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Abstract-Bromosulfophthalein reversibly inhibits mitochondrial respiration. Most sensitive is state 
3 respiration (Ki about 3 nmole/mg protein independent of substrate). At higher concentrations (2&100 
nmole/mg protein) state 4 respiration and uncoupled respiration are also inhibited. This inhibition 
is substrate dependent. With succinate, inhibition appears to be noncompetitive at low concentrations 
and competitive above 1 mM succinate (half-maximal inhibition at 9-17 nmole/mg protein, dependent 
on succinate concentration). Substrate permeation seems to be not the only sensitive step in oxidation, 
as is deduced from similar results obtained on glycerol phosphate respiration, By use of artificial 
electron shunts and by difference spectroscopy, individual dehydrogenases have been made probable 
as the site of bromosulfophthalein action. It is suggested that bromosulfophthalein acts via the electro- 
static effects of the increased negative surface charge, making dehydrogenases less accessible for their 
substrates. 

The preceding paper [l] has shown that the amphi- 
philic dye bromosulfophthalein is bound in appreci- 
able amounts to mitochondrial membranes. The 
effects on ANS-fluorescence indicated that the nega- 
tive surface charge density is thereby increased. Kil- 
lenberg and Hoppel [2] have shown that bromosul- 
fophthalein inhibits state 3 mitochondrial respiration. 

This paper presents kinetic analysis of respiratory 
inhibition and shows that in addition to state 3 respir- 
ation, mitochondrial respiration is inhibited also un- 
der other conditions. The various inhibitory effects 
at varying concentrations of inhibitor and conditions 
are discussed on the basis of increased negative sur- 
face charge density. 

MATERIALS AND METHODS 

Materials and methods are described in the preced- 
ing paper [l]. In the present paper, the following ad- 
ditional techniques are applied. 

Measurement of respiration. Uptake of oxygen was 
measured with a Clark oxygen electrode at 25”. The 
reaction was started by addition of 50 ~1 of mitochon- 
drial stocksuspension to 1.1 ml medium, kept at 25”. 

DisfJ‘erence spectra. Difference spectra of mitochon- 
drial suspensions were taken with an Aminco Chance 
spectrophotometer. For experimental details, see Fig. 
9 and [S]. 

RESULTS 

Inhibition of state 3 respiration 

Recently it has been shown that transport of anions 
across the inner mitochondrial membrane is inhibited 

* To whom reprint requests should be addressed. 
Abbreviations used : EGTA = Ethylenglycol-2-(2- 

aminoethyl)-tetra acetic acid; CCP = Carbonyl cyanide 
m-chlorophenylhydrazone; Tris = Tri(hydroxymethyl) 
amino methane. 

by bromosulfophthalein 141. The question thus arises 
whether the oxidation of substrates which do not 
need to pass through the inner mitochondrial mem- 
brane also is inhibited. This is the case for glycero- 
phosphate, since glycerol phosphate dehydrogenase 
(EC 1.1.99.5) is known to be accessible from the outer 
surface of the mitochondrial inner membrane [S]. As 
demonstrated in Fig. 1, state 3 respiration with gly- 
cerol phosphate as substrate is inhibited by bromosul- 
fophthalein. The inhibition is of a mixed competitive- 
noncompetitive type. The Dixon plot (Fig. 2) allows 
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Fig. 1. Lineweaver-Burk plot of state 3 glycerol phosphate 
respiration at various bromosulfophthalein concentrations. 
Mitochondria (3.2mg protein) were incubated at 26” in 
1 ml sucrose medium containing 250mM sucrose, 4mM 
Tris, 1 mM KH*PO,, 3 FM rotenone, 1 mM malonate, 
4mM MgSO,, and 0.6mM ADP. For induction of gly- 
cerol phosphate oxidase the rats were injected with 200 pg 
triiodothyronine i.p. 2 days prior to sacrifice. Bromosulfo- 
phthalein concentrations in nmole/mg protein: control = 

none (0). 2.5 (O), 5 (A), 8.4 (0). 
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Fig. 2. Dixon plot of state 3 glycerol phosphate respiration 
in the presence of bromosulfophthalein. Conditions were 
as in Fig. 1. The l/l> values obtained from this figure at 
various glycerol phosphate concentrations are plotted 
against the bromosulfophthalein concentration. The re- 
spective glycerol phosphate concentrations were: 0.9 mM 

(0). 1.25 mM (A). 2.1 mM (0). and 4.2 mM (0). 

us to calculate a Ki = 3.2 nmole bromosulfophtha- 
lein/mg protein. A similar type of inhibition was 
found for state 3 respiration with succinate as sub- 
strate. The resulting Dixon plot was nonlinear with 
an upward bend. The effects on relative rates of 
oxygen consumption are identical for both substrates 
used. 

Comparison of inhibition by bromosulfophthalein of 
stute 3 respiration with the action ofinhibitors ofoxida- 
tire phosphor~/ution 

The above results are in line with the finding that 
oxidative phosphorylation is inhibited by bromosul- 
fophthalein [2]. To further characterize the mode 

of inhibition on phosphorylation, the bromosulfoph- 
thalein action is compared with that of some well- 
known inhibitors of oxidative phosphorylation (Table 
1). Bromosulfophthalein is more effective in lower 
concentrations than the other inhibitors used. Depen- 
dent on the inhibitor, the inhibition is either com- 
pletely or partly abolished on addition of the un- 
coupler CCP. Bromosulfophthalein resembles mersa- 
iyl in being partly inhibitory even in the uncoupled 
state. 

Inhibition of uncoupled respiration 

inhibition of mitochondrial respiration is not re- 
stricted to state 3 respiration. Another effect occurring 
at higher dye concentrations is most prominent at 
maximal respiratory rates. This can best be demon- 
strated in the uncoupled state. 

(a) Succinate as substrute. Figure 3 shows. in the 
double reciprocal plot according to LineweaverBurk. 
kinetics of inhibition of uncoupled mitochondria by 
bromosulfophthalein with succinate as substrate. The 
curves have a break at about 1 mM succinate. which 
is most prominent with high bromosulfophthalein 
concentrations. Breaks in the Lineweaver-Burk plot 
have similarly been found for malate dehydrogenase 
(1-malate: NAD oxidoreductase; EC 1.1.1.37) [6] and 
for glutamic acid dehydrogenase (l-glutamate: NAD 
oxidoreductase; EC 1.4.1.2) [7] and have been inter- 
preted as substrate activation. At substrate concen- 
trations above 1 mM, inhibition seems to be competi- 
tive with the characteristic constants: V = 200 natom 
0 mine1 mg-’ protein and K, = 0.7.-25 mM suc- 
cinate. The K, for succinate increases proportionally 
to the square of the bromosulfophthalein concen- 
tration (Fig. 4). At lower substrate concentrations 
there seems to be a rather noncompetitive type of 
inhibition. A Dixon plot of these data (Fig. 5) is not 
linear. The Ki value can only tentatively be read from 
this plot to be about 7 nmole/mg protein, whereas 
half-maximal inhibition is found with 9-17 nmole 
bromosulfophthaleinjmg protein, dependent on sub- 
strate concentration. 

Table 1. Comparison of the effects of bromosulfophthalein and mitochondrial inhibitors on respiratory rates 

Inhibitor Bromosulfophthalein Atractyloside Oligomycin Mersalyl 

Subsequent Respiratory rate 
additions (natom 0 min- ’ rng- ’ protein) 

4 mM Succinate 
2 mM ADP 
Inhibitor 

1st addition 
2nd addition 

I /tM CCP 

4 mM /I-Hydroxybutyrate 
2 mM ADP 
Inhibitor 

I st addition 
2nd addition 

1 ELM CCP 

45 44 41 44 
182 176 177 180 

123 
84 

143 

16 
77 

55 41 92 
33 39 35 

207 216 144 

15 13 14 
77 76 77 

56 14 13 33 
38 IO 13 13 
60 70 68 59 

Mitochondria (2.5 mg protein/ml) were suspended in KC1 medium (140 mM KCI, 1.5 mM Pi, I.5 mM MgSO,, 20 mM 
Tris. pH 7.3) at 25’. Additions were subsequently given as indicated. The concentrations of the respective inhibitors 
were: bromosulfophthalein. first addition, 4 nmole/mg protein = 10 PM; second addition 8 nmole/mg protein = 20 PM; 
actractyloside. first addition 50pM; second addition 100 uM: oligomycin. first addition 10 pg/ml; second addition 
20 llg/ml; mersalyl. first addition 40 /cM : second addition 80 PM. 



Respiratory inhibition by bromosulfophthalein 463 

0 0.L 0.6 1.2 1.6 2.0 
l/[Succinala] 1 mM-’ I 

Fig. 3. Lineweaver-Burk plot of succinate respiration in the uncoupled state at various bromosulfoph- 
thalein concentrations. Mitochondria (2.2 mg protein) were incubated at 26” in sucrose medium consist- 
ing of 250 mM sucrose, 10 mM KCI, 0.7 mM Pi, 4 PM rotenone, 1 PM CCP, at pH 7.2. Bromosulfoph- 
thalein concentrations in nmole/mg protein: control = none (A), 10.5 (a), 21 (Cl), 31 (A), and 53 (0). 

