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SUMMARY 

An EPR investigation of the region of the higher plant respiratory chain 
involving ubiquinone and Center S-3 of succinate dehydrogenase is reported. At tem- 
peratures close to those of liquid helium, first derivative spectra corresponding to 
Center S-3 (gma~ ---- 2.017) and a signal split around g = 2.00 (major features of peaks 
and troughs at g values of 2.045, 2.03, 1.985, 1.97 and 1.96) were observed in mung 
bean (Phaseolus aureus), Arum maculatum spadix, Sauromatum guttatum spadix and 
tulip bulb (Tulipa #esnerana) mitochondria. The split signal was small or absent in 
potato tuber and Symplocarpusfoetidus Spadix mitochondria. 

The redox behavior of these signals in mung bean mitochondria in a variety of 
respiratory steady-state conditions suggested that the components giving rise to them 
were an integral part of the respiratory chain and were located on the substrate side of 
coupling Site II. The split signal could be removed by addition of hydroxamic acids in 
all tissues tested, although the Ks of this effect was an order of magnitude higher than 
the Ki of inhibition of the alternative respiratory pathway in mung bean and Sauroma- 
tum #uttatum spadix mitochondria. 

The results are discussed in relation to the current ideas on the ordering of 
components in the region around the classical Site II of the respiratory chain and in 
relation to the location of the alternative respiratory oxidase pathway of higher plants. 

INTRODUCTION 

The application of the technique of electron paramagnetic resonance (EPR) 
spectroscopy has greatly advanced knowledge upon the types, nature and number of 
animal mitochondrial electron transport components. A variety of iron sulfur centers 
have been described, being paramagnetic in their reduced (Center N-la, N-lb, N-2 to 
N-5, "Center bc-2" or "Center 5", Rieske's, S-1 and S-2) or oxidized (S-3 and 
Ruzicka's) forms [1--6]. The species may be distinguished by utilizing differences in 
spectroscopic, redox potentiometric and temperature and power saturation profile 
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properties. Further more complex signals have also been observed, in particular a 
split signal centered around g = 2.00, which has been attributed to an interaction of 
quinones in the partially reduced form and HiPIP-type Center S-3 of succinate dehy- 
drogenase in its oxidized form [7, 8]. 

Many higher plant mitochondria are known to possess a cyanide- and anti- 
mycin A-insensitive alternative route of substrate oxidation (for reviews see refs. 9 
and 10) and suggestions of a role of iron sulfur centers in these pathways have been 
made. These suggestions have come from inhibition studies with metal chelators [11 ], 
hydroxamic acids [12] or piercidin A and 2-thenoyltrifluoroacetone [13]. However, 
EPR studies to try to find a paramagnetic component uniquely associated with this 
alternative pathway have been rather negative, although the finding of an elevated 
level of Center N-I in some cases has been suggested to have significance in this 
respect [14, 15]. 

Since the branchpoint of the alternative respiratory pathway of higher plants is 
thought to involve the QH'/QH2 couple which is associated with succinate dehydro- 
genase [16], the EPR signal reported to involve semiquinone species was of great 
interest as a possible means of studying the alternative respiratory pathway. It was 
found that a signal resembling, but more complex than, that observed in animal mito- 
chondria could be observed in a variety of plant mitochondria (mung bean, tulip bulb, 
Sauromatum guttatum spadix, Arum maculatum spadix), although it was apparently in 
low amounts or absent from potato or skunk cabbage (Symplocarpusfoetidus) mito- 
chondria. The signal was observed in resting mitochondria, and in mitochondria in a 
variety of respiratory steady states and its behavior suggested a location on the sub- 
strate side of coupling Site II. Salicylhydroxamic acid (an inhibitor of several types of 
oxidases [12])abolished these signals in all mitochondria tested. 2-Thenoyltrifluoro- 
acetone also removed the signals. Similar effects of salicylhydroxamic acid upon the 
analogous signal in pigeon heart mitochondria were observed. 

The relation of this signal and its properties to our current state of knowledge 
on the nature of alternative respiratory oxidations is discussed. A preliminary report 
of part of this work has already been presented [17]. 

