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The technique of distance mcasuremen:, ntilizing spin rclaxation enhancement by an external probe. has been extended to the
study of intrinsic scmiquinone radicals througnh the use of holmium-EDTA complexes and continuous wave electron paramag-
netic resonance spectroscopy. This technique has been used to determine the distance of the semiguinone anion. Q, (also
designated as Q" or Q_7), from the surface of the ubiquinone cytochreine ¢ oxidoreductase. consisting of only three subunits,
in membrane particles from Rhodobacter capsulates. The .ocation of the semiquinene anion is 6-10 A from the N side protein,
establishing that there are two separate quinone reaction sites, i.n., 'Q;" and *Q,’, within this complex on opposite sides of the
membrane. The results are discussed in relation to reported ENDOR, EPR. and optical studies of the mutochondrial

counterpart.

Introduction

The ubiquinol cytochrome ¢ oxidoreductase (also
designated as the cytochrome bc,; complex, or complex
II1) 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 aciion of
the inhibitors, as well as the mechanism of the coupling
of electron transport to proton translocation. An e¢ssen-
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 ‘Q_’ or ‘Q,’ site) arc inhibited by

Abbreviations:  Hepes.  N.2-hydroxyvethylpiperazine-N *-2-ethane-
sulfonic acid: FCCP. carbony! cyanide p-triflivoromethozyphenyl-
hydrazone

Correspondence: T. Ohnishi. Department of Biochemistry and Bio-
physics. University of Pennsylvania. Philadelphia. PA 19104, USA.

compounds such as myxothiazo! [17-19]. UHDBT
[20,21]. and stigmatcllin [22.23]. This site is formed by
the cytochrome b protein in close association with the
Rieske iron-sulfur protein. The Q, site does not ther-
modynamically stabilize a ubisemiquinone species, al-
though ubisemiquinone signals wt this site can be ob-
served under turnover conditions in the presence of
antimycin [24]). The sitc for the reduction of ubiquinonc
has been shown to contain a thermodynamically stable
ubisemiquinone species, Q, (also named Q" . or Q. 7)
whose physicochemical propertics have been described
in the mitochondrial complex [25-29]. the cytochrome
be, complex in Paraccocus denitrificans [30). as well as
in the photosynthetic bacteria, Rhodobacter capsulatus
[31] and Rhodobacter spheroides [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 positions of the
redox centers relative to the membrane in cder to
establish the mechanism of electron transport |34-39].
Although all studies investigated the position of the b
cytochromes, only the work of Glaser et al. {36] and
Robertson and Dutton [37] on the cytochrome bc,
complex of R. capsulaius dircetly measured the trans-
fer of electrons between the uniguinonc reduction site
and cytochrome b, (cytochrome 5-560 in R. capsula-
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tus). Both studics demonstrated that the clectron
transfer from cytochrome b, to ubiquinone repre-
sented approx. 40-55% of the membrane dielectric. In
addition. Robertson and Dutton concluded that the
clectrogenic change obscrved was the transfer of an
clectron towards the negative (N) side of the mem-
brane, the side from which protons are taken up,
rather than the translocation of a proton towards the
positive (P) side. Both of these studies, however, arc
dependent on the assumption of thc homogeneous
diclectric constant of the protein. Unfortunately, the
diclectric within the protein is not necessarily constant.
Therefore, these studies could not uneyguivocaily estab-
jish the position of the quinone reduction site withia
the membrane. In this paper we determine the dis-
tance of the semiguinone anion Q;” from the surface
of the cytochrome b, complex by a method which is
independent of the dielectric constant. We have used
thce enhancement of the spin relaxation of the EPR
signal of Q; by an cxternal paramagnetic spin probe
to determine this distance.

The membrane preparation used in these studies
was carcfully chosen. The cytochrome he, complex of
R. capsulatus 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 (/™ 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 casily obtained
with at least 90% in the same membrane polarity.
From this orientation the position of Q;” should be
eacily cstimated 1if it is ncar to the N side as proposed
by most rescarchers. Lastly, our previous research has
shown the possibility of spin relay through other para-
magnetic species such as oxidized cytochromes [39]).
Only at high pH values can the ubisemiquinone Q;~
be obscrved when the b cytochromes are reduced
(diamagnetic). The cytochrome bc, 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 b cytochromes reduced. In addition, we have used
a strain of R. capsulatus. M2. which is deficient in both
the succinate dehydrogenase and the NADH dehydro-
genase activities [41] whicli removes many of the inter-
fering background signals.