(b) Glycerol phosphate as substrate. The question 
arises whether inhibition of uncoupled respiration 
results from effects on substrate permeation. Oxi- 
dation of glycerol phosphate is independent from sub- 
strate transport, but as is shown in Fig. 6, glycero- 
phosphate respiration too is competitively inhibited 
by bromosulfophthalein. Half-maximal inhibition is 
attained with about 14 nmole bromosulfophtha- 
lein/mg protein. The K, for glycerol phosphate, simi- 
lar to that for succinate, also increases proportionally 
to the square of the bromosulfophthalein concen- 
tration. Thus, the site of inhibition is not the translo- 
cation of substrates, but a step in oxidation common 
to both substrates. 

(c) Inhibition ofdehydrogenases. To localize the site 
of inhibition in uncoupled respiration, various seg- 
ments of the electron transport chain were separately 
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Fig. 4. Influence by bromosulfophthalein on the K, of suc- 
cinate respiration. K, values were deduced from the data 
of Fig. 3 and plotted as a function of bromosulfophthalein 

concentration. 

investigated by the use of artificial electron acceptors: 
with the exception of the dehydrogenases, all other 
reaction steps in the respiratory chain appear to be 
unaffected. The dehydrogenases were measured by use 
of methylene blue as artificial electron acceptor [S] 
and its ability to directly react with molecular oxygen. 
In Fig. 7, the effect of bromosulfophthalein on oxygen 
uptake of uncoupled mitochondria in the presence of 
various substrates is compared to that on oxygen 
uptake of their respective dehydrogenases in the pres- 
ence of respiratory inhibitors and methylene blue. 

Using pyruvate as substrate, respiration and de- 
hydrogenase reaction are very slow and only slightly 
inhibited by bromosulfophthalein. With /?-hydroxy- 
butyrate as substrate, both reactions are faster and 

0 20 LO 
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Fig. 5. Dixon plot of succinate respiration in the un- 
coupled state in the presence of bromosulfophthalein. 
Values of l/u taken from Fig. 3 are plotted against the 
bromosulfophthalein concentration. The succinate concen- 
trations were 0.45 mM (O), 0.9 mM (El), 1.8 mM (A), and 

3.6 mM (0). 
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Fig. 6. LineweavervBurk plot of glycerol phosphate respir- 
ation in the uncoupled state at various bromosulfophtha- 
lein concentrations. Incubation conditions were as in Fig. 
1 with the exception that ADP was omitted and 1 FM 
CCP added. The bromosulfophthalein concentrations in 
nmole/mg protein were: none = control (W). 12.5 (0). 25.0 

(A), and 50 (0). 

more strongly inhibited by the dye. In the case of 
succinate. where at low bromosulfophthalein con- 
centrations the electron flow via methylene blue 
to oxygen is slower than via the respiratory chain. 
methylene blue itself may affect the dehydrogenase 
(succinate (acceptor) oxidoreductase; EC 1.3.99.1) [S]. 
Alternatively. the intramitochondrial methylene blue 
concentration may not be sufficient. simulating a slow 
rate of dehydrogenase action. In all other cases, res- 
piration and dehydrogenase reactions are strictly inhi- 
bited in parallel. 

Respiration of sonic submitochondrial particles is 
also inhibited by bromosulfophthalein (Fig. 8). The 
NADH dehydrogenase (reduced-NAD: (acceptor) oxi- 
doreductase; EC I .6.99.3) which can be measured here 
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Fig. 8. Inhibition by bromosulfophthalein of the respir- 
ation of /I-hydroxybutyrate of submitochondrial particles. 
Submitochondrial particles were suspended in 1 ml buffer 
consisting of IOmM Tris, 15 mM KIHPO,, 3 mM 
MgSO,. at pH 7.4; 0.88mg protein/ml. Respiration was 
started by addition of 0.2 mM NAD’ and 4mM 

/I-hydroxybutyrate. 

directly by use of NADH as substrate, turned out 
to be very insensitive to bromosulfophthalein inhibi- 
tion. As much as 150nmole/mg protein were needed 
for half maximal inhibition. The various dehydrogen- 
ases seem to be inhibited at different concentrations 
of bromosulfophthalein. In Table 2. I,, values for 
oxygen consumption by respiration or shunted de- 
hydrogenases under different conditions are listed. 
Oxidation of pyruvate is hardly inhibited by bromo- 
sulfophthalein. Dehydrogenase (D-3-hydroxybutyrate: 
NAD ’ oxidoreductase, EC 1.1.1.30) and respiration 
of P-hydroxybutyrate are inhibited with nearly identi- 
cal I,, values. For succinate as substrate, the table 
further shows that in state 4, where dehydrogenases 
are not rate limiting, higher concentrations of bromo- 
sulfophthalein are required for half-maximal inhibi- 
tion. 