MATERIALS AND METHODS 

Plant materials. Etiolated mung bean hypocotyls (Phaseolus aureus) were grown 
for 5 days in a dark room maintained at 28 °C and 60 ~o relative humidity. Symplocar- 
pus foetidus inflorescences were collected from swamp areas in Pennsylvania in 
February and March and Sauromatum guttatum inflorescences were grown indoors 
from dry corms. Arum maculatum infiorescences were collected from Cambridgeshire, 
England, during April and May. Tulip bulbs (Tulipa gesnerana var. Darwin) and 
potato tubers (Solanum tuberosum) were purchased locally. 

Preparation o f  mitochondria. Mitochondria were prepared as described by 
Bonner [18]. In the case of S. guttatum and skunk cabbage spadices, EDTA concen- 
tration was doubled to 2 mM in the homogenisation medium and bovine serum 
albumin was increased to 0.5 ~o (w/v) in both homogenisation and resuspension media. 

EPR measurements. Samples for EPR measurements of mitochondria in 
various metabolic states were frozen rapidly in an isopentane/methylcyclohexane 
(5 : 1, v/v) freezing mixture (81 °K), and stored in liquid nitrogen until assayed. 
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All spectra were obtained with a Varian E-4 or E-109 EPR spectrometer 
(Varian Associates). The temperature of the samples for EPR measurements was 
controlled with a variable temperature cryostat (Air Products Model TLD-3-110). 
Temperature was monitored with a calibrated carbon resistor placed in the helium 
flow directly below the sample and g values were corrected by reference to a weak 
pitch standard. Quartz glass EPR sample tubes were calibrated with a standard copper 
sulphate/EDTA solution and values for signal heights were corrected correspondingly. 

Relative quantitation was performed by comparison of the double integrals of 
the appropriate signals which had normally been signal averaged. Signal averaging 
and double integrations were carried out with a Nicolet signal averager (NIC-1074). 

Steady-state experiments. Steady-state experiments were carried out with 
oxygen-saturated resuspension medium A (0.3 M mannitol, 10 mM KCI, 5 mM 
MgCI2 and 10 mM potassium phosphate at a pH of 7.2 [18]). The concentrations of 
reagents added were: succinate, 10 mM; NADH, 1 raM; malate, 20 raM; ATP, 
0.3 raM; ADP, 1.0 raM; KCN, 1 mM; antimycin A, 1 pg/ml; salicylhydroxamic acid, 
1 raM; dinitrophenol, 20/~M. Enough time was allowed (generally 10-15 s for 3 mg/ 
ml protein) so that equilibrium had been reached but anaerobiosis had not begun. 
Oxygen was blown over the surface of the liquid during the incubation. 

The salicylhydroxamic acid stock solution was 5 mM in medium A, dinitro- 
phenol was 2 mM in medium A, and both were in the absence of organic solvents. 

Others. Standard chemicals used were of the highest grade available commer- 
cially. Protein was measured by the method of Lowry et al. [19]. 

RESULTS 

The nature of  the novel EPR signal in a variety of  higher plant mitochondria 
EPR investigations at temperatures approaching that of liquid helium revealed 

a complex signal split around g : 2.00 which appeared both in oxidized and partially 
oxidized states. The splitting was observed in mung bean (Ph. aureus), A. maculatum 
spadix, Sa. guttatum spadix and tulip bulb (T. gesnerana) mitochondria, but was small 
or absent from potato and skunk cabbage (Sy. foetidus) spadix mitochondria. Fig. 1 
illustrates the signals or their absence in resting mitochondria. In the first derivative 
spectra illustrated, features were observed at g values of 2.045, 2.03, 2.02, 1.985, 1.97 
and 1.96 in mung bean, A. maculatum and Sa. guttatum mitochondria. The extreme 
low field features (g = 2.045, 2.03) appeared to be slightly modified in mitochondria 
of tulip bulbs. The signal centered at g = 2:01 and having a maximum at g = 2.017 
was comparable to the HiPIP-type species observed in mammalian mitochondria [6] 
under similar conditions, and was identified as Center S-3, an iron sulfur center 
associated with succinate dehydrogenase. Table I illustrates that a correlation between 
the presence of a split signal and the presence of an alternative respiratory pathway 
does not exist. 

