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Effect of anions on oxidative phosphorylation in submitochondrial particles 

A recent note entitled "Effect of monovalent cations on oxidative phospho- 
rylation in submitochondrial particles ''1 has prompted us to publish results obtained 
some time ago, which in some respects are similar to those reported z but have led us 
to a different interpretation. Experiments with various submitochondrial particles at 
different stages of resolution have shown that  the rate of respiration can be influenced 
to a variable degree by  certain cations, anions and uncouplers. The first observation 
was that  when N,N'-dicyclohexylcarbodiimide (DCCD) was added to highly resolved 
mitochondrial particles 2 the rate of NADH oxidation was inhibited by 75 % and was 
restored to the original rate by  addition of carbonylcyanide p-trifluoromethoxy 
phenylhydrazone (FCCP) a. This observation which was confirmed by  BEYER et al. 4, 
corroborates the data of LEE AND ERNSTER ~ who first recorded an oligomycin-induced 
"respiratory control" in submitochondrial particles. The second observation was that  
addition of 5 mM Ca 2+ stimulated NADH oxidation 2-4-fold in submitochondrial 
particles, particularly those prepared from light layer mitochondri#,  whereas FCCP 
stimulated only slightly. The third observation (unpublished experiments) was that  
the oxidation of NADH in freshly prepared electron transfer particles from beef heart 
heavy mitochondria 7 was stimulated 4-6-fold by FCCP. VALLIN 8 also observed a 
stimulation of respiration in submitochondrial particles by  addition of FCCP. 

The three observations had two features in common: (a) stimulation of respi- 
ration was pronounced with NADH but  was slight or absent with succinate as sub- 
strate; (b) several fold stimulation was observed only when relatively low concen- 
trations (lO-25 mM) of potassium Tricine or glycylglycine buffer were used. In the 
presence of Tris sulfate respiration increased with increasing buffer concentrations 
(from 25 to IOO mM) thus obscuring any effects of FCCP or Ