrane (T-PASL)
- I A(UTIT)(Oz)  A(UTTL)(Cr(malty)

= sample (10" s7?) (10“s73)
& T-PASL in DOPG withcye  1.16=+0.13 0
2 10 lys86 1.10+ 0.11 1.02+ 0.08

_ lys72 0.27+ 0.12 1.07+0.11
= lys25 0.24+ 0.05 1.37+ 0.12
- lys8 0.174+0.06 1.494+0.21

0.5 Figure 5 shows that the two relaxation agents alleviate
saturation of cytochrome spin-labeled on lys25 to dif-
ferential extents, when the protein is bound to DOPG
membranes. Relaxation enhancement by Cr(misltinuch
more efficient than that by molecular oxygen. Increasgs/
T,T>), in the reciprocall; T, relaxation time product that are
induced by the two paramagnetic relaxants were determined
from the saturation curves, as described above. These results
are given in Table 3 for the different spin-labeled derivatives
’ j ] ) ) of cytochromec bound to DOPG membranes and also for
Ficure4: Spin-lattice relaxation rates (If) for T-PASLiInDOPG  T.pag| in DOPG membranes to which unlabeled cyto-
and for spin-labeled monoderivatives of cytochromeither free . . .
in solution (gray bars) or bound to DOPG membranes (black bars), Chfomec is bound. The largest effect of oxygen is found in
measured at 30C. All samples are deoxygenated. the |Ip|d headgroup region for T-PASL and for Cytochrome
¢ spin-labeled on lys86. For cytochroraéabeled on lys72,
iR N /o T lys25, or lys8, the oxygen effect is very low, about five times
+Cr(malt); 7 ] less. In contrast, the effect of Cr(mali} large for spin-
labeled lys8 and lys25 and smaller for spin-labeled lys72
! E and lys86. For T-PASL, no effect of Cr(malis observed,
/ / 1 presumably because binding of cytochromat saturation
p: A i surface coverage prevents access of this bulkier relaxation
N agent to the lipid headgroups. (In the absence of protein,

/;/é// Cr(malty induces an approximately 5®0% increase in

0.0 L=

lys72
lys25
lys8

T-PASL/DOPG
1ys87
lys86

04 F

T
+
&}

8]

0.3

(TiTo)e" of T-PASL, i.e., A(L/TiTy) ~ —1.5 x 102 s72,
_ presumably because of direct association with the polar
-4 1 surface of DOPG membranes.) These reciprocal differential
| effects of the two complementary relaxation agents demon-
strate a high degree of spatial discrimination in this system.

The paramagnetic effects of the relaxation agents on the
T, T, product are modulated by the differences in line widths
of the different spin-labeled species (cf. Figure 1 and Tables
1 1 and 2). A less biased comparison can be made by using
0.0 bbb e ot bt the spin-lattice relaxation rate enhancements(1/Ty),
0.1 0.2 03 0.4 0.5 0.6 T . .

— because the individual spin-lab&] relaxation rates are all
<H> (Gauss) very similar in the membrane-bound form, in the absence

Ficure 5: Progressive saturation curves for the normalized of relaxation agents (see Figure 4). The valueg\(f/Ty)

integrated intensity of the ESR absorption from cytochrerapin- induced by molecular oxygen and 17.5 mM Cr(mgalgre

labeled on lys25 and bound to DOPG membranes, with no relaxant . - . .
(triangles) and in the presence of molecular oxygen (squares) ord€t€rmined by line width measurements and fitting the

17.5 mM Cr(malt) (circles). Temperature: 30°C. Solid lines are = Saturation curves to eq 1, as described in Experimental
nonlinear least-squares fits of eq 1 to the saturation curves. Procedures. These results are given in Figure 6. A very clear

differentiation is seen between the relative effects of the two
of polar and apolar paramagnetic relaxation agents are givencomplementary relaxation agents that is consistent with lys86,
in Figure 5. Oxygen, as an apolar paramagnetic relaxant,and to a less decisive extent lys72, being located facing the
partitions preferentially into the hydrophobic interior of the phospholipid headgroups. Lys25 and lys8, on the other hand,
lipid membrane. Chromium maltolate, as a polar relaxant, are exposed to the aqueous phase as indicated by their high
dissolves preferentially in the aqueous phase. Of the variousexposure to Cr(mal)and the fact that they experience a
paramagnetic ions and their complexes tested, Cr(svedty low concentration of oxygen.
found more appropriate for the present studies with ChargeleSCUSSION
proteins and membranes, because of its lack of electrostatic
charge and relatively low partition coefficient into mem- Cytochrome c in Solutiorthe different segmental mobili-
branes. ties of the various spin-labeled lysine residues of cytochrome

