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The technique of distance measurement, ,~tilizing spin relaxation enhancement by an external probe, has been extended to thc 
study of intrinsic semiquinone radicals througtt the use of holmium-EDTA complexes and continuous wave electron paramag- 
netie resonance spectroscopy. This technique has been used to determine the distancc of the semiquinonc anion. Q, (also 
designated as Q~. or Q~-), from the surface of the ubiquinone cytochro;ne c oxidnreductase, consisting ot only three subunits, 
in membrane particles from Rhodobucter capsulates. The ',ocation of the scmiquinonc anion is 6-10 ,~ from the N side protein, 
establishing that there are two separate quinone reaction sites, i.r,., 'Q." and "Qo', within this complex on opposite sides of the 
membrane. The results are discussed in relation to reported ENDOR, EPR, and optical studies of Ihe maochondrial 
counterpart. 

Introduction 

The ubiquinol cytochrome c oxidoreductase (also 
designated as the eytochrome bc~ complex, or complex 
I l l )  is the most thoroughly characterized of the mito- 
chondrial electron transport  complexes. The protein 
subunit [1-3] and prosthetic group composition [4-6], 
number  and types of inhibitor reaction sites [7,8], as 
well as the physicochemical properties of the prosthetic 
groups [9-13], have been studied. The Q cycle, first 
proposed by P. Mitchell [14] and later modified by 
others [15,16], provides a detailed model which ex- 
plains roles of all prosthetic groups, sites of action of 
the inhibitors, as well as the mechanism of the coupling 
of electron transport  to proton translocation. An essen- 
tial feature of this model is the presence of two sepa- 
rate quinone reaction sites in equilibrium with the 
aqueous phase on opposite sides of the membrane.  
The reactions of the ubiquinone oxidation site, the "Q,," 
site (also named as 'Qp'  or ' Q f  site) are inhibited by 
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compounds such as myxothiazol [17-191, UHDBT 
[20,21], and stigmatellin [22.231. This site is formed by 
the cytochrome b protein in close association with the 
Rieske iron-sulfur protein. The Qo site does not ther- 
modynamically stabilize a ubisemiquinone species, al- 
though ubisemiquinone signals at this ~itc can be ob- 
served under  turnover conditions in the presence of 
antimycin [24]. The s~.tc for the reduction of ubiquinonc 
has been shown to contain a thermodynamically stable 
ubisemiquinone species. Q, (also named O:~ . or Q~ ) 
whose physieochemical properties have been described 
in the mitochondrial complex [25-29], the cytochrome 
bc 1 complex in Paraccocus denitrificans [30]. as well as 
in the photosynthetic bacteria, Rhodobacter capsulatus 
[31] and Rhodobacter  spheroide~ [32,33]. This 
semiquinone species is in the anion form [27,29,31] in 
the physiological pH range and is completely destabi- 
lized by the inhibitor, antimycin [27,29]. 

Several groups have investigated the poshions of the 
redox centers relative to the membrane in v-der to 
establish the mechanism of electron transport  134-39]. 
Although all studies investigated the position of the b 
cytochromes, only the ~ork  of Glaser et al. [36] and 
Robertson and Dutton [37] on the cytochrome &'~ 
complex of R. capsulatus directl~ measured the trans- 
fer of electrons between the uniquinone reduction site 
and t3'tochrome b h (c3'tochromc b-560 in R. capsula- 
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tus). Both studies demonstrated that the electron 
transfer from cytochrome b), to ubiquinone repre- 
sented approx. 40-55c~ of the membrane dielectric. In 
addition, Robertson and Dutton concluded that the 
elcctrogenic change obscrvcd was the transfer of an 
electron towards the negative (N) side of the mem- 
brane, the side from which protons arc taken up, 
rather than the translocation of a proton towards the 
positive (P) side. Both of thcse studies, howcver, arc 
dependent on the assumption of the homogeneous 
dielectric constant of the protein. Unlortunately, the 
dielectric within the protein is not necessarily constant. 
Therefore, these studies eo),!d not m~cquivocaily estab- 
lish the position of the quinone reduction site within 
the membrane. In this paper we dctcrminc the dis- 
tancc of the scmiquinone anion O.-  from thc surface 
of the cytochrome bc~ complex by a method which is 
independent of the dielectric constant. We have used 
the enhancement of the spin relaxation of the EPR 
signal of Qi by an external paramagnclic spin probe 
to determine this distance. 