Materials and Methods

Chemicals

L-a-Phosphatidylcholine (cgg) was obtained from
Avante Polar Lipids (Birmingham, AL, USA). The
spin-labeled fatty acid derivatives (C.. C,, C,, doxyl-
stearic acid) were obtained from Molecular Probes.

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

EPR measurements

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, ,. The spin rclaxation enhancement ef-
fect by extrinsic paramagnetic probes, 4P,
(mW /mmol), is expressed in terms of an effective
distance (R), as in preceding papers [43,44]. The con-
version of the value of 4P, , to the effective distance
(R) was performed using the following equaiion:

RAAY = [(AP, 20 /APy ,2 )" (R +5)] =5 M

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 AP, , determined in this work
for 5-.7-,12-doxyl stearic acid as the standard in our
calculations for the position of Q;”. The term 4P, ,, is
related to the spin-lattice relaxation time (7,) and the
spin—spin relaxation time (7,) as shown by the Eqn. 2.

1
AP o 2
“GT‘Tg (2)

Under our experimental conditions. 4P, ,, is propor-
tional to the spin probe concentration. For our sam-
ples. with varying concentrations of spin probes, 7, is
nearly constant in the temperature range used, there-
fore AP, ,, is proportional to the inverse of T, [43,44],

Sumplye preparation

Phospholipid vesicles were 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 Cs. C,. or C, 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 hclmium
(Ho?") complexcd to EDTA were added and the sam-



ples werce quickly frozen. For a control sample, diamag-
netic lanthanum (La’* ™) complexed to EDTA was added
to the phospholipid vesicles.

Cells of R. capsulatus were grown as described in
Ref. [47]. Chromatophores were made as described by
Bowyer et al [48] with the exception that a cell pressure
of 20000 Ib/in® was used in the French Press. At the
final stage of preparation the chromatophores werc
suspended in 50 mM Bistris-propane/ 100 mM KCl
(pH 9.5). The following mediators were added; 60 uM
of each of 2, 3, 5, 6-tetramethylparaphenylenediamine
(DAD); 1,4-benzoquinone; 1.4-naphthoquinone; 1.2-
naphthoquinone; and 2, 3. 5, 6-tetramethyl-1.4-benzo-
quinone (duroquinone). FCCP was added to a concen-
tration of 0.83 uM. For each concentration of
holmium-EDTA a 3-ml aliquot or the membrane parti-
cles were placed in an anaerobic redox vessel and
poised at a redox potential (E,) of 5-10 mV as de-
scribed by Dutton [49]. Sequential samples of 0.3 ml
were then taken with no addition, after the addition of
either homium-EDTA or lanthanum-EDTA, and after
the subsequent addition of antimycin (333 uM 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 time of the experiment.

Results

In order to e¢nsure the highest accuracy in our
measurements, we have developed a standard which
closely 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 been incorporated at known positions along
the fatty acid hydrocarbon tail, as the model system for
the organic free radical of the ubisemiquinone Q|-
Initially. the spin lattice relaxation time. T, of the spin
labelled Cs. C;, Cy. and C,, doxylstearic acid deriva-
tives incorporated into on¢ side of the membrane of
phospholipid vesicles was measurcd through clectron-
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 thc ESE method
could not be made duce to its low concentration within
the chromatophore membrane. Therefore, we have ex-
tended our calibration to include progressive power
saturation measuiements by continuous-wave EPR
SpeCtroscopy.

In our present experiments, the spin-labelled stearic
acid derivative was incorporated into both sides 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 stearic acid derivative will be
arranged within the membrane in a fashion siimilar to
the distribution of phospholipids. The phospholipid
veqlcleﬁ used in this study have a diameter of about 800
A. For vesicles of this size and assuming a 40- A thick
membrane, the phospholipids are distributed 553 to
45¢ . outside the inside. To account for the fraction of
spin labels not affected by the paramagnetic probe we

- ; —ry T vy T
[[¢] 3
1 7 Doxyl Stearic Acid ]
8 Phospholipid Vesicles 1
slle P
= g 12
glle 'F 0.22 o IOmM Lanthanum \’5
< ; 0.65 0 2 mM Holmium b
- .5 & 5 mM Holmium
[ 1.9 © 7 mM Holmium 1
[ 2.4 v |IOmM Holmium 1
PPN | ot aaaaal A aaaaaal a g aaaaal Aoa 440
0.01 0.1 1.0 10 100 1000

