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ABSTRACT The relative rates of reduction of several spin-labeled 

molecules that partition differentl~ across the hydrophobic-inter-

face of inner membranes of rat liver mitochondria were investigated. 

Spin labels localized either deep in the hydrophobic region or in 

the aqueous phase are only slowly reduced; however, a spin-labeled 

analogue of the cationic detergent cetyl trimethyl ammonium bromide 

which partitions at the interface is rapidly reduced by coupled 

electron transport. Chemical studies on the reduction and oxida-

tion of the spin label show that loss of signal is due to reduc-

tion and not destruction of the label. Also no evidence was found 

for flip-flop of the label in submitochondrial preparations. 

Spin reduction of respiring mitochondria, ffiitoplasts _or inverted 

submitochondrial preparations is inhibited by rotenone but relatively 

insensitive to antimycin A and KCN. Since the midpoint potentials 

of the spin labels were found to be similar to that of ubiquinone, 

it is concluded that reducing equivalents of mitochondrial electron 

transport from this region of the chain are channeled to either mem-

brane interface. 

• 
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The electron transport chain of the inner mitochondrial membrane 

consists of a well known series of redox components schematically 

reproduced in figure l. Apart from cytochrome £• which is electro-

statically attached, the various other components of the chain 

show strong hydrophobic interactions (l). Although spec:ific lipids 

are required for the activity of electron transport complexes (2), 

ubiquinone is the only one that is known to participate in electron 

transfer. 

During steady state respiratory conditions (known as state IV 

respiration), the level of reduction of the various components of 

the electron transport chain is higher the further away the redox 

components are from the final acceptor o
2

. Ubiquinone, for example, 

is about 50% reduced in the aerobic steady state (3). When anaero
\ 

hie, the electrontransport components become fully reduced. During 

steady state respiration or anaerobiosis, reducing equivalents are 

therefore accumulated at various "sites" along the electron transport 

chain. When uncoupled (state III respiration), this accumulation of 

reducing equivalents is decreased in most components of the chain 

except for cytochrome oxidase (a and a
3 

in Fig. 1). Potentially, 

any such accumulation can reduce an added test substance (provided, 

of course, that the redox potentials of reductant and test substance 

are appropriately related). The test substance may be a spin label 

with the convenient property that it can report its own reduction 

(4-8). By manipulat-_i.on of avaiL.tble r J
2

, by u:::;inq inhibitors 

specific for particular "sites" and uncouple1:s of respiration, it 

is sometimes possible to deduce the particular "site" at which the 
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substance is being reduced. On the other hand, the test substance, 

e.g., a spin label, may have physico-chemical properties ensuring 

that it will come to rest in a particular region of the mitochon

drial structure. When both of these circumstances are realized 

one can logically conclude that a transfer of reducing equivalents 

from the electron transport chain to the spin label goes on in the 

particular region of the mitochondrial structure where the spin 

labeled molecule is localized. Our paper illustrates the foregoing 

strategy. In order to apply this strategy we had to find a spin-

labeled substance with the right properties (an analogue of cetyl 

trimethyl ammonium bromide, CDTAB) to show that after it was inter

calated into the mitochondrial structure its signal decayed due to 

respiratory chain activity, and finally to show by manipulation of 

this activity that the reductant in the chain most likely to be 

affecting the spin label was ubiquinone. 

-;• 
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MATERIALS AND METHODS 

Preparations. Rat liver mitochondria were prepared in a 0.25 M sucrose, 

1 mM Tris Base and 1 mM EDTA medium at pH 7.4 as described in (9). Mitoplasts 

were prepared according to (10). Submitochondrial preparations (SMP) were 

made following a method described in (11). Protein concentrations were 

determined by a standard method (12). 

Spin·Labels. The nitroxide spin-labeled molecules were provided by R.J. 

Mehlhorn (of this laboratory) and have the structures shown in figure 2. The 

labels T.empo, Tempol, Tempamine, Caprate and CDTAB have a piperidine ni troxide ring 

whereas 2N3, 2Nll, 7Nl4, Al2NS and A4NS have an oxazolidine nitroxide ring. 

Synthesizing procedures for these labels have been described elsewhere (13-15). 

The mid-point potential (pH 7.4) of the spin labels was determined from changes 

in line heights of EPR spectra (line width remains constant) by titration with 

ascorbic acid at 25°C in the same test medium used in experiments. The mid-

point potential of ascorbic acid at pH"' 7.4 and 25°C is approximately+ 44 mV. 

