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Effect of Antimycin A and 2-Heptyl-4-hydroxyquinoline 
N-Oxide on the Respiratory Chain of Submitochondrial 
Particles of Beef Heartt 

J. R. Brandon,$ J. R. Brocklehurst, and C. P. Lee* 

ABSTRACT: Comparative studies of the effects of antimycin A 
and 2-heptyl-4-hydroxyquinoline N-oxide (HOQNO) on some 
of the chemical and physical properties of the respiratory 
chain of submitochondrial particles from beef heart have been 
made. (1) Antimycin A and HOQNO exhibit similar inhibition 
of both forward (NADH and succinate oxidases) and reversed 
(from ascorbate + PMS -P NAD+ supported by added ATP) 
electron flow of the respiratory chain. On a molar basis the 
amount of antimycin A required to give complete inhibition 
is approximately equal to the amount of cytochrome b561. 

Antimycin A is 10 times more efficient than HOQNO. (2) 
Both compounds induce an absorption increase with a peak 
at 565.5 nm accompanied by a shoulder at 557-558 nm with 

I t is now generally accepted that there are two major b 
cytochromes associated with the mitochondrial inner mem- 
brane which can be distinguished spectrophotometrically 
(Chance, 1952, 1958; Chance and Schoener, 1966; Chance 
et al., 1966; Slater et al., 1970a,b; Sat0 et al., 1971a,b; 

either NADH- or succinate-reduced, terminally inhibited 
particles. The spectral changes titrate with antimycin A or 
HOQNO in the same way as the inhibitory effects, but some- 
what less of either compound is required (on a mole to mole 
basis) to attain the maximal effect. (3) The spectral peak at 
566 nm induced by antimycin A consists of two components: 
reduction of cytochrome bjs6 and a red shift of the reduced 
form of cytochrome HOQNO induces only the reduction 
of cytochrome b566. (4) The antimycin-A-induced red shift 
is seen most clearly in a dithionite-reduced preparation where 
there is no interference from cytochrome b 5 ~  (5) ATP in- 
duces a partial reduction of cytochrome b566 in the succinate- 
KCN-pretreated preparation. No  red shift was observed. 

Wikstrom, 1972) and potentiometrically (Dutton et a/ . ,  1970, 
1971; Wilson and Dutton, 1970; Rieske, 1971). One, cyto- 
chrome b561, is characterized by a single a band at 561 nm at 
room temperature and a midpoint potential of +30 mV, and 
is fully reducible by succinate or NADH in anaerobiosis. 
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The other, cytochrome b&6, is characterized by a double CY 

band with maxima at 566 and 558 nm at room temperature, 
and a midpoint potential of - 30 mV, and cannot be reduced 
by succinate or NADH unless either antimycin A or dithionite 
is also present. These are, respectively, cytochromes b and 6, 
in the notation of Slater et ai. (1970a,b) and cytochromes b~ 
and b~ in the notation of Chance et al. (1970). 

Antimycin A has been shown to be a potent inhibitor of the 
mitochondrial electron transfer chain (Ahmad et al., 1950; 
Potter and Reif, 1952) acting in the span between cytochromes 
b and c1 (Chance, 1952; Chance and Williams, 1956). The 
amount of antimycin A required to inhibit completely succi- 
nate (or NADH) oxidase activity is stoichiometric with the 
cytochrome b content being 1 : 1 for substrate-reducible cyto- 
chrome b (Chance, 1958; Estabrook, 1962) and 1:2 for di- 
thionite-reducible cytochrome b (Pumphrey, 1962 ; Rieske 
et ai., 1967; Takemori and King, 1964; Berden and Slater, 
1970). Antimycin A also causes marked changes in the cyto- 
chrome b spectra, particularly an increase in absorption at  
565 nm (Chance, 1952; Chance and Williams, 1956; Chance, 
1958 ; Slater and Colpa-Boonstra, 1961 ; Pumphrey, 1962). 
Similar spectral changes can also be induced by ATP. Slater 
et al. (1970b) further observed that the ATP- and antimycin-A- 
induced spectral effects are additive and inferred that they 
are due to a red shift of the absorption peaks of the two b 
cytochromes. The interpretation of the ATP- and antimycin-A- 
induced spectral changes has been a matter of controversy. 
Slater et al. (1970b) concluded that antimycin A affects cyto- 
chrome b,, while ATP affects cytochrome b, and that the 
absorption increase at 565 nm is caused by the formation of 
high-energy forms of the two b cytochromes. This interpreta- 
tion has been challenged by Sat0 et ai. (1971a,b). The latter 
investigators concluded that ATP induces an energy-depen- 
dent reduction of cytochrome b~ (b,) but has no effect on cyto- 
chrome bg (b), while antimycin A induces the reduction of 
cytochrome b~ (b,) by lowering the effective oxidation- 
reduction potentials expressed on the two b cytochromes by 
the substrate, and may also induce a small red shift of cyto- 
chrome b~ (b). 