Microwave Power (mW)

Fig. 1. Sequential power saturation of phospholipid vesicles containing C. doxyIstearic acid with varving concemtrations of holmium-EDTA

Phospholipid vesicles containing C doxybstearic acid were suspended in 50 mM Hepes, 20 mM NaCl(pH 7.5). The EPR conditions were: Sweep

width. 0.04 T: sweep rate. 0.01 Tesla/min: time constant. (.064 . modulation amplitude, 1-10 * T microwove frequency, 9.316 GHz: sample
temperature. 25 K.



70

have subtracted 45% of the signal amplitude observed
in the abscnce of any paramagnetic probc from the
signal observed in the presence of the paramagnetic
probe at each of the microwave power scttings. In Fig.
1 are plotted the data obtained from a progressive
power saturation analysis of the C, doxystearic acid
derivative incorporated into the phospholipid vesicles.
As the concentration of the extrinsic spin probe.
holmium-EDTA. was increased from 0 to 10 mM. the
microwave power level at which the signal is half
saturated, P, . increased. At concentrations of 0. 2,5,
7 and 10 mM holmium, P, ., values of .22, 0.65. L5,
1.9. and 2.4 mW, respectively, were obtained. Similar
increases in the P, » value were obsenved for cach of
the stearic acid derivatives studied.

Intrinsic relaxation of spin labels is very sensitive to
its microenvironment. Thas. the P, , valuc of cach of
the spin-labelled fatty acids, in the absence of an
external paramagnetic probe, differed considerably,
depending upon the position of the spin label on the
hydrocarbon tail of the fatty acid. The P, . values of
0.034, 0.22. and 0.30 mW were obtained for Cq. Cs.
and C,, doxyl-stearic acid. respectively, revealing the
faster spin rclaxation (the higher freedom of the mo-
tion). the further away the spin label from the surface.
A plot of the P, ,, value versus the concentration of
external paramag}letic probe resulted in a linear rela-
tionship for each spin-labelled fatty acid. The AP, ,
values (the slopes) obtained directly from the data
were 0.06, 0.20. and 0.12 mW/mM holmium-EDTA
for the Cs. C,. and C,, doxylstearic acid. respectively.
This analysis of the data leads to no apparent rclation-
ship between the distance of the spin labels from the
sutface and the individual 4P, .. This is due to the
order of magnitude differcnce in the intrinsic spin
relaxation rates among the Cs. C, and C,, derivatives.
A more appropriatc method of analyzing the data is to
determine the effective change in the relaxation rate
(expressed as P, ). 1t is accomplished by normalizing
the data by the intrinsic relaxation rate of spin labels
bound to different positions of the hydrocarbon tail.
Plotted in Fig. 2 are the normalized P, , values versus
the concentration of external paramagnetic probe for
cach of the stearic acid derwvatives. resulting in the
lincar relationship between the concentration of the
external probe and the half-saturation power, P ..
Here, a plot of the AP, . versus distance shows a
correlation with the best fit to an R~ dependence
{not shown). This result is in agrecment with the theo-
retical treatment of Innes and Brudvig for this geome-
try [45]. Table I lists the AP, . values obtained from
Fig. 2 as well as the distance of the spin labels from the
surface.

Using these standard. we proceeded to measure the
ctfect of various concentrations of holmium-EDTA on
the normalized P, , of the semiguinone anion, Q.
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Fig. 2. Dependence of the normaiized Py .. values o1 Cq €y, and
C,, duxylstearic acid on the concentration of holmium-EDTA. Lin-
ear regression analysis of the data gives slopes of 1.76. 1.00, and 0.40
mM ! holmium-EDTA. respectively, for Cs. C;. and C,; doxyl-
stearic acid. The values were normalized by dividing the Py, values
obtained at each concentration of holmium by the P, . value ob-
tained from the sample in the abscnce 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 dehydrogenase and NADH dehydrogenase
activities [41]. At pH 9.5 in membrane particles of the
wild-type strain, the antimycin insensitive signal repre-
sents approx. 45 of the total signal. As shown in Fig.
3. the antimycin-insensitive signal in strain M2 repre-
sents only ubout 30% of the signal. The spectrum of
the antimycin-sensitive signal is typical of the Q;~
ubiscmiquinone radical. (g = 2.004, AH =0.84 mT).