It was found that the split signal was completely destroyed by addition of a 
small quantity of ethanol (<  0.1%, v/v), without the appearance of any new signals 
at these low (8 °K) temperatures. Use was made of this to obtain the first derivative 
spectrum of the split signal alone in the case of Sa. guttatum mitochondria (Fig. 2). 
The spectrum is split around g = 2.00 and is analogous to the computer-simulated 
spectra obtained by Ruzicka et al. [7] for a dipolar interaction between a paramagnet- 
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Fig. 1. First derivative EPR spectra at 8 °K of aerobic mitochondria from a variety of higher plant 
tissues. Mitochondria were resuspended in medium A [18] to an appropriate protein concentration, 
gassed with oxygen for 15-30 s and frozen rapidly in liquid nitrogen. Conditions were; microwave 
power, 5 mW; modulation amplitude, 12.5 G; microwave frequency, 9.18 GH.z; temperature, 8 °K. 
The signal heights are abitrary units, but are identical at the same gain for all samples, Protein concen- 
trations were: tulip bulb, 12.5 mg/ml; potato tuber, 15-20 mg/ml; skunk cabbage, 6 mg/ml; mung 
bean, 5 mg/ml; Sa. guttatum, 5.5 mg/ml; A. maculatum, 14 mg/ml. 

ic species and ubisemiquinone. In the case o f  mung  bean, Sa. guttatum spadix and 
A. maculatum spadix an extra peak on the low field side and a small t rough on the 
high field side of  the spectrum is also seen. Some small change in a g = 2.00 feature is 
also appearing in these difference spectra, causing some deviation f rom the computer-  
simulated spectra o f  Ruzicka  et al. [7]. 

In the case o f  the Sauromatum system, the double  integral o f  the spectrum in 
the presence o f  ethanol (presumably most ly Center S-3) compared  to the double 
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TABLE I 

A SURVEY OF DEGREE OF CYANIDE INSENSITIVITY OF RESPIRATORY ACTIVITY 
AND PRESENCE OF A SPLIT SIGNAL IN A VARIETY OF HIGHER PLANT MITOCHON- 
DRIA 

State 3 oxygen consumption was measured with an oxygen electrode with medium A [18], succinate 
(10 raM), ATP (0.3 raM), ADP (1 raM) and mitochondria at a suitable protein concentration. 1 mM 
KCN was then added and the residual oxygen consumption was compared to the uninhibited State 3 
rate. The ratio of spins of S-3 and split signal were measured in rapidly frozen aerobic mitochondria at 
8 °K as shown in the legend to Fig. 2. 

Tissue Percentage of State 3 respiratory Center S-3 : split signal 
oxygen consumption insensitive spirt ratio 
to 1 mM KCN 

Murtg bean 
(Phaseolus aureus) 15-25 % 1.0 : 0.6 

Sauromatum #uttatum 
' spadix 100 % 1.0 : 0.9 

Arum maculatum 
spadix 100 % 1.0 : 1.0 

Symplocarpus foetidus 
spadix 70-95 ~ 1 : < 0.1 

Potato tuber 
(Solanum tuberosum) < 2 % max. of 1 : 0.1 

Tulip bulb 
(Tulipa gesnerana) < 2 % 1.0 : 0.9 

f " -~ v ~L//~ 

266  ' 2 0 4  ' 2.()2 ' 2 .00 '  1.98 ' 196 

Fig. 2. First derivative EPR Spectra of Center S-3 and the split signal in Sa. guttatum mitochondria. 
Sa. guttatum mitochondria were suspended in medium A to a final protein concentration of 5.8 mg/ml 
and pure oxygen was blown over the liquid surface for 30 s. Sample A was then transferred to a 
quartz EPR tube and frozen rapidly in liquid nitrogen. 0.1 Yo (v/v) ethanol was added to the re- 
maining sample and this was similarly frozen in an exactly matching quartz EPR tube (sample B). 
The spectra shown have been computer-averaged eight times. Spectrum C is the computer-derived 
difference spectrum of A minus B and the gain is double that of  spectra A and B. Conditions for EPR 
measurement were: microwave power, 5 roW; modulation amplitude, 12.5 G; frequency, 9.18 GI-Iz; 
temperature, 8.5 °K; scan rate, 400 G/rain; gain 8 • 102. 
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integral of the split signal alone, gave a stoichiometry of about 1.0 to 0.9 for the spins 
of Center S-3 compared to the spins of the split signal, respectively. The spin ratios for 
other tissues are summarized in Table I and the maximal ratio observed was 1 : 1. It is 
thought that the splitting of the semiquinone which is relaxed by Center S-3 is caused 
by a second, closely located semiquinone which relaxes more slowly. Hence, at low 
(8 °K) temperature, one expects to detect only the split semiquinone spin in these 
experiments, i.e. only one spin per semiquinone pair. This means that a ratio of 1 : 1 
indicates one semiquinone pair per one Center S-3. 