Diffmxcr spectra 

Difference spectrophotometric measurements serve 
to identify a specific inhibitory site since they allow 
determination of a change in the relative amounts 
of oxidized and reduced respiratory chain com- 
ponents. Figure 9 shows the difference spectra of 
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Fig. 7. Comparison of inhibition of uncoupled respiration and of dehydrogenases with different sub- 
strates. Mitochondria (3.2 mg protein/ml) were incubated in KC1 medium (140mM KCI. I mM 
K,HPO,. 1 mM MgCl,. at pH 7.3). The concentrations of the respective substrates were 4 mM. Respir- 
ation (0) was measured after addition of I pM CCP. The dehydrogenases (0) were measured on addition 

of 3 PM rotenone, 2 pg antimycin A/ml and 1 mM methylene blue. 
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Table 2. Comparison of the inhibition by bromosulfophthalein of respiration and dehydrogenases 

Respiration 

Controlled Uncoupled Dehydrogenase 

Added substrate 
Succinate 2 mM 

4mM 
Pyruvate 2 mM 

4mM 
P-Hydroxybutyrate 2 mM 

4mM 
Glycerol phosphate 4 mM 

Iso (nmole bromosulfophthalein/mg protein) 
35 10 27 
38 11 31 

No significant inhibition up to 70 
No significant inhibition up to 70 

20 18 16 
21 19 18 

Not measured 14 Not measured 

Conditions were as in legend to Fig. 7. 

400 

Fig. 9. Mitochondrial difference spectra on bromosulfoph- 
thalein addition. Difference spectra were taken by an 
Aminco-Chance spectrophotometer from two lo-mm 
cuvettes each containing 3 ml mitochondrial suspension 
(5 mg protein) in sucrose medium (250 mM sucrose, 5 mM 
Tris, 2 mM pyruvate, 0.5 mM malate), at ambient tempera- 
ture and pH 7.2. Spectrum resulting immediately after 
addition of 20 nmole bromosulfophthalein/mg protein to 
one cuvette (---) and 5 min thereafter (+-.-); spec- 
trum oxidized by addition of 1 PM CCP against reduced 
by addition of 1 mM KCN (. ‘. .). Scanning speed 

2 mm/set; range of scale 0.005 absorption units. 

mitochondrial suspensions without and with 20 nmole 
bromosulfophthalein/mg protein, taken immediately 
and 5 min after bromosulfophthalein addition. 

Following bromosulfophthalein addition there is a 
minimum at 414 nm and a maximum at 434 nm which 
probably reflect increased oxidation of flavoproteins. 
Later a minimum at 429 nm arises suggesting an in- 
creasing amount of oxidized cytochrome b. Thus, 
addition of 20 nmole bromosulfophthalein/mg protein 
primarily results in oxidation of flavoproteins, fol- 
lowed by a slight oxidation of cytochrome h, whereas 
all other cytochromes remain unchanged. The quality 
of the spectral changes is independent from the sub- 
strate used. Thus, it is the electron transport to flavo- 
proteins which is inhibited. 

EfSect of pH and temperature on respiratory inhibition 
by bromosulfophthalein 

(a) EfSect ofpH. Inhibition of respiration by bromo- 
sulfophthalein is only slightly affected by variation 
of the pH of the mitochondrial suspension. On in- 
crease of pH from 6 to 9, inhibition is diminished 

by about 25 per cent. Under the same conditions, 
the respiratory control ratio decreases to a similar 
extent. 

(b) EfSect of temperature. The dependence of mito- 
chondrial respiration on bromosulfophthalein con- 
centration was measured at various temperatures. In 
Fig. 10, the respiratory rates of the substrate /J-hyd- 
roxybutyrate at various temperatures are reciprocally 
plotted against the concentration of bromosulfoph- 
thalein. I,, values obtained from this plot showed 
that increasing temperature appears to diminish the 
inhibitory effect of bromosulfophthalein. This sug- 
gests that bromosulfophthalein might act by increas- 
ing the activation energy for respiration. But as can 
be seen from the Arrhenius plot (Fig. 11). above 20”, 
the activation energy, as calculated from the slope 
of the curve, is about 14 kcal/mole (58 kJ/mole) inde- 
pendent of the concentration of bromosulfophthalein. 
The calculated activation energy is in good agreement 
with the results obtained by others for dehydrogen- 
ase reactions [9, lo]. Similar Arrhenius plots were 
obtained for other substrates and also for state 3 res- 
piration. In contrast to nonionic detergents which de- 
crease the activation energies of dehydrogenase reac- 
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Fig. 10. Dependence on temperature of respiratory inhibi- 
tion by bromosulfophthalein. Mitochondria (2.4 mg pro- 
tein/ml) were incubated in KC1 medium (14OmM KCI, 
1 mM MgS04, 5 mM Tris, 1 mM K2HP04, 4 mM /?-hy- 
droxy-butyrate; pH 7.2). Respiratory rates were measured 
on uncoupling by 1 PM CCP as a function of the bromo- 
sulfophthalein concentration at different temperatures: 15” 