Assays. Mitochondrial respiration was measured in a Rank oxygen electrode 

at 25°C in an air-saturated medium containing 0.25 M sucrose, 5 ffiM Tris Base, 

2 mM KCl and 2 mM KH
2

Po
4 

at pH 7.4 (test medium) plus various spin labels as 

indicated in experiments at concentrations < 20 nmole/mg protein. Electron 

spin resonance spectra were obtained with a Varian El09 spectrometer at room 

temperature; power settings were generally 10 mW. Spectral changes of cyto-

chromes (not shown) were recorded on a DW-2 Aminco Spectrophotometer. ESR 

measurements and spectral changes of cytochrome~:; were carried out under exactly 

the same experimental conditions in which polarographic assays of mitochondrial 

o 2 consumption were performed in an aerobic test medium at protein concentrations 

of 3 mg/ml in the case of mitochondria and mitoplasts and 2 mg/ml for SMP. 
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RESULTS 

Choosing an Appropriate Spin Label. We first surveyed the behaviour of 

various classes of spin labels (fig. 2) toward the respiratory chain activity. 

CDTAB, a cation with a large hydrophobic moiety was most readily reduced at a 

rate of 2 nmoles/mg protein/min; we therefore concentrated on its various 

interactions with mitochondrial and submitochondrial particles. The concentration 

at which these labels began to affect rates of o
2 

uptake, respiration coupling 

and swelling was approximately > 20-30 nmoles/mg protein. Hence, for experiments 

spin label concentrations were < 20 nmoles/mg protein. Under the same conditions, 

the respiratory rate is approximately 8 nmoles o
2

;mg protein/min. The structure 

and charge of the CDTAB molecule and its EPR sepctrum (13) indicate that the spin 

label is presumably located at.the membrane interface. CDTAB is reduced simul

taneously with o
2

; hydrophilic labels are only appreciably reduced after t.he sample 

becomes anaerobic, and hydrophobic labels like 7Nl4 are only very slowly reduced. 

Interaction of CDTAB with the Chain. Next we tried to localize the "site" 

of action of CDTAB in the chemical kinetic scheme. Since CDTAB was reduced in 

the aerobic steady-state, it was of interest to determine how it was reduced by 

electron transport. Artificial substrates like ascorbate and durohydroquinone 

reduce nitroxides chemically and therefore .could not be used to study spin label 

reduction by electron transport. Mitochondria and mitoplasts metabolizing 

glutamate-malate and succinate show similar rates in CDTAB reduction. Comparison 

of CDTAB reduction in mitochondria and SMP (oxidizing NADH and succinate) , are 

given in Table I. Rotenone, antimycin A and KCN are well known inhibitors of 

electron transport in the respiratory chain of mitochondria. The sites at 

which these inhibitors block electron transport are indicated in fig. l. Neither 

antimycin A nor KCN (acting downstream from ubiquinone in the electron flow) 

.. 
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inhibit CDTAB reduction ;in mitochondria. On the other hand, rotenone (acting 

upstream from ubiquinone) inhibits appreciably the reduction of CDTAB by 

glutamat.e-malate. Rotenone does not inhibit succinate respiration (fig. l) 

and)as expected,spin reduction was not inhibited by rotenone in the presence 

of t~his substrate. 

In SMP, rotenone completely inhibits spin reduction by NADH oxidation. 

Antimycin A or KCN partially inhibt spin reduction either by NADH, succinate 

or choline chloride (not shown) oxidation. CDTAB reduction by NADH or succinate 

oxidation in SMP is (1/35)-th and (1/20)-th to (1/30)-th, respectively of the 

corresponding rate of oxygen uptake. In mitochondria, CDTAB reduction by 

qlutamate-malate p1:oceeds at one third of the corresponding rate of oxygen 

uptake. The foregoing results suggest that CDTAB acts at the non-heme iron 

ubiquinone region of the respiratory chain. 

The slow spin reduction in the absence of added substrates in mitochondria 

and mitoplasts is probably due to the inability to completely deplete endogenous 

substrates. In the case of SMP, endogenous spin label reduction is neglible. 

Similar rates of CDTAB reduction in mitochondria and mitoplasts indicate that 

the outer mitochondrial membrane is not involved in CDTAB reduction in these 

experiments . 