An inhibitor which appears to have its site of action in the 
same region as antimycin A is 2-heptyl-4-hydroxyquinoline 
N-oxide (HOQNO) (Lightbown and Jackson, 1956). Inhibi- 
tion of succinate oxidase activity by HOQNO is reportedly 
less effective than that by antimycin A by factors ranging 
from 10-fold (Low and Vallin, 1963) to 40-fold (Fynn, 1969). 
The effect of HOQNO on cytochrome b spectra has 
been shown to be qualitatively similar to that of anti- 
mycin A (Chance, 1958), but no systematic study has been 
made. 

It was the purpose of the present study to make a systematic 
comparison of the effects of antimycin A and HOQNO on the 
cytochromes b spectra of phosphorylating submitochondrial 
particles from beef heart mitochondria in the energized and 
nonenergized states. In particular, attempts were made to 
distinguish whether the inhibitors affect one or both of the b 
cytochromes, and what relationship, if any, these effects have 
to  those caused by ATP. A quantitative correlation between 
the spectral effects and the inhibition of both forward and 
reversed electron flow by antimycin A and HOQNO has also 
been made. 

Methods and Materials 

Phosphorylating electron transport particles derived from 
“heavy” beef heart mitochondria after sonication in the 

Succinate Oxidow 

Antimycin A nmoles/mg Protein HOQNO,nmoler/mq Protein 

A B 

FIGURE 1: Inhibition of succinoxidase by antimycin A and HO- 
QNO. The reaction mixture consisted of 170 mM sucrose, 30 
mM Tris-acetate buffer, pH 7.5, 1.5 mg of protein of Mg2+-ATP 
particles. The reaction was started by the addition of 3.3 mM 
Tris-succinate. Total volume: 3.0 ml; temperature, 25”. Where 
indicated, varying amounts of antimycin A (A) or HOQNO (B) 
were added after succinate until a steady and constant rate was 
reached. (0) and (m) are in the absence and presence of 1.7 I . ~ M  
FCCP, respectively. The rates of uninhibited succinate oxidase 
were 196 and 325 nmoles per min per mg of protein in the absence 
and presence of FCCP, respectively. 

presence of ATP and Mg2+ (Low and Vallin, 1963) were used 
throughout the present studies. 

Succinate oxidase was measured polarographically with a 
Clark oxygen electrode. NADH oxidase and the energy-linked 
reduction of NAD+ were measured spectrophotometrically 
with a Zeiss recording spectrophotometer by following the 
absorbance changes at 340 nm. Difference spectra of the pig- 
ments of the mitochondrial respiratory chain were determined 
by means of a split beam scanning and recording spectro- 
photometer (Chance, 1951 ; Yang and Legallais, 1954) with 
an expanded wavelength scale. When ATP was employed as 
the energy-yielding substrate for the spectral titrations, phos- 
phoenolpyruvate and pyruvate kinase were used as an ATP- 
regenerating system to maintain a constant steady-state level 
of ATP. Cytochrome b content was estimated spectrophoto- 
metrically using an extinction coefficient of 20 mM-’ cm-l 
at 561 minus 575 nm. 