Thc membrane preparation used in these studies 
was carcfully chosen. The cytochrome hc~ complex of 
R. capsulattts is extremely simple, consisting of only 
three subunits (Ref. 40 and Robertson, D.E. personal 
communication) rather than the 8-12 found in the 
mitochondrial complex [1-3]. , this preparation, mea- 
surements of the position of Q~- are not complicated 
by large noncatalytic subunits, represented by two core 
proteins [1-3]. Secondly, membrane particles, chro- 
matophores, where the side from which protons are 
taken up is exposed (the side N) are easily obtaincd 
with at least 90(:i in the same membrane polarity. 
From this oricntation the position of Q i -  should be 
easily estimated d it is near to the N side as proposed 
by most researchers. Lastly, our previous research has 
shown the possibility of spin relay through other para- 
magnetic species such as oxidized cytochtomcs [39]. 
Only at high pH values can the ubisemiquinone Q, 
bc obscrvcd whcn the b cytochromes arc reduced 
(diamagnetic). The cytochrome bc I complex of R. cap- 
sulatus is very tolerant of high pH values, up to pH 11. 
making it possible to perform these measurements with 
the h cytochromcs reduced. In addition, we have used 
a strain of R. capsulatus, M2. which is deficicnt in both 
the succinate dehydrogenase and the NADH dehydro- 
genase activities [41] which removes many of the inter- 
fering background signals. 

Materials and Methods 

ChonicaL~ 
c-a-Phosphatidylcholine (egg) was obtained from 

Avante Polar Lipids (Birmingham, AL, USA). The 
spin-labeled fatty acid derivatives (C 5. C 7, C Iz doxyl- 
stcaric acid) wcrc obtained from Molecular Probes, 

(Eugene, OR). Holmium nitralc was purchased from 
Alpha Products (Danvers, MA, USA). All other chemi- 
cals wcrc obtained from Sigma Chemical Co. (St. Louis, 
MO, USA) or Aldrich Chemical Co. (Milwaukee, WI, 
USA) and were of the highest quality available. 

EPIC measttrements 
Cryogenic EPR spectroscopy and progressive mi- 

crowave power saturation analyses were performed as 
previously described [42,43]. The curve fitting method 
defined by Blum and Ohnishi [43] as well as computer 
fitting [44] were used to calculate the half-saturation 
parameter, P~/z. The spin relaxation enhancement ef- 
fect by extrinsic paramagnet ic  probes,  AP~/2 
(mW/mmolJ,  is expressed in terms of an effective 
distance (R), as in preceding papers [43,44]. The con- 
version of the value of AP~/z to the effective distance 
(R) was performed using the following equation: 

R , t A )  = [(ae,,...,./ae,j.,)"'tR.,,,+5)]-5 (I) 

which was previously developed from experimental ob- 
servations [42]. The exponential distance dependence 
term x has been experimentally determined to vary 
from 4 to 6 [39,42] and recently shown to vary theoreti- 
cally from 3 to 6 depending on the type of preparation 
(membranous or soluble) and the shape of the protein 
[45]. We have used the ..4Pt/2 determined in this work 
for 5-.7-,12-doxyl stearic acid as the standard in our 
calculations for the position of Q~'-. The term AP~/2 is 
related to the spin-lattice relaxation time (T t) and the 
spin-spin relaxation time (T_,) as shown by the Eqn. 2. 

1 
A P  I ? a T I T 2  . (2) 

Under our experimental conditions. /tP~/2 is propor- 
tional to the spin probc concentration. For our sam- 
ples, with varying concentrations of spin probes, T 2 is 
nearly constant in the temperature range used, there- 
fore ,IP~,.: is proportional to the inverse of T I [43,44]. 