(m), 20” (o), 25”(A), 30” (0) and 35” (0). 
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Fig. Il. Arrhenius plot of hydroxybutyrate respiration at 
various bromosulfophthalein concentrations. Respiratory 
rates after different bromosulfophthalein additions were 
taken from Fig. 10 and plotted against l/T. Bromosulfoph- 
thalein addition nmole/mg protein: none = control (0) 5.2 

(A), 20.8 (0). and 42 (o), respectively. 

tions [I 11, bromosulfophthalein does not affect the 
activation energies of respiration. 

DISCUSSION 

Bromosulfophthalein action in mitochondrial res- 
piration can be differentiated into two different effects. 

(1) The most sensitive is state 3 respiration which 
is inhibited with a Ki of about 3 nmole/mg protein. 
The experiments are in agreement with the assump- 
tion that transport of inorganic phosphate is inhibited 
by bromosulfophthalein [Z]. Recently, this has been 
proved to be true by more direct measurements [4]. 
Although there is some degree of competition 
between bromosulfophthalein and inorganic phos- 
phate, there is no normal competitive Michaelis- 
Menten kinetics, as postulated by Laperche and 
Oudea [4]. The Dixon plot is nonlinear even if we 
use the data of these authors. (It is not clear how 
these authors arrived at the small K, values reported 
in their Table 1. Using their data, we would calculate 
values of almost an order of magnitude greater. Such 
vjalues would be consistent with ours.) The Dixon plot 
will be linear. however, when the reciprocal velocity 
is plotted against the square of the dye concentration. 
This may indicate that not one [4], but two molecules 

of bromosulfophthalein are bound at or near the 

phosphate carrier as inhibitive unity. 

Similar Dixon plots with an upward bend have 

been described for inhibition of ATPase by acyl-CoA 
compounds [ 121 and for inhibition of phosphate 
translocation by mersalyl [ 131. 

It is worthwhile emphasizing the similarity betwen 
mersalyl. a well-known inhibitor of phosphate trans- 
location. and bromosulfophthalein action (Table 1). 
These two compounds are similar in their amphiphilic 
character. In addition, mersalyl is covalently attached 
to SH groups, whereas bromosulfophthalein is known 
to be conjugated in the liver with glutathion [14,15]. 
One important difference. however, is that bromosul- 
fophthalein action is readily reversed by albumin 
addition. as shown in a following paper 1161. 

(2) At concentrations of X&100 nmole/mg protein, 

respiration in state 4 or in uncoupled state is inhi- 
bited, too. Since not only transport of phosphate, but 
also that of taurocholate into isolated hepatocytes is 
strongly and competitively inhibited by bromosul- 
fophthalein [17], it might be a general effect of the 
dye to inhibit transport of anions, as has been shown 
recently for other substrates 141. Inhibitory effects on 
glycerol phosphate respiration and on respiration of 
submitochondrial particles, however, show that per- 
meation is at least not the only process it interferes 
with. The experiments clearly showed that the de- 
hydrogenases become inaccessible. The effect of an 
increased negative surface charge density [ 11 presum- 
ably is the ultimate parameter switching the accessi- 
bility of dehydrogenases for substrate anions. This is 
in agreement with the finding of Mehlhorn and 
Packer [18] on submitochondrial particles that res- 
piratory inhibition imposed by ionic detergents is 
reversed by the addition of a detergent with opposite 
charge. Even soluble dehydrogenases, enclosed in 
phospholipid bilayer membranes, have been shown 
to be sensitive to a change in surface charge [19.X]. 

Although Killenberg and Hoppel [2] did not 
observe this effect on dehydrogenase reactions, it can 
be derived from their data that at bromosulfophtha- 
lein concentrations abov*e 5 Icg/mg protein, inhibition 
is markedly dependent on the substrate used. This 
reflects, in our opinion, the varying sensibility of the 
different dehydrogenases. 
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