Protein content was determined by the biuret (Gornall et al., 
1949) method with crystalline bovine serum albumin as 
standard. 

Antimycin A and HOQNO were obtained from Sigma, 
FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) 
was a gift of Dr. P. Heytler, E. I. duPont de Nemours and Co., 
Wilmington, Del. Other chemicals of the purest grades avail- 
able were obtained commercially, Glass redistilled water was 
used throughout. 

Results and Discussion 

N A D H  and Succinate Oxidase Activities. The effect of 
antimycin A and HOQNO on the succinate oxidase and the 
NADH oxidase activities of submitochondrial particles 
from beef heart are shown in Figures 1 and 2, respectively. 
Approximately ten times more HOQNO on a molar basis is 
required than antimycin A to give virtually complete inhibi- 
tion, in agreement with the work on antimycin A and 2- 
nonyl-HOQNO reported by Low and Vallin (1963) for sub- 
mitochondrial particles from beef heart, and by Takemori and 
King (1964) for the purified succinate cytochrome c reductase. 
In the case of antimycin A approximately 0.5-0.6 nmole/mg 
of particle protein are required to inhibit either activity 
completely. This value correlates well with the cytochrome b 
content (cytochrome bS6,) in these particle preparations as 
estimated from the substrate-induced spectral changes at 561 
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FIGURE 2:  Inhibition of NADH oxidase by antimycin A and 
HOQNO. The reaction mixture consisted of 170 mM sucrose, 30 
mM Tris-acetate buffer (pH 7.5), and 200 p~ NADH. The reaction 
was started by the addition of 0.3 mg of protein of Mg2+-ATP 
particles. Total volume: 3.0 ml, temperature 25". Where indicated 
varying amounts of antimycin A (A) and HOQNO (B) were added 
until a steady and constant rate was reached. (0) and (m) are in the 
absence and presence of 1.7 p~ FCCP, respectively. The rates of 
uninhibited NADH oxidase were 355 and 572 nrnoles per min per mg 
of protein in the absence and presence of FCCP, respectively. 

minus 575 nm under anaerobic conditions. No significant 
differences in the titration profiles were observed regardless 
of whether the particles were in an  energy-rich or energy-poor 
state. 

Reversed Electron Transfer. Similar effects of antimycin A 
and HOQNO are observed for the ATP-supported reversed 
electron flow from ascorbate + PMS to NAD+ (Figure 3). 
It should be noted that a t  the concentrations of antimycin A 
and HOQNO employed, there is essentially no inhibition of 
the ATP-supported reversed electron transfer from succinate 
to  NAD+. This is further demonstrated (Figure 3) by the 
restoration of the rate of reduction of NAD+ upon the addi- 
tion of succinate (dotted line) to  the system where the rate 
of reduction by ascorbate + PMS was completely inhibited 
by antimycin A or HOQNO. This observation is in full 
agreement with the idea that the site of action of antimycin A 
or HOQNO is on the pathway of reversed electron flow from 
ascorbate + PMS t o  NAD+, but not that from succinate to  
NAD+ (Low and Vallin, 1963; and also Ernster and Lee, 
1964). 

We may therefore conclude that antimycin A and HOQNO 
act similarly on the electron-transport properties of the 

ATP 
Ascorbate +PMS --NAD' 