~ectrophotometric Studies. In the aerobic steady state the level of reduction 

of cytochromes (fig. 1) changes when the rate limiting steps of electron 

transport are modified. Since charged det~ergents can perturb membrane structure 

(16) and mitochondrial resriration (13) we studied the effect of CDTAB on the 

steady stat~e leve.l of reduction of cytochrome ~62 , ~66 , £_ and ~· No effects 

were detected at CDTI\B levels less than 20 nmoles/mg protein during glutamate-

malate respiration. 
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Effect of Uncouplers. In mitochondrial oxidative phosphorylation, both 

reactions of respiration and phosphorylation are firmly coupled to each 

other. One way agents such as carbonyl cyanide p-trifluoromethoxyphenyl

hydrazone (FCCP) and 2:4-dinitrophenol (DNP) are known to act as uncouplers 

is by dissipating proton gradients established across the inner membrane 

by the above reactions. In uncoupled mitochondria the aerobic steady state 

level of reduction of the components of the electron transport chain (fig. 

1) is significantly decreased particularly for the components near the substrate 

end of the sequence. In our experiments, both FCCP and DNP at concent.rations 

of 3 x 107
M and 105 

M respectively, were effective in uncoupling glutamate

malate and succinate respiration. Under the same conditions CDTAB reduction 

was almost completely inhibited However, after the sample became anaerobic, 

CDTAB reduction commenced again (at the same rate as seen aerobically in 

the absence of uncouplers). In uncoupled mitochondria the o
2 

uptake versus 

spin label reduction ratio was approximately 30 during glutamate-malate 

and 20-30 during succinate respiration. These experiments reinforce the 

notion that CDTAB is reduced (its signal is anihilated) by a steady-state 

accumulation of some reductant in the chain; this signal destruction disappears 

when the accumulations are abolished, e.g. by uncoupling. 

Chemical Reduction and Oxidation. Mitoplasts and SMP have opposite membrane 

orientations. CDTAB is reduced by electron transport when added to either 

of these preparations. This could be due to the fact that reducing equivalents 

can be channeled to each membrane interface or because the labels can flip

flop in the perpendicular plane of the membrane. 'I'he following experiments 

make the flip-flop explanation unlikely. Kornberg and McConnell (17) have 

stud:ied flip-flop t-ilt<·~:; •>f r;r-.in··-l..l.b(,Jc,d Jip.id!_; hy u;.;j_ncJ the ~-eclucinCJ capacity 

of Na ascorbate. 'J.'onornura and Morales (lU) have also used the reducing capacity 

.. ~-
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of Na ascorbate to study the distribution of spin labels in sarcopl.asmic 

reticulum vesicles. Using a concentration of SMP of 2mg protein/ml and 

concentrations of CDTAB of 20 nmoles/mg protein we followed spin reduction 

by 5, 10 and 15 M equivalents· of ascorbate for varying times after mixing 

CDTAB with SMP. The SMP were added to a medium containing CDTI\B at levels 

below the critical micelle concentration, which is approximately 460 ~M 

(13). Although the rate of CDTAB reduction increases with ascorbate concen-

tration there was no indication of biphasic kinetics of label reduction. 

Moreover, the rates of spin reduction by ascorbate do not change over a 

period of 24 hours after incubating the spin label with the SMP. It was 

found that the addition of the negatively-charged detergent sodium dodecyl 

sulfate inhibited the further reduction of the spin label in the presence 

of ascorbate (R. J. Mehlhorn, personal conununication). This technique was 

then used to determine the amount of remaining unreduced label lS minutes 

after treatment with ascorbate; it was found that the percentage of unreduced 

label was independent of the time of incubation of. SMP with label. 

The following experiments were performed to show that ascorbate permeates 

across SMP membranes slowly enough to use this substance to study localizat:ion 

of nitroxides. External cytochrome £• in amounts comparable to the endogenous 

levels was incubated with SMP for 30 minutes. KCN (1 rn!'l) was introduced 

to block oxygen uptake. Ascorbate was then added and cytochrome .<::.reduction 

was recorded at 550-540 nm. The kinetics of reduction clearly showed two 

distinct populations of cytochrome £• one reduced rapidly followed by a 

slower rate of reduction. Endogenous cytochrome £ is known to be located 

on the internal side of the SMP membrane. The added cytochrome £was on 

the external side. Hence, the results indicate that two populations of 

cytochrome c on the two sides of the SMP membrane can easily be distinguished 
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by their different rates of ascorbate reduction. Therefore, it may be concluded 

that reducing equivalents from ascorbate permeate SMP membranes slowly enough to 

use this substance to test for the localization of nitroxide spin labels. 