The temperature dependencies of the # = 2.045, 2.03, 2.02, 1.985, and 1.97 
signals were compared. At 5 mW of microwave power, all these signals were maximal 
at about 9 °K and were virtually undetectable by 25 °K. The microwave power 
dependencies are illustrated in Fig. 3. Since they all saturate at the same power level 
(~  10 mW) at the given temperature, the species giving rise to these signals must have 
similar relaxation rates, as has been shown to be the case in animal systems [8, 20]. 
Also included in Fig. 3 is the power dependency of the g = 1.923 signal. This does not 
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Fig. 3. Tempera tu re  power  profile o f  the m u n g  bean center  5-3 and  split  features.  M u n g  bean mito-  
chondr ia  were suspended  in m e d i u m  A [18] to a final protein  concent ra t ion  o f  33 mg/ml .  The  micro-  
wave power  was varied at a cons tan t  tempera ture  o f  12 °K. Other  condi t ions  for E P R  m e a s u r e m e n t  
were: m o d u l a t i o n  ampli tude,  12.5 G;  microwave  f requency,  9.13 GI-Iz; scan rate, 400 G/rain.  



507 

TABLE II 

TIlE REDOX BEHAVIOR OF CENTER S-3 AND THE SPLIT SIGNAL IN MUNG BEAN 
MITOCHONDRIA RESPIRING IN VARIOUS STEADY STATES 

Mung bean mitochondria (generally 5 mg protein/ml final concentration) were suspended in medium 
A [18 ] containing appropriate concentrations of reactants (see Materials and Methods). Pure oxygen 
was blown across the surface of the suspension for 15-30 s to ensure that equilibrium had been 
reached but anaerobiosis had not begun. Samples were then quickly transferred to quartz EPR tubes 
and frozen rapidly in freezing mixture at 81 °K. The redox state of Center S-3 was measured as the 
percentage of the g = 2.017 peak remaining and the split signal as the percentage of the g = 1.985 
trough remaining. 
Values are average of three experiments and are accurate to ± 15 % of aerobic (control) value. 

Conditions Percentage of aerobic signal remaining 

Center S-3 
(g = 2.017 peak height) 

Split signal 
(g = 1.985 trough) 

Control (aerobic) 100 100 
+succinate/ATP 104 57 
+ succin ate/ATP/ADP 70 99 
+ succinate/ATP/dinitrophenol 78 98 
+ succinate/ATP/KCN 95 34 
+ succinate/ATP/SI-IA M* 91 0 
+ succinate/ATP/SHAM*/KCN 67 0 
+ succinate/ATP/ADP/anaerobic 17 0 

+NADH 105 6 
+NADH/ADP 109 42 
+NADH/dinitrophenol 119 24 
+NADH./KCN 107 0 
+NADH/SHAM* 109 0 
+NADH/SHAM*/KCN 66 0 

* SHAM, 1 mM salicylhydroxamic acid. 

have the same power  sa tu ra t ion  profi le  as the  o ther  five signals and  is therefore  no t  
pa r t  o f  the  same species. The  g = 1.923 signal  is poss ib ly  due  to  Center  N-2  (plus  
S- I ) ,  a center  assoc ia ted  wi th  the  N A D H  dehydrogenase  complex ,  which  is p a r a m a g -  
netic  in the  reduced  fo rm (in con t r a s t  wi th  H i P I P  species [21 ]) and  the g II va lue  corre-  
spond ing  to the  g .  = 1.923 is smal ler  and  b r o a d e r  than  its equiva lent  and  is a t  
g = 2.05. 

In  all t issues tested,  the  spl i t  s ignai  was very sensit ive to m e m b r a n e  intactness.  
F o r  example ,  the signal  r ap id ly  d imin i shed  as the  m i t o c h o n d r i a  aged at  0 °C (a 
signif icant  decrease  could  be observed  in ju s t  2 h)  and  i t  was small  or  absen t  in f rozen/  
thawed m i t o c h o n d r i a  or  in submi tochondr i a l  par t ic le  p repa ra t ions .  