8 

Antimycin A nmoles/mg Profeln HOQNC nmoies/mg Profem 
A B 

FIGURE 3: Effect of antimycin A and HOQNO on the ATP-sup- 
ported reversed electron transport. The reaction mixture consisted 
of 170 r n M  sucrose, 30 mM Tris-acetate buffer (pH 7.9, 6.7 mM 
MgS04, 3.3 mM ATP, 8.3 mM Na ascorbate, 1.3 p~ PMS, 3.3 mM 
KCN, and 1.5 mg of particle protein. The reaction was started by 
the addition of 1 mM NAD+. Varying amounts of antimycin A 
(A) or HOQNO (B) were added subsequently until a steady and 
constant rate was reached. The dotted line indicates that the rate of 
NAD+ reduction was recovered by 80% (A) or 100% (B) upon the 
addition of 3.3 mM Tris-succinate. The rate of uninhibited NAD+ 
reduction by ascorbate + PMS or succinate was 81 nmoles/min per 
mg of protein at 24". 
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FIGURE 4: Difference spectra titrations with antimycin A (A) and 
HOQNO (B). The reaction mixture consisted of 170 mh? sucrose, 
30 mM Tris-acetate buffer (pH 7.5), 6.7 mM MgS04, 6.7 mhf Tris- 
succinate, 6.7 mM KCN, 3.0 mM ATP, 100 pg of pyruvate kinase, 5 
mM phosphoenolpyruvate and 30 mg of particle protein, total 
volume 6.0 ml; 3.0 ml of the suspension was then placed in the 
measuring cell, the remainder in the reference cell. A base line was 
recorded. Varying amounts of antimycin A (A) or HOQNO (B)  
were then added to the measuring cell and the difference spectra 
were recorded. 

respiratory chain of particles as estimated from either forward 
or reversed electron flow, but that antimycin A is 10 times as 
efficient as HOQNO. 

Spectral Changes. Substrate (NADH or succinate)-reduced 
terminally inhibited particles were titrated with antimycin A 
and HOQNO. Difference spectra (from 540 to  580 nm) were 
taken between samples in the presence and absence of varying 
amounts of antimycin A (Figure 4A) and HOQNO (Figure 
4B). It is clearly seen that both antimycin A and HOQNO 
induce an increase in absorption with a peak at 565.5 nm 
and a shoulder a t  557-558 nm. Figure 5 presents the plots 
of the absorbance changes at 565.5 nm as a function of anti- 
mycin A or HOQNO concentrations, where 575 nm was used 
as the reference wavelength. It is shown that as in the inhibi- 
tion plots (Figures 1-3), HOQNO is approximately 10 times 
less efficient than antimycin A. In these spectral titrations, 
however, somewhat less (about 30%) of either compound is 
required to give maximal increase in absorption. The titer of 
antimycin A for maximal spectral increase is in agreement 
with that reported by Slater et a!. (1970b). The extent of this 
spectral increase for particles in the presence of an  energy 
supply (ATP) (open circles) is consistently smaller (5-10%) 

m 5 

FIGURE 5 :  Titration curves for the spectral changes induced by 
antimycin A and HOQNO. Conditions were as in Figure 4. (0-0) 
and (@-e) were in the absence and presence of 5 pv FCCP, re- 
spectively. (AA) Dithionite was added at the end of each titration. 
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FIGURE 6: (A) Difference spectrum of particles fully inhibited by anti- 
mycin A and particles fully inhibited by HOQNO. Conditions were 
as in Figure 4 except that in the measuring cell 15 mg of protein of 
particles was treated with 30 nmoles of antimycin A, whereas in 
the reference cell the same amount of particles was treated with 210 
nmoles of HOQNO. In B, the difference spectra between suc- 
cinate + KCN pretreated particles in the presence and absence of 
30 nmoles of antimycin A/15 mg of protein (solid line), and in 
the presence and absence of 210 nmoles of HOQNOjl5 mg of 
protein (dotted line) are shown for comparison. 

than that in the absence of energy. This difference can be 
accounted for by the fact that, in the presence of an energy 
supply, part of the total absorption increase at  565.5 nm had 
occurred via reversed electron transfer (cf. Ernster and Lee, 
1964), prior to the addition of antimycin A or HOQNO 
(cf. also Figure 8). The total increase in absorption at  565.5 nm 
induced by HOQNO corresponds to the portion of the b 
cytochrome (approximately 40 %) which is not reducible by 
substrate, but which can be reduced by dithionite (cytochrome 
b566). The absorption increase induced by antimycin A is 
larger by approximately 15 % (cf. Figure 7C). 