It has been frequently observed that biological systems attenuate spin label 

signals either by nitroxyl reduction or by other forms of chemical dest1~uction. 

After complete disappearance of signal in the presence of CDTAB and respiring 

mitochondria, the signal could be completely restored by addition of stoichiometric 

amounts of oxidizing reagents like potassium ferricyanide. Thus no detectable 

chemical destruction of spin label occurs in our experiments with mitochondria. 

Mid-point Potential Measurements. Since the mid-point potential of most of the 

electron transport components is known (fig. l) it was of interest, in order to 

understand the sp~n reduction results, to determine the mid-point potential of 

the labels used. The mid-point potentials were determined ·as described in Materials 

and Hethods starting with 100 llM of fully oxidized spin label; that of the piperi-

dine labels (measured both with tempo and.CDTAB) in our test medium was around 

+60 mV which is slightly above that of ascorbate measured at room temperature and 

at pH 7.2. The mid-point potential of the oxazolidine labels (measured with 2N3) 

in our test medium was around +20 mV. 
I 

Standard potentiometric techniques give 

the mid-point potential of methylene blue at pH 7 as +10 mV. Using our technique 

of titrating with ascorbic acid we find the -mid-point potential of methylene blue 

at pll 7 to be around 0 mV: our technique is therefore valid, yet accurate results 

will only be obtained where the mid-point potential of the test substance is close • 

to that of ascorbic acid. Under our conditions, the mid-point potentials of 

·oxazolidine and piperidine labels differ by 40 mV. Using different test conditions, 

previous woL"kcrs have !>hown (19) that the mid-point potential of the tempo label 

varies over a considerable range depending on the pH, the concentration and nature 

of the buffers, and the ionic strength. The closest mid-point potential of a 
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redox component of mitochondrial electron transport is that of ubiquinone 

which is +45 mV. We have found in spectrophotometric and EPR studies that 

ubiquinone in either its fully oxidized or reduced (quinol) state does not 

interact with CDTAB. However, if the semiquinone free radical species is 

formed in alkaline ethanolic solutions, it readily reduces CDTAB . 

• 



-12-· 

DISCUSSION 

This investigation has shown that spin labels can be used to study the 

channeling of reducing equivalents from mitochondrial electron transport 

in the mid-point potential range +20 to +60mV. According to. current concepts 

of electron transport, reducing equivalents are accumulated at various "sites" 

along the chain of electron carriers (fig. 1). The action of uncouplers 

to inhibit spin label reduction in the aerobic steady state is consistent 

with the decreased accumulation of reducing equivalents by the redox components 

of electron transport which are the electron donors for CDTAB reduction. 

Since CDTAB is the label that is reduced fastest in either mitochondria 

or SMP this indicates that reducing equivalerits are preferentially channelled 

to the hydrophobic-hydrophilic interface on either side of the membrane. 

CDTAB can flip-flop in certain systems, e.g. using the assay method essentially 

of Kornberg and McConnell (17) it was found by Mehlhorn and Packer (20) 

that two populations of CDTAB were present in lecithin vesicles based upon 

their different rates of reduction after ascorbate treatment. The population 

of CDTAB reduced at a slower rate was virtually zero at the beginning of 

incubation of vesicles with CDTAB but it increased slowly with time until 

it corresponded to about 40% of the total amount of spin label present. 

The slowly reduced CDTAB should reflect CDTAB molecules that have moved 

on to the inner surface. Hence the rate of flip-flop of CDTAB has a half 

life of a few hours in this system. However, the studies of CDTAB reduction 

by ascorbate in SMP indicate that a final distribution of CDTAB molecules 

requires at most 15 minutes and no evidence exists for the presence of two popu

lations of CDTAB present. However, the reduction of CDTAB with durohydroquinone 

which partitions in the membrane is vvry 1:·ap.id but also shows only one population 

• 
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of label. Therefore it seems unlikely that CDTAB flip-flops across the membrane 

as observed in lecithin vesicles. 