TABLE 1
Summary of normalized AP, dependence on holmium concentration

PR,y was calculated by assuming the carboxyl group would be
located at the phosphate water interface of the phospholipids and
calculating the linear distance 10 the doxyl group based on the angle
of a single C--C bond of 109.5%,

Spin label Normalized AP Ry (A)
(1 /mM holmium)
S-Doxylstearic acid 1.76 6.0
7-Doxylstearic acid 1.00 8.6
12-Doxylstearic acid .40 14.6




A -No Addition
B +40uM Antimycin

(S}
AH=840
Fig. 3. EPR spectrum of Q] in Chromatophores from R, copraitdnny
strain M2. Chromatophores of R capsulutus strain M2 were sus-
pended in 50 mM bistrispropane. 100 mM KC1 {pH 9.5). The EPR
conditions were: Gain, 20 107 sweep width, 0.01 T: sweep rate.
25-10° Y T/min: time constant. 0.128 s; modulation amplitude.
510 7 T: microwave power, 0.05 mW: microwave frequency. 9.3176
GHz: sample temperature, 25 K.

The antimycin-insensitive signal also possesses a g
value of 2.004 but has a spectral line width of 1.01 mT.
Since the antimycin-insensitive semiquinone repre-
sented a significant portion of the signal. matched
samples with and without antimycin were prepared at
cach holmium-EDTA concentration. The difference in
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the signal amplitudes was then plotted o give the
power saturation curve. Fig. 4 gives examples of a fow
of the power saturation curves for the Q] ubisemi-
quinone. If the homogeneity of the signal is allowed to
vary during the fitting process the P, values obtained
arc 0.0105, 0.055. 0.092 and 0.180 mW for 0, 2, 4 and 8
mM holmium, respectively. The antimycin-sensitive sig-
nal obtained in this fashion appears to have been
somewhat heterogencous, since pewer  saturation
curves, which fit the data best, varied 'n the degree of
homogeneity as the concentration of holmium was in-
creascd. The change in homogeneity may result from
small changes in the spin-spin relaxation time, T,. duc
to the addcd relaxant. Therefore, the power saturation
curves were analyzed by two methods which should
result in extreme cases for the distance measurement.
On¢ method was to allow the homogencity to vary in
the curve fitting process to obtain the P, ., value. The
other method was to fix the homogeneity to a com-
pletely inhomogeneous line and record the P, , value
of the closest fit to the data. In Fig. 5 are plotted the
P, ., vaiucs determined for the compictely inhomoge-
neous curve (4} and for the best i, dallowineg the
homogeneity to vary ( ). Through the data are drawn
lincar regression lines which give normalized 4P,
values of 1.61 and 0.83 mM ' holmium. respectively.
Using Eqn. 1 and the AP, ., and R values of the
C- doxylstcaric acid derivative (Table 1) wc obtain
distances ranging from 6.6 to 9.5 A. assuming an R
dependence. Table I provides the P,,. values ob-
tained from the regression lines and the distances
calculated from the surface of the protein o0 Q-
assuming an R * dependence and using cach of ihe
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Fig. 4. Sequential power saturation of the ubisemiquinone Q

in chromatophores of R capsudaties stran M2, Chromatophores were suspended

and redox poised as described in Materials and Methods. Holmium-EDTA was added at the concentration indicated. Plotted is the micromave

power saturation profile of the difference between matched samples without minus with antimycin. The EPR conditions were: sweep width,

004 T: sweep rate. .01 T/min: time constant. 0.238 s. modulation amplitude. 3+ 10 1 T: microwae frequency. 9.317 GHz sample
temperature. 25 K.
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three standards. These data indicate that semiquinone
anion Q; "~ is between 6 and 10 A from the protein
surface on the N side.