I t  should  be no ted  tha t  the  absence  or  loss  o f  the  spl i t  s ignal  could  have several  
causes,  and  does  no t  necessar i ly  imply  the  absence  o f  s emiqu inone  species. F o r  
example ,  any  t r ea tmen t  which  causes full  ox ida t ion  o r  reduc t ion  o f  ei ther  quinone,  or  
any  t r ea tmen t  which moves  the  in te rac t ing  species apar t ,  wou ld  cause  the spl i t t ing to  
d i sappear .  
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The behavior of  the signals under a variety of  steady-state conditions in mung bean mito- 
chondria 

In  o rde r  to  t ry  to ga in  an  unde r s t and ing  o f  the na tu re  and  func t ion  o f  these 
signals,  mung  bean  m i t o c h o n d r i a  were r ap id ly  f rozen  while respir ing under  a var ie ty  
o f  s teady-s ta te  condi t ions .  A max ima l ly  oxid ized  s tate  o f  the  H i P I P - t y p e  Center  S-3 
signal  was t aken  as tha t  p resen t  in ae rob ic  m i t o c h o n d r i a  in  the  absence  o f  a d d e d  sub-  
s t ra te  (Fig.  4A).  I t  was not iced,  however,  tha t  add i t i on  o f  500/zM fer r icyanide  caused  

Control 

+ suecinate/ATP 

+ succinote/ATP 
+ ImM KCN 

~ l  + succinate/ATP 

ADP IOOG 

I + succinate/ATP 

I I + succinate/ATP 
+2raM SHAM 

+ succinate/AT P 
+ IrnM KCN 
+ 2mM SHAM 

+ succinate/ATP 
_ anaerobic 

I I I I I I I I I ,, I 

2.10 2.05 2.00 195 1.90 2.10 2.05 2.00 1.95 1.90 
g value g value 

Fig. 4. EPR. Spectra of mung bean mitochondria trapped in a variety of steady-state respiratory 
conditions. Mung bean mitochondria were suspended to an appropriate protein concentration 
(generally around 5 mg/ml) in medium A [18l to which had been added the appropriate reagents (see 
Materials and Methods for details). Oxygen was blown over the suspension for 15-30 s before it was 
transferred to a quartz EPR tube and frozen rapidly in a freezing mixture at 81 °K. Conditions of 
measurement were: modulation amplitude, 12.5 G; microwave frequency, 9.1 GHz; microwave 
power, 5 roW; temperature, 8 °K; scan rate. 500 G/rain; gain, 104. 
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Fig. 5. The effects of ethanol and salicylhydroxamic acid on the low temperature EPK spectrum of 
aerobic mung bean mitochortdria. Mung bean mitochondria were suspended in medium A to a final 
protein concentration of 15-20 mg/ml. Oxygen was blown over the sample surface for 1 min before 
the control sample was transferred to a quartz EPR. tube and frozen rapidly in a freezing mixture at 
81 °K. The other samples were prepared similarly after addition of 0.1% (v/v) ethanol or 3 mM 
salicylhydroxamic acid (in the absence of ethanol). Conditions for EPR measurements were: modula- 
tion amplitude, 12.5 G; microwave frequency, 9.1 GH.z; microwave power, 5 roW; temperature, 8 °K; 
scart rate, 500 G/min; gain, 1.25 • 103. 

a slight increase of  Center S-3 over this aerobic level. The split signals were extremely 
labile and were completely destroyed on addition of 0.1 ~o (v/v) ethanol or acetone 
(Fig. 5). Hence, all steady-state experiments were performed in the absence of organic 
solvents, and all reagents were dissolved in aqueous media. 

When N A D H  was used as substrate (via the externally facing inner membrane 
dehydrogenase [22]), 90-95 ~o of  the split signals disappeared, when mitochondria 
were respiring in State 4, 60 ~o in State 3 and 75 ~o in uncoupled State 3. In the presence 
of N A D H  and the respiratory inhibitor KCN,  none of the split signals could be 
observed at all. HiPIP-type Center S-3 was not reduced in States 3 or 4, nor in the 
presence of K C N  or antimycin A, but could be significantly reduced on anaerobiosis 
or in the presence of K C N  plus salicylhydroxamic acid. 