Our results of CDTAB spin reduction in mitoplasts, SHP, and by the semiquinone 

free radical, similar inhibitor sensitivity, mid-point potential range and a 

certain degree of structural similarity, suggest that the piperidine label on 

CDTAB (+60 mV) can accept reducing equivalents from electron transport in the 

ubiquinone region at each membrane interface. The physical properties expected 

from the structure of CDTAB suggest that its hydrophobic moiety will locate 

inside the membrane with the cationic moiety directed toward either surface. 

In terms of the strategy outlined in the Introduction, we are led to suggest 

that ubiquinone must reside wherever the nitroxyl of CDTAB resides, viz. toward 

either interface. Our results would seem to support some aspects of a recent 

proposal of Mitchell (21), the "proton motive Q cycle", whereby the mobile 

uncharged semiquinone form of ubiquinone or "Q" mediates proton translocation 

across the inner mitochondrial membrane. This result is further reinforced by 

the finding t.hat the semiquinone constitutes a relatively stable free radical 

in the mitochondrial inner membrane (22,23) . 

• 
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TABLE I 

HEDUCTION OF CDTAB SPIN-LABEL BY HI'l'OCHONDRIAL ELECTRON THANSPORT 

Endogenous 

NAD Linked Substratea 

+Eotenone 

+Antimycin A 

+KCN 

Succinate 

+Antimycin A 

+KCN 

CDTAB Heduction 
(nmoles/mg protein/min) 

Mitochondria SMP 

-------------------·----

0.4 0.05 

l.O 3.0 

0.6 0.06 

1.0 1.7 

1.0 1.7 

2.0 2.0 

2.0 1.8 

2.0 2.0 

a 
Glutamate-malate for mitochondria, NADH for SMP . 
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LEGENDS TO.FIGURES 

Schematic representation of the electron transport chain in 

the inner membrane of mitochondria, showing mid-point potentials 

of components, the inhibitory sensitive regions of the chain 

(Rotenone, Antimycin A and KCN), and the substrates used (Glutamate 

+ t-1alate, Succinate and Ascorbate + TMPD). I, II and III stand 

for ,the "coupling sites" along the chain. FNAD denotes the NADI-1 

dehydrogenase; F , succinic dehydrogenase; N.H.Fe, non-heme iron; s 

UQ, ubiquinone; Cyt, cytochrome. Mid-point redox potential ranges 

are indicated in mV. 

Spin-labeled molecules used in this study, their structure, spectra 

in the presence. of mitochondria at concentrations of 20 nmoles/mg 

protein and rate of reduc~ion by succinate when aerobic. 

• 
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Reduction 

Label I Structure 1 
Rate I Type of Signal 

1 =2n moles/ 
mg protein/min. 

TEMPO I 0-~ I 0.52 ±0.01 

TEMPOL I 0-P-OH I 0.22 ± 0.0 I 

I . I N N ~v 0-P-NH 
I 

N 
0 

TEMPAM INE I 0.19 ± 0.01 
I 

P-0 CAPRATE I II . I 0.21 ± 0.05 0- N 0-C 'INN\ 

CDTAB 
. I CB 

P-I o-N 7'W'NWVV\ I 1.00 ± 0.05 

I I 
:·:3Li5l•)-i7'7:: 

L·;; .f 
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Reduction 
Rate 

Label I Structure 1 1 = 2 nmoles/ 

2N3 I 0-N~ 

I mg protein/min. 

0.06 ± 0.01 
)rO 

2 N II I 0-N~ I 0.45 ±0.05 

)r-0 

7N 14 I ~ 1 0.02 ± 0.05 
)r-0 

0 
II 

A12NS l;c~ 
O O-N 

I 0.26 ± 0.05 

;;,-a 
0 
II 

A 4NS I 0/c~ 1 0.24 ±0.05 
O-N :;y-o 

I 

' 

I Type of Signal 

I_/\ )\ 

I 

• 
t 

/\ 

··:a·'!. 7 ~ l j- :--;: 

I 
N ...... 
I 



u v \.1 ' •• I ..J ..; ) j 

This report was done with support from the United States Energy Re
search and Development Administration. Any conclusions or opinions 
expressed in this report represent solely those of the author(s) and not 
necessarily those of The Regents of the University of California, the 
Lawrence Berkeley Laboratory or the United States Energy Research and 
Development Administration. 



.... 
TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

. ..... 