As we dite assed in the previous paper [39)], this
paramagnetic probe method is not a high-resolution
technique. However. the distances of the Q;~ from the
protein surface (presented in Table I obtained using
three different spin-label standards for cach type of fit.
covers a very narrow range. It indicates that the accu-
racy of the method and the standards used are verv
good. A rather large error range for the distance
measurement of she Q7 is considered to aris¢ from
the following reasons. (1) The Q;” signals from the
redox-poised chromatephore are intrinsically much
weaker than the signals from the standard spin labels.
(2) In addition to the possible heterogeneity of the
signal, the Q, species are measured as the antimycin-
sensitive portion of the g = 2.00 transition. Thus. all
data points recorded at different microwave power
levels arise fro a the signal difference of the two EPR

TABLE 11

Distunce of O, from the protein surface

Standard Type of fit R ‘L
S-Doxylstedric acid simple curve it 6.3
inhomogencous 9.1
7-Doxvistearic acid simple curve fit 6.0
inhomogencous us
12-DoxyIstearic acid simple curve fit 73
inhomogencous [[{R}

samples (£ antimycin). Therefore, more scattered data
points arc exycted. Novertheless, the range of the
values obtained amply Jemonstrates that the location
of Q; s ncar the N side of the membrane and is
neither the center of the membrane nor the other
surface.

Discussion

Our previous work on the bovine heart cytochrome
be, complex has shown that cytochrome 5-566 and the
Rieske iron-sulfur cluster are located near the level of
the lipid/ water interface on the P-side surface of the
membrane and that cytochrome 5-562 is located ap-
proximately in the center of the membranc [39). Here
we have extended our studies to the semiquinone an-
ion radical. Q. which we have shown to be within
6-10 A from the protein surface on the N side of the
membrane. Interpretation of our previous results on
the bovine complex was aided by the availability of a
low resolution three dimensional structural model of
the ubiquinonol-cytechrome ¢ oxidoreductase in New-
rospora cressa mitochondria. This model was obtained
by reconstitution of three-dimensional images obtained
by tilted clectron microscopic views of two-dimensional
membrane crystals of the N crassa cytochrome bc,
complex [50]. Although we do not have similar infor-
mation for the R capsulatus, it is a much simpler
system consisting of only threc subunits, the cy-
tochromes b and ¢, and the Rieske iron-sulfur pro-
tein. In this system the portion of the complex which
extends out of the membrane on the Q;~ side of the
complex is composed only of the cytochrome b subunit.
Calculaiions based on the amino-acid sequence [40],
the number of helices within the complex [51,52), the
volume of the amino acids [53). and the possible shapes
for the complex have led to the following conclusion. If
Q7 is near the lipid/ protein interface, it will be at
most 10 A from the surface of the lipid bilayer, assum-
ing that there are no large indentations into the com-
plex. If Q;~ is buried within the protein complex, it
will be much nearer to the lipid surface level and may
extend out of the lipid bilayer, 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. Recently,
Salerno ct al. {54] have reported that Q; is approx. 6 A
from the exchangeable protons within the mitochon-
drial cytochrome bc, complex. In the mitochondrial
complex the large portion of the protein which pro-
trudes on the N side of the membranc (Fig. 6) has been
suggested to be composed mostly of core proteins I and
11, largest subunits of cvtochrome be,. The results of
Salerno et al. [54] indicate that Q,~ is near to the edge
of the complex or that there exists a significant proton
well to allow the exchange of protons with Q; . If we
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Fig. 6. Models of the R. capsulatus Cytochrome be, complex. Repre-

sented in the figure is the cytochrome bc, complex of R. capsudatus.

The hatched area represents the possible locations of Q;  within

the complex. The boxed region represents the area we consider most
likely for the position of Q, .

combine these results with our observations, it is likely
that Q;” is located near the corner of the protei../
lipid/ 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 Glaser et al. [36] in which they find that the
distance from cytochrome 5-561 to Q;~ 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 agrecment with
the conclusion that the antimycin binding site is 17 A
from cytochrome 5-562 if we conclude that the portion
of antimycin which fluoresces is bound at the ¢
binding sitc [55].

Although EPR and fluorescence data are consistent
with that of the carotenoid band shift, there is onc
group of observations which are not easly explainable.
EPR redox titrations on the isolated yeast cytochrome
be, complex [56,57] and the bovine heart complex [58]
have indicated that there is spin coupling between a
quinone moiety and cytochrome b-561*°. Optical re-
dox titrations of Rich et al. [11] have also suggested
that there is a close association of a quinone specics
and cytochrome b-561. The thermodynamic properties
of this quinone species did not follow those of the Q, .
It has been suggested that there is possibly an addi-
tional ouinone molecule within the complex which is
not EPR detectable [11,57). Unless one assumes long-
range interactions between Q;~ and cytochrome b-562,
the suggestion of an additional quinone moiety is the
only explanation which is consistent with our present
and previous results and those discussed above. Reso-
lution of the discrepancy between our results and the
above observations will have to wait for further studies.
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