Succinate removed about  40 ~o of the split signals in State 4, but not in State 3 
or the uncoupled state. This latter result is in contrast to that which we reported 
previously, because in this case we had no artifact f rom ethanol addition. The addition 
of 1 m M  K C N  with succinate as substrate caused about  65 ~ of the split signals to 
disappear. Center S-3 remained mostly oxidized in States 3 and uncoupled State 3, 
fully oxidized in State 4 or in the presence of K C N  and 5-25 ~ oxidized upon anaero- 
biosis with succinate as substrate. A typical example of  the spectra seen in these 
experiments with mung bean mitochondria is presented in Fig. 4. 

The effects of  antimycin A on the split signal were not investigated because of 
the problem of insolubility of  this compound in aqueous media. 

When malate was used as substrate, results similar to those obtained with 
succinate were found. Table I summarizes the redox states of  Center S-3 and the com- 
ponent giving rise to the split signals in the various respiratory steady states described. 

In highly cyanide-insensitive mitochondria,  such as those of  Sa. guttatum 
spadix, the split signal remained maximal even in the presence of succinate plus KCN,  
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and greater than 50 % oxidized with NADH plus KCN present. This indicates that 
the split component can be oxidized by the alternative oxidation step and therefore is 
a good candidate for the "branchpoint" of the main and alternative pathways. 

EPR-detectable effects of salicylhydroxamic acid 
It was found that salicylhydroxamic acid could be dissolved in medium A [18] 

to a concentration of 5 mM without the aid of organic solvents and this stock solution 
was used to test its effects on the signals. Addition of salicylhydroxamic acid to 
aerobic mitochondria resulted in a disappearance of the signals split around O = 2.00 
(Fig. 5). The titration curve of this effect for mung bean mitochondria is illustrated in 

Mung Bean Mitochondria 
I00-~ ~ o 

~ ,  = g=1.985 Trough At 9 K 
801 "k * Cyanide-Insensitive Succinafe 

~:~ 60~ % ,  Oxidose 

, ) , 
0.2 0,6 1.0 1.4 

Solicylhdroxomic Acid (raM) 

Sauromatum .guttatum Mitochondria 

I00 ~= [ ~  g=1.985 trough f =  0.gmg protein/ml 
at 9*K ~ v  1.8mg protein/ml 

~ e  4.2mg prote'in/ml 
80  • ( +  8.9mg protein/ml 

"6 Cyanide insensitive & C 
~ 6 0  , ~  succinate oxidase 

4 0  
u 

2O 

0 i I I I I , , 
0.2 0.6 1.0 1.4 

Salicylhydroxamic acid (rnM) 

Fig. 6. A comparison of  the effects of  salicylhydroxamic acid on alternative respiratory oxygen con- 
sumpt ion and on the removal of  the split signal. Alternative respiratory oxygen consumption was 
measured with an oxygen electrode. The mitochondria were suspended in air-saturated medium A, 
generally to a protein concentration of  around 1-2 mg/ml, in the presence of I mM K C N  and 0.3 mM 
ATP. Oxygen consumption was measured after the addition of  10 m M  succinate and sufficient time 
was allowed so that a maximal rate had been attained. Various salicylhydroxamic acid concentrations 
in the absence of  ethanol were added before substrate. The split signal was measured as the g = 1.985 
trough size at 8 °K. Salicylhydroxamic acid was added in the absence of  organic reagents and protein 
concentration was either 5-10 mg/ml (mung bean) or variable (Sauromatum). Other EPR conditions 
were: modulation amplitude, 12.5 G; microwave frequency, 9.18 GHz; microwave power, 5 mW. 
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Fig. 6A and the concentration required for half-maximal effect was approx. 200 #M 
salicylhydroxamic acid. This value is rather higher than the Ki of 30 #M for inhibition 
of succinate-driven oxygen consumption by the alternative respiratory pathway 
(determined in a concurrently-run experiment). In some cases salicylhydroxamic acid 
did not completely remove the split signal, even at concentrations of  up to 2 raM, but, 
this residual signal was never more than 20 % of the original amount. 