It is interesting to note that the 557-nm shoulder (cf. Figure 
4) is much more pronounced in the case of HOQNO-treated 
preparations than that of antimycin-A-treated preparations, 
and, in fact, a t  low concentrations of antimycin A there is 
an apparent dip at  558 nm. This suggests that a red shift 
may be occurring in the case of antimycin-A-treated prepara- 
tions, but not in the case of HOQNO-treated preparations. 

In order to differentiate the spectral changes induced by the 
two compounds, a difference spectrum between particles fully 
inhibited with antimycin A and particles fully inhibited with 
HOQNO was taken as shown in Figure 6A. It can be seen 
that there is an apparent shift from 558.5 to 565.5 nm, which 
amounts to approximately 10-15 of the absorption increase 
at  565 nm induced by dithionite treatment of the substrate- 
reduced particles. It should be added that virtually identical 
spectra were observed both in the energized and nonenergized 
particles. Figure 6B shows a superimposition of spectra for 
particles fully inhibited by antimycin A and by HOQNO as 
indicated. 

To  confirm this apparent shift, particles chemically reduced 
(dithionite) in the presence or absence of substrate were ti- 
trated with antimycin A and HOQNO. Virtually no effect 
was observed with HOQNO (Figure 7A, dotted line). The 
shift induced by antimycin A is shown in Figure 7A (solid line) 
along with the titration curve for the shift (Figure 7B). It can 
be seen that the shift parallels the absorption increase at  566 
nm induced by antimycin A in the substrate-reduced particles. 
For comparison, the antimycin-A- and dithionite-induced 
spectral changes (550-580 nm) in the substrate-reduced 
particles are shown in Figure 7C. It should be noted that the 
same extent and amplitude of the shift are seen (cf. Figures 
6A and 7A) regardless of the electron donor in contrast to the 
observations of Bryla et al. (1969) who reported a larger 
antimycin-A-induced shift when succinate was the reductant 
than when dithionite was used. No effect of antimycin A was 

A 6 c 
FIGURE 7: Difference spectra of particles fully reduced with sodium 
dithionite in the presence of antimycin A and of HOQNO. The 
reaction mixture consisted of 170 mM sucrose, 30 mM Tris-acetate 
buffer (pH 7.9, 6.7 mM MgS04, 3.3 mM KCN, 3.3 mM sodium suc- 
cinate, 1.5 mM ATP, 100 ,ug of pyruvate kinase, 5 mM phosphoenol- 
pyruvate, 30 mg of particle protein, and a sufficient amount of 
solid sodium dithionite until complete reduction was attained, 
total volume 6.0 ml; 3 ml of the suspension was placed in the mea- 
suring cell and the remainder in the reference cell. A base line was 
recorded; 30 nmoles of antimycin A (solid line) or 210 nmole of 
HOQNO (dotted line) were added to the measuring cell and the 
difference spectra (A) were recorded. The titration curve with 
varying amounts of antimycin A is shown in B. (W) and (0) were 
in the presence and absence of 5 PM FCCP, respectively. For com- 
parison the difference spectra of dithionite + succinate minus suc- 
cinate (solid line) and antimycin A + succinate minus succinate 
(dotted line) treated particles are shown in (C). 

observed with particle preparations in the absence of sub- 
strate or reducing agents. From these data we may therefore 
conclude that the apparent red shift results from an interaction 
between antimycin A and reduced b cytochrome(s) in agree- 
ment with the conclusions of Pumphrey (1962), Rieske (1971), 
and Sato et al. (1971b). Owing to the relatively wide band- 
widths of the absorption changes, these data do not permit 
us to estimate the extent of the shift exactly. The spectra 
have been examined at liquid nitrogen temperature where the 
bandwidths are narrower. These results indicate a true red 
shift of only 2-3 nm, probably from 561 to 563 nm. 