0.2

0.1

Normalized integrated intensity of absorption

B A 2 O B 0

o
o
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3.0 - Orientation of Membrane-Bound CytochromeAs al-

1 ready discussed in Results, the effects of membrane binding
on the segmental mobility of the labeled residues indicate
that the protein surface bearing lys87 is that which interacts
with the membrane. Spin-labeled residues located on this
surface have the lowest rotational diffusion coefficients in
the bound state (Figure 2). With the exception of lys86, they
also have the lowest values of the effectiVg@, product
(Table 2) and of spirtlattice relaxation time (Figure 4), in
the bound state.

Measurements of the differential relaxation enhancements
by oxygen and Cr(malj)reinforce this interpretation. The
proposed orientation of cytochrome bound to DOPG
membranes that is deduced from the relaxation enhancements
is indicated in Figure 7. Spin labels on those residues
proposed to be facing the membrane surface have larger
relaxation enhancements induced by molecular oxygen, and
smaller ones induced by Cr(maltjust as for the surface-
located lipid spin label T-PASL (see Table 3 and Figure 6).
Correspondingly, spin labels on residues at the opposite face
of cytochromec, which is proposed to be facing the aqueous

FiIGURE 6: Increases in the spirlattice relaxation rateA(1/T,) phase, experience larger relaxation enhancements by Cr-

induced by oxygen (gray bars) and 17.5 mM Cr(mdljack bars). : _
Effects were measured at 3G for membrane-bound cytochrome (r_nalt)3 and Smaller_ on_es_ by_molecular oxygen. This con
c with the spin label located at lys86, lys72, lys8, or lys25 or in Sistent degree of discrimination between the effects of the

the phospholipid headgroup region (T-PASL). two relaxation agents suggests that their concentration
c free in solution might be expected to reflect the local gradients increase i_n ppposite directions at the membrane
environment of these residues. Most strikingly, the spin label SUrface, when protein is bound. In the case of Cr(maltp
on lys72 appears to have little segmental mobility, although gr_adlent arises at least in part from steric restrictions, because
the lysine residues are located at the protein surface.this relaxant produces little change for T-PASL, when the
Comparison with the crystal structure has shown previously Mémbrane surface is saturated with cytochram@igure
that this residue is in the most crowded region of the residues®)- In this connection, it should be noted that the spin label
investigated and is also closest to the haem gr@ap (t is has a very shortlink to the lipid headgroup in T-PASL, unlike
noteworthy that the spin label on lys72 is also that which that for the label attached to lysine which already has a
displays the greatest rotational anisotropy. This again is relatively long and flexible side chain. For oxygen, the
indicative of a relatively close-packed environment. concentration profile is most probably determined by the
The accessibility of the spin-labeled lysine residues to gradient of polarity at the membrane surface, with preferential
oxygen dissolved in solution (see Table 1) does not correlate€nrichment of relaxant in the more apolar regions. These
directly with the rotational mobility of the labels. It is likely ~ two effects contribute materially to the success of the method
that the values ofA(1/Ty) that are given for oxygen as and are likely to operate generally and to prove useful for
relaxant in Table 1 reflect local variations in oxygen studies on other similar systems. This method differs, in
concentration over the surface of the protein, rather than principle, from the general procedure developed recently for
intrinsic accessibility. This again points to a heterogeneity determining protein orientation at charged membrane surfaces
in the local environment of the different lysine residues by combining charged relaxants with electrostatic calcula-
labeled. tions @2).

AQT) (10°s™

T-PASL/DOPG
lys86
lys72
lys25
1ys8

tcyte

Lys87 Lys72 Lys87  Lys72

Ficure 7: Orientation of cytochrome bound to DOPG membranes. The membrane surface is located at the bottom of the figure. Lysine
residues are represented by dark bands on the ribbon diagram, and those that have been spin-labeled are numbered. Those at the top fac
of cytochromec experience the largest paramagnetic relaxation enhancements by Gr@mdit)he lowest by molecular oxygen, and
vice-versa for the residues at the bottom face of the protein. The protein structure is tha#t §PEB accession number, 1AKK).
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