A similar result was obtained with Sa. guttatum spadix mitochondria (Fig. 6B) 
and in this case it can be seen that the difference in K s of split signal removal and the 
Ki of the alternative oxidase activity is not  caused by the difference in protein concen- 
tration of the oxygen consumption and EPR experiments. The discrepency between 
the measured values of Ki and K s may be caused by the fact that the Ki was measured 
under steady-state respiratory conditions whereas the Ks was measured in the aerobic 
(oxidized) state. Salicylhydroxamic acid inhibits phenol oxidase reactions, for exam- 
ple, by competitive inhibition with respect to the hydrogen-donating substrate (Rich, 
P. R., unpublished data). I f  such were the case in mitochondria, one would expect an 
effect of the redox state of the carrier with which it competes on the Ki of inhibition. 

A further effect of salicylhydroxamic acid was observed on the redox state of 
mung bean Center S-3 in the aerobic steady state in the presence of cyanide. It was 
found that the addition of 1 mM salicylhydroxamic acid increased the level of reduc- 
tion of  the Center S-3 signal from about 0 to 35 % with N A D H  (plus 1 mM KCN) as 
substrate and from 10-20 % to 30--60 % with succinate or malate (plus 1 mM KCN)  
as substrate. These effects were much more dramatic in Sa. #uttatum spadix mito- 
chondria. 

I I  I 

IOOG 
I I 

8°K 

~,~ ~ 7 0 0 p . i  SHAM 

SHAM 

g - value 2.04 2.017 1.99 

Fig. 7. The effect of salicylhydroxamic acid on pigeon heart submitochondrial particles. Pigeon heart 
submitochondrial particles [3] were resuspended to a final protein concentration of approx. 11 mg/ml 
in 100raM sucrose, 50 mM N-2-hydroxyethylpiperazine-N-'2-ethanesulfonic acid (HEPES) and 
1 mM MgCI2 at pH 7.5. Anaerobiosis was attained with a flow of argon gas and in the presence of 
duroquinone, pyocyanine, phenazine methosulphate and phenazine ethosulphate (20-50 pM range of 
concentrations). The potential of the system was set at +90 mV with 2 mM sodium ascorbate. The 
control sample was anaerobically extracted into a quartz EPR tube and frozen rapidly irL liquid 
nitrogen, The other samples were similarly taken after the addition of appropriate amounts of 
salicylhydroxamic acid (in ethanol, which does not destroy the mammalian split signal). Conditions 
for EPR measurement were: modulation amplitude, 10 G; microwave frequency, 9.1 GHz; micro- 
wave power, 10 mW; temperature 8.5 °K; scan rate, 250 G/rain; gain, 5 • 102. 
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Salicylhydroxamic acid also removed the signals at g = 2.04 and 1.96 which 
have been observed in animal mitochondria and submitochondrial particles [7, 8] 
and which are considered to be the counterparts of those that we have observed in the 
higher plant systems. Fig. 7 illustrates this effect in pigeon heart submitochondrial 
particles, although the effect was also observed on the very small split signal which we 
found in rat liver mitochondria. The K~ of the effect was similar to that for the higher 
plant systems. 

2-Thenoyltrifluoroacetone, which apparently has inhibitory properties both on 
succinate oxidations and on the alternative respiratory pathway [24-26], also removed 
the split signals. Ingledew and Ohnishi (unpublished data) have found that this com- 
pound removes the split signal in mammalian systems. 

DISCUSSION 

The work described in this paper is an EPR study of the region of the respira- 
tory chain where succinate dehydrogenase connects to the main ubiquinone pool. The 
signal centered at g ----- 2.01 and peaking at g = 2.017 has been attributed to Center 
S-3 of succinate dehydrogenase [6] (the second HiPIP center, isolated by Ruzicka and 
Beinert [27], is apparently not present or at very low levels in mung bean and skunk 
cabbage spadix mitochondria, Rich, P. R., unpublished data). The partially over- 
lapping signals at # values of 2.045, 2.03, 1.985, 1.97 and 1.96 are interpreted as a pair 
of ubisemiquinone radicals which split each other because of a spin-spin interaction 
between one of the pair and the rapidly relaxing Center S-3 of succinate dehydroge- 
nase (cf. Ruzicka et al. [7] and Ingledew et al. [8]). This explains the experimental 
observations that the split signal components have the same temperature and power 
saturation properties as Center S-3. The fact that the maximal observable ratio of 
Center S-3 spins: semiquinone pairs is about 1 : 1 would also agree with this inter- 
pretation. This finding of an apparently stabilized semiquinone species which interacts 
with Center S-3 of succinate dehydrogenase has significance with respect to the possi- 
ble functioning of a proton-motive ubiquinone cycle mechanism, as proposed by 
Mitchell [28]. In these schemes, the semiquinone species of ubiquinone plays a key 
role. Since this stabilized semiquinone species is at most stoichiometric with Center 
S-3, which in its turn is significantly less than stoichiometric with respiratory chains, it 
is not surprising that it would be overlooked in studies on the total ubiquinone pool, 
which is much in excess of respiratory chains [29]. 