Effect of ATP on the b Cytochromes. ATP induces an 
absorption increase with a peak at  566 nm accompanied by a 
shoulder at  558 nm in the succinate + KCN pretreated 
particle preparation (,Figure 8). Oligomycin or FCCP abol- 
ishes it completely (not shown). Similar results have also 
been observed with pigeon heart particles by Sat0 et al. 
recently (1971a,b). Sato et al. have concluded that the ATP- 
induced spectral change represents the reduction of cyto- 
chrome b566. On the other hand, Slater et al. (1970b) have 
concluded that such a spectra! change arises from the high- 
energy form of cytochrome 6 ~ ~ ~ .  

In order to clarify the ATP-induced spectral changes further 
we have used the absorbance ratio: AA~66--5~5/AA558--5~6 as a 
tool for analysis of our data. The values obtained for various 
treatments of the succinate + KCN pretreated particles are 

550 560 570 580 
A (nml 

FIGURE 8: ATP-induced spectral change of Mg2+-ATP particles. 
The reaction mixture consisted of 170 mM sucrose, 30 mM Tris- 
acetate buffer (pH 7 . 9 ,  6.7 mM MgS04, 3.3 mM sodium succinate, 
3.3 mM KCN, 30 mg of particle protein, and 3 mM ATP, total volume 
6.0 ml; 3.0 ml of the suspension was delivered into the measuring 
cell and the remainder into the reference cell. A base line was re- 
corded. The difference spectrum was then recorded after the addi- 
tion of 5 ,UM FCCP to the reference cell. 
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TABLE I :  Effects of Various Reagents on the Spectral Changes 
of the Succinate + KCN Pretreated Particles: 

Dithionite 
Antimycin A 
HOQNO 
ATP 

1 . 7  
4 . 1  
1 . 9  
1 . 7  

= Data are taken from the following figures: dithionite, 
Figure 7C; antimycin A, Figure 7C; HOQNO, Figure 6B; 
ATP, Figure 8. 

shown in Table I. Taking the dithionite case as the base, a 
significant difference appears only in the antimycin-A-treated 
particles. This increase in the ratio arises from the contribu- 
tion of a red shift of cytochrome b561 induced by antimycin A 
(cf. Figure 7A). The fact that virtually identical values were 
observed in the cases of ATP and HOQNO suggests that there 
is no ATP-induced shift and supports our contention that 
HOQNO does not induce a red shift (cf, Figure 7A). 

The mechanism by which antimycin A and HOQNO induce 
an increase in reduction of cytochrome 6 5 6 6  is unclear. The 
obvious one would be an  antimycin-A- (or HOQNO-) induced 
rise in the midpoint potential of cytochrome bS66 rendering it 
reducible by substrate. However, there are conflicting reports 
of an antimycin-A-induced midpoint potential change. Urban 
and Klingenberg (1969) and Dutton et al. (1972) failed to 
observe a change using two different techniques. In contrast 
Rieske (1971) has obtained evidence for an antimycin-A- 
induced potential change. Rieske suggests that the redox 
state of a component X which is intimately associated with 
the b-cl region of the respiratory chain controls the midpoint 
potential of cytochrome b,  and that antimycin A interacts 
with X. The stoichiometry indicates that there is only one 
antimycin A binding site per respiratory chain. Our data 
suggest that HOQNO binds at  the same (or a very similar) 
site as antimycin A but with a lower affinity. If both inhibitors 
affect the redox state of cytochrome b566 by binding to X,  
then the spatial location of X must be such that the larger 
antimycin A molecule is close enough to cytochrome b~61 
to perturb its absorption spectrum. This possibility is now 
under investigation. 

It should be noted that despite the requirement of energy 
for the reduction of cytochrome b566, the data presented here 
do not allow us to evaluate the functional role of this cyto- 
chrome in the primary process of energy coupling at  site I1 
as proposed by Slater et ai. (1970b), Wilson and Dutton 
(1970), and Chance et a/ .  (1970). 
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