Samph, preparation 
Phospholipid vesicles wcrc prepared as previously 

described [39,46] with the exception that the spin- 
labelled stearic acid derivative was added to the phos- 
pholipids at the beginning of the preparation. The 
n-doxylstearic acid, spin-labelled with the nitroxide 
radical on the C 5. C 7. or C12 position, was added in a 
ratio of 61 : 1 phospholipid to stearic acid. The distance 
from the head of the molecule of doxyl stearic acid 
incorporated into the vesicle to the spin label is well 
defined in each case. To aliquots of a preparation of 
phospholipid vesicles varying amounts of holmium 
(Ho ~ + ) complexcd to EDTA were added and thc sam- 



pies were quickly frozen. For a control sample, diamag- 
netic lanthanum (La ~- ) complcxed to EDTA was added 
to the phospholipid vesicles. 

Cells of R. capsulatus were grown as de~r ibed  in 
Ref. [47]. Chromatophores  were made as described by 
Bowyer et  al [48] with the exception that  a cell pressure 
of 20000 I b / i n :  was used in the French Press. At the 
final stage of preparation the chromatophorcs wcrc 
suspended in 50 mM Bis t r is -propane/100 mM KCI 
(pH 9.5). The following mediators were added; 60 /xM 
of each of 2, 3, 5, 6-tetramethylparaphenylenediamine 
(DAD); 1,4-benzoquinone; 1.4-naphthoquinone; 1,2- 
naphthoquinone;  and 2, 3, 5, 6-tetramethyl-l ,4-benzo- 
quinone (duroquinone). FCCP was added to a concen- 
tration of 0.83 p,M. For each concentration of 
holmium-EDTA a 3-ml aliquot o~" the membrane parti- 
cles were placed in an anaerobic rcdox vessel and 
poised at a redox potential ( E  h) of 5-10 mV as de- 
scribed by Dutton [49]. Sequential samples of 13.3 ml 
were then taken with no addition, after the addition of 
ei ther homium-EDTA or ianthanum-EDTA, and after 
the subsequent addition of antimycin (?~3 tzM final 
concentration). Each sample was immediately frozen 
after being taken and stored in liquid nitrogen until 
used. The redox potential drifted less than 5 mV 
during the sampling lime of the experiment. 

Results 

In order to ensure the highest accura¢3' in our 
measurements,  we have developed a standard which 
c lo~ly  approximates the properties of the system we 
intended to study. We have used the frec radical 
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formed by the nitroxide group of the doxyl spin label. 
which has bccn incorporated at km~wn positions along 
the fatty acid hydrocarbon tail, as the model system lot  
the organic frec radical of the ubiscmiquinonc Q, . 
Initially, the spin lattice relaxation time, T t, of the spin 
labelled C 5, C 7, C~o, and Ci2 doxylstearic acid deriva- 
tives incorporated into one side of the membrane of 
phospholipid vesicles was measured through electron- 
spin echo spectroscopy [39]. In order to obtain reliable 
results, this measurement required relatively high con- 
centrations of the component  being measured. Because 
of this limitation the direct measurement of the spin- 
lattice relaxation time of Q . -  by the ESE method 
could not be made duc to its low concentration within 
the chromatophore membrane. Therefore, we have ex- 
tended our calibration to include progressive power 
saturation measurements by continuous-wave EPR 
spectroscopy. 

In our present experiments, the spin-labelled stcaric 
acid derivative was incorporated into both sidcs of the 
membrane.  Since holmium, total angular momentum 
quantum number  ( J )  of 7 /2 .  is a relatively weak para- 
magnetic probe when compared to dysprosium (J  = 
15/2), only those spin labels on the outer  half of the 
membrane would be affected. To account for this we 
have assumed that the stcaric acid derivative will be 
arranged within the membrane in a fashion similar to 
the distribution of phospholipids. The phospholipid 
vesicles used in this study have a diameter  of about 8(H} 
.~,. For vesicles of this size and assuming a 40-, ~. thick 
membrane,  the phospholipids are distributed 55~; - to 
45%. outside the inside. To account for the fr~ction of 
spin labels not affected by the paramagnetic probe we 
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Fig. 1. Sequential I~wer  ~aturation of  pho~ph(~lipid ~e~,icle~ containing (~. do.~.lsteart¢ acid v, ith "~p,.ing clmcenl[ation~, [>I" ho lm ium-EDTA 
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have subtracted 455~ of the signal amplitude observed 
in the absence of any paramagnetic probe from the 
signal observed in the presence of the paramagnetic 
probe at each of the microwave power settings. In Fig. 
1 are plotted the data obtained from a progressive 
power saturation analysis of the C7 doxystearic acid 
derivative incorporated into the phospholipid vesicles. 
As the concentration of the extrinsic spin probe. 
holmium-EDTA, was increased from 0 to 10 raM. the 
microwave power level at which the signal is half 
saturated, Pw'-" increased. At concentrations of (I, 2, 5, 
7 and 11) mM holmium, PI,,_, values of 0.22, I).65, 1.5, 
1.9, and 2.4 roW, respectively, were obtained. Similar 
increases in the Pt 2 value were observed for each of 
the stearic acid derivatives studied. 

Intrinsic relaxation of spin labels is very sensitive to 
its microenvironment. Thus, the P~,, wdue of each of 
the spin-labelled fatty acids, in the absence of an 
external paramagnctic probe, differed considerably, 
depending upon the position ol tnc spin labci on the 
hydrocarbon tail of the fatty acid. The P t  _- values of 
0.034, 0.22. and 0.3(I mW were obtained for C5. Cv. 
and C~z doxyl-stearic acid, respectively, revealing the 
faster spin relaxation (the higher freedom of the mo- 
tionk the further away lhe spin label from the surface. 
A plot of the PL"- value versus the concentration of 
external paramagnetic probe resulted ir~ a linear rela- 
tionship for each spin-labelled fatty acid. The .3P~/z 
values (the slopes) obtained directly from the data 
werc 0.06, 0.20. and 0.12 m W / m M  holmium-EDTA 
for the C~, C7, and Ca, doxylstearic acid. respectively. 
This analysis of the data leads to no apparent relation- 
ship between the distance of the spin labels from the 
surface :md the individual ,.tPwz. This is duc to the 
order of magnitude difference in thc intrinsic spin 
relaxation rates among the C~, Cv and CI, derivativcs. 
A more appropriate method of analyzing the data is to 
determine the effective change in the relaxation rate 
(expressed as P~ =,). It is accomplished by normalizing 
the data by the intrinsic relaxation rate of spit, labels 
bound to different positions of the hydrocarbon tail. 
Plotted in Fig. 2 are the normalized Pt z values versus 
the concentration of external paramagnetic probe h~r 
each of the stcaric acid derivatives, resulting in the 
linear rclationship between the concentration of the 
external probe and the half-saturation power, P ~ ,  
Here, a plot of the APn~z versus distance shows a 
correlation with the bes t  fit to an R -3 dependence 
(not shown). This result is in agreement with the theo- 
retical treatment of lnnes and Brudvig for this geome- 
try [45]. Table ! lists the AP~ : values obtained from 
Fig. 2 as well as the distance of the spin labels from the 
surface. 

Using these standard, wc proceeded to measure the 
effect of various concentrations of holmium-EDTA on 
the normalized Pt z of the scmiquinone anion, Qi • 
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Fig. 2. Dependence of the norm;.t;izcd PI '2 value~, ol C~. (-'7, and 
el: dt~xvlstcaric acid on the concentration of holmium-EDTA. Lin- 
ear regression analysis of the dala gi',es slopes of 1.7h, l.O(I, anti 0.40 
mM t holmiam-EDTA, respectively, fi'tr C~. C 7. and Ct2 dox'yl- 
slearlc acid. "The values were normalized by dividing the PI z values 
obta;ned at each concentration of holmium by the PI ,: value oh. 

laincd from the sample in the absence of holmium-EDTA. 

Fig. 3 shows the EPR spectrum of the semiquinone 
signal observed in chromatophores obtained from R. 
capculatus strain M2. This strain is deficient in both 
succinate dehydrogcm~c and NADH dehydrogenasc 
activitics [41]. At pH 9.5 in membrane particles of the 
wild-type strain, the antimycin insensitive signal repre- 
sents approx. 45f; of the total signal. As shown in Fig. 
3, the antimycin-insensitive signal in strain M2 repre- 
sents only about 311c/~ of the signal. The spectrum of 
the antimycin-sensitivc signal is typical of the Q~- 
ubiscmiquinonc radical. (g=2.004,  A H = 0 . 8 4  mT). 

TABLE I 

Sunmulry o! normahzt'd .1PI. -" ch'pet~dt'ncc on holmium ,'onccntralion 

L R,ta was calculated by assuming the earboxyl group would he 
located at the phosphate water interface of the phospholipids and 
calculating the linear distance It) the doxyl group based on the angle 
of a single C--C" bond o[ l()tJ.5 ~. 

Spin label Normalized JPq,2 R~td (A') 
( I / raM holmium 

5-Do~'lstearie acid 1.76 6.0 
7-Doxylslearic acid 1 .iX) 8.6 

12-Doxylstcaric acid (I.411 14.6 
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Fig. 3. EPR spectrum of O," in ('hromatophnrcs from R. <ap.,:da,+.s 
strain M2. Chmmatophorcs of R. r,psu/atu.~ strain M2 wcrc sus- 
pended in 5(I mM histrispropane, II~) mM K('I (pi t  95) The EPR 
conditions were: Gain. 2: 10~: ,,weep width. (k01 T: sweep rate. 
2.5"10 ~ T/mira time constant. 0.128 s: modulation amplitude. 
5" I0 ; ] ' :  .t~licro~a~vrc power. 0.05 roW: micrcm'ave frequem.% 9.317fi 

GHz; .sample temperature, 25 K. 

The  antimycin-insenaitive signal also possesses  a g 
value of 2.004 but  has a spectral  line width of  1.01 roT. 
Since the antimycin-insensit ive semiquinone repre-  
sen ted  a significant por t ion  of  the signal, matched  
samples  with and without  antimycin were p repa red  at 
each h o l m i u m - E D T A  concentra t ion.  The  difference in 

the  signal ampl i tudes  v, as then plot ted to give the 
power  saturat ion curve. Fig. 4 gives examples of  a fc',~ 
of  lhe power saturation curves fi~r the Q( ubiscmi- 
quinone.  If the  homogenei ty  ( f f  the signal is allowed to 
vary during the  fitting pn)ccss the P~2  values obta ined 
are  0.0105.0.055. (}.092 and {).180 mW for 0, 2, 4. and g 
mM holmium, respectively. The antimycin-scnsitive sig- 
nal obta ined in this fashion appears  to have been 
somewha t  he te rogeneous ,  since p o w e r  saturat ion 
curves, which fit the data best.  varied ,n the degree  of  
homogenei ty  as the concentrat ion of  ' tolmium was in- 
creased.  The change in homogencit~ may result from 
small changes  in the spin-spin relaxation time, , v  due 
to the added  relaxant,  Therefore ,  the power  saturat ion 
curves were  analyzed by two methods  which should 
result in ext reme cases for the dis tance measurement .  
O n e  method  was to allow the homogenei ty  to var~ in 
the  curve fit t ing process to obtain the P~ e value. The 
o the r  me t hod  was to fix the homogenei ty  to a com- 
pletely inht)mogcne()us line and record the P~, : value 
of  the closest fit to the data.  In Fig. 5 are plot ted the 
Pt,.2 val~cs de te rmined  for the compictcly inhomoge- 
ncous curve ( & )  and for the best  iit, al[(',',:'i~,g the 
homogenei ty  to v a r y ( ) .  Through the data  are drawn 
linear regression lines which give normalized .11', ,, 
values tff 1.0,1 and I).83 mM ~ holmium, respectively. 
Using Eqn. I and the JP~,,'-.,td and R,~ values of  the 
C -  doxylstcaric acid derivative (Table 1) wc obtain 
dis tances  ranging from 6.6 to 9.5 ,~. assuming an R 3 
dependence .  Table !1 provides the P~/, values ob- 
ta ined from the regression line,; and the dis tances 
calculated from the surface of  the protein to Q , -  
assuming an R ~ depcndence  and using each of ihe 
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Fig. 4. Scqut:ntial r~)'t~'cr saturation of the ubb,:miquinone O, m chromatt,phorc,, o| R cap~u/=Jru~ ,,train M2. Chromatophor¢~, v, cre su,.fx:ndcd 
and redt~x poi~.ed as de,;,crihed in Material~, and MethtM',; ltolmium-EDTA was added at the c(mccntration indicated Plotted i,, the micrt,~.a'~c 
power saturation profile of the difference betwccn matched samples ,,~tthout minu~ v.ith anttm)cin. The EPR conditions ~'re: s~e*:p ~idth. 
0.(M 1: sv, eep rate. 0.01 T/rain" time constant, 0.238 ~: mtKlulation amplitude. 5" IO ~ T: micmv.a~e frequency. %317 GIIz: ~ampl¢ 

temperature. 25 K. 
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Fig, 5. Dcpt 'ndcncc  .~1 the rlornl:di/ct t  / '  t 2 ~.atues o f  O .  ,~n the 
conccnlra t i tm of  h o l m i u m - l : l )  T A, P(~wcr s~turati(m Ctjl/~'e% it'll (~1" ~l 

~aDing h ~ l m ; u m - F l ) T A  conccntral iom, wcrc amd~,zcd as dc~,caibcd 
ill lhc  Idol. [_int'~ ~tlC dcri~.cd from :1 linc:~r rcgrc~qtm analysi~ t~l the 

dLlkt ;Md ~;0,c ~lopc~ i~l I.,'d and I).S3 m ~ , |  ~ holmium E D T A .  

'.hrec standards. These d~lt;l indic~lte th:~t semiquinone 
finion Oi' is bctwccn 6 and 10 A from thc protein 
surface on the N side. 

As wc di, r ~ssed in the previous paper [39], this 
paramagnetic probe .~nethod is not a high-resolution 
technique. However. the distances of the O , -  from the 
protein surface (presented in Table II) obtained using 
three different spin-label standards for each typc of fit. 
covers a very narrow range. It indicates that the accu- 
racy of the method and the standards used are very. 
good A rather large error range for the distance 
measurement of ~hc Oi'- is considered to ar~se from 
the following rcasons. (1) fhc  O , -  sigmds from the 
redox-poised chromatt~;ahorc are intrinsically much 
weaker than the signals from the standard spill labels. 
(2) In additkm to the possible heterogeneity of the 
signal, the O, species arc measured as the antimycin- 
sensitive porlion of the g = 2.0(I transition. Thus. all 
data points recorded at different micr,~wave power 
levels arise fro .I the signal difference of the two EPR 

T A B L E  II 

l)ist,m~ ," ~l O~ l~'om the pr~,t,'in ~url,cc 

Standard  l-~pc ol  fil R ~ ( ~ , ~  

5-D~xyl,,Ic~tric acid ,,ln'lple curve Ill f~.3 
illhonlogCll¢OU~, t).l 

7-DoxyKtcaric acid ~implc cu~ 'c  fil f i ,  

i nhomogcneous  t~.5 
12-I)ox~, b, lc~Jric acid simple cur~,¢ tit 7 3 

i n J l o m l 1 ~  ~' l ,  t'Otl ~. I I 1.4 

samples (_+ antimycin). 7 hcrcfore, more scattered data 
point.~ arc cxr :c tcd .  Y~.vcrthclcss. the rangc of the 
values obtained amply l,zmonstratcs that the location 
of f.), is near the N side of the membrane  and is 
nei ther  the center  of the membrane nor the other  
s u r f a c e .  

Discussion 

Our previous work on the bovine heart  cytochrome 
ht'~ complex has shown that eylochrome b-566 and the 
Ricskc irt,n-sulfilr cluster are located near the level of 
the l ip id /wa te r  interface on the P-side surface of the 
membranc and that cytochrome b-562 is located ap- 
proximately in the center of the membrane [39]. Here 
we have extended our  studies to the semiquinone an- 
ion radical. O, . which we have shown to be within 
6-10  A fr,)m the protein sunface on the N side of the 
membrane.  Intcrpretat ion of our  previous results on 
the bovinc complex was aidcd by the availability of  a 
low resolution three dimensional structural m,xlel of 
the ubiquinonol-cyt(~chrome c oxidoreductase in Nctt-  

rospora crtt.~sa mitochondria. This model w'Ds obtained 
by rcctmstitution of three-dimensional images obtained 
b~, t,t~.u:"~' ck.c,on~ ' -  microscopic view.,~ of two-dimensional 
membrane crystals of the N crassa cytochromc bc~ 
complex [50]. Although we do not have similar infor- 
mation for the R. capsulatux, it is a much simpler 
system consisting of only three subunits, the cy- 
tochmmes b and c~ and the Rieske i ron-sulfur  pro- 
tein. In this system the portion of the complex which 
extends out of thc mcmbrane on the O~- side of the 
complex is composed only of the cytochromc b subunit. 
Calculm.;ons based on the amino-acid sequence [40], 
the number  of helices within the complex [51,52], the 
volume of thc amino acids [53]. and the possible shapes 
for thc complcx have led to the following conclusion. If 
( ) , -  is near thc l ip id /p ro te in  interface, it will be at 
most I0 ,~ from the surface of the lipid bilaycr, assum- 
ing that there are no large indentations into the eom- 
plcx. If Qi'- is buried within the protein complex, it 
will bc much nearer to the lipid surface level and may 
cx,.cnd out of thc lipid bilaycr, depending on the size 
and shape of the portion of cytochrome b which pro- 
trudes out from the cytoplasmic membrane.  This view 
is exemplified by the drawing in Fig. 6. Recentlyo, 
Salerno ct al. [54] have reported that Q;  is approx. 6 A 
from the exchangeable protons within the mitochon- 
drial cytochrome bc I complex. In the mitochondrial 
complex the large portion of the protein which pro- 
trudes on the N side of the membrane (Fig. 6) has been 
suggested to be composed mostly of core proteins I and 
11, largest subunits of cytochrome /n-~. The results of 
Salerno et al. [54] indicate that  O ; -  is near  to the edge 
of the complex or that there exists a significant proton 
well to allow the exchange of protons with O~-.  If we 
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capsu/atus 
C / l  bc~ Complex 

to 
40  ~ 

Fig. 6. Models of  the R. capsulutity; CyRv-chrome b q  complex. Repro 
sented in the figure is the cytochrome bc~ complex of R. cap.',tdtltu,,. 
The hatched area represents the possible Iocation~ of O.  within 
the complex.  The boxed region represents  the area we consider most 

likely for the Ix~situon of  O." • 

combine these results with our observations, it is like!y 
that O,'- is located near the corner of the protei, , /  
l ipid/aqueous interface (shown as boxed in Fig. 6) and 
is close to the surface level of the lipid bilayer. 

The model presented in Fig. 6 is consistent with the 
carotenoid band-shift data of Robertson and Dutton 
[37] and G l a i r  et al. [36] in which they find that the 
distance from cytochrome b-561 to O[-  represents half 
of the dielectric and that the distance from cytochrome 
b-566 to cytochrome b-561 represents the other half of 
the dielectric. These data are also in agreement with 
the conclusion that the antimycin binding site is 17 ,g, 
from cytochrome b-562 if we conclude that the portion 
of antimycin which fluoresces is bound at the G~- 
binding site [55]. 

Although EPR and fluorescence data are consistent 
with that of the carotenoid band shift, there is one 
group of observations which are not easly explainable. 
EPR redox titrations on the isolated yeast c~ochrome 
bc u complex [56,57] and the bovine heart complex [58] 
have indicated that there is spin coupling between a 
quinone moiety and cytochrome b-561 +3. Optical re- 
dox titrations of Rich et al. [11] have also suggested 
that there is a close association of a quinonc species 
and cytochrome b-561. The thermodynamic properties 
of this quinone species did not follow those of the Q , - .  
It hz,.s been suggested that there is possibly an addi- 
tional quinone molecule within the complex which is 
not EPR detectable [11,57]. Unless one assumes long- 
range interactions between O i -  and cytochrome b-502, 
the suggestion of an additional quinone moiety is the 
only explanation which is consistent with our present 
and previous results and those discussed above. R e ~ -  
lution of the discrepancy between our results and the 
above observations will have to wait for further studies. 
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