The behavior of the split signal in a number of steady-state conditions has been 
investigated, in the hope that some light might be shed on its role in the electron 
transport pathway. In all cases it behaved as a single component. It could be reduced 
by all three substrates tested and its level of reduction in State 4 was greater than in 
State 3 or the uncoupled state. Hence, it appears that the component(s) giving rise to 
the spectrum is indeed part of, or in rapid equilibrium with, the main respiratory 
chain. Further, its redox behavior in various steady states is consistent with its being 
on the substrate side of coupling Site II and also with its being the site of the branch- 
point of the alternative respiratory pathway from the main chain (refs. Bahr and 
Bonner [30, 31 ]), as we have previously suggested from more theoretical considera- 
tions [16]. 

It is of interest that Center S-3 remained largely oxidized in the steady-state 
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experiments described, being significantly reduced only when substrate was added in 
the presence of both cyanide and salicylhydroxamic acid, or under anaerobic condi- 
tions. This is somewhat in contrast to the results obtained with pigeon heart mito- 
chondria (cf. Ohnishi et al. [3]) and may in part reflect a close location of Center S-3 
to the "alternative oxidase", although it cannot explain why addition of salicylhydrox- 
amic acid did not cause a much more dramatic effect on its redox state. The results 
may reflect the fairly slow activation of succinate dehydrogenase activity on addition 
of substrate, as is seen by the slow onset of maximal oxygen consumption when 
succinate is added to mung bean mitochondria, even in the presence of ATP. A more 
detailed examination of the redox behavior of Center S-3 in a variety of higher plant 
mitochondria will be presented elsewhere. 

It would be tempting to speculate that perhaps the "alternative oxidase" itself 
is one of the components which is producing the observed split signal. Current data is 
rather negative and argues against this, however. For example, no correlation exists 
between the presence of the splitting and the occurrence of an alternative oxidase 
pathway. Further, the Ks of salicylhydroxamic acid removal of the split signal is an 
order of magnitude higher than the K i of inhibition of the alternative respiratory 
pathway in both mung bean and Sa. guttatum spadix mitochondria. It was of interest, 
however, that this K s of salicylhydroxamic acid effect was very similar to the KI of 
inhibition of superoxide anion production by mung bean mitochondria [32]. This 
superoxide anion production is apparently a rather different process to the classical 
"alternative pathway" (Rich, P. R., unpublished data). It is thought unlikely that 
salicylhydroxamic acid interacts with Center S-3 directly since 2 mM salicylhydrox- 
amic acid was found to have no detectable effect on the midpoint potential, tempera- 
ture and power profiles or signal size or shape of Center S-3 (Rich, P. R., unpublished 
data). 

Despite these results, the component causing the split signal does behave in the 
expected manner to be the branchpoint of the main and alternative respiratory 
pathways, as discussed. Furthermore, the origin of the detailed structure differences in 
splitting which seem to occur between cyanide-resistant and cyanide-sensitive mito- 
chondria is unknown at present and investigations of a relation between these and the 
alternative oxidase may be useful. 

The inherent instability of the split signal (for example, sensitivity to alcohol, 
acetone, dimethylformamide, membrane intactness) is in contrast to the properties of 
its mammalian counterpart. This has hindered detailed characterization of physical 
properties (e.g. redox potential determination) since addition of mediators in solvent 
is not feasible. It is thought that although the interaction is not a requirement for 
mitochondrial activity (for example, the electron transport pathway is able to work 
normally in a concentration of ethanol which totally removes the signal), its fortuitous 
presence under many conditions has given us an extra tool to study this increasingly 
more complex region of the respiratory chain and we hope that studies of these and 
related signals will give a greater insight into the nature of the "alternative pathway" 
and into electron transport in this region of the respiratory chain in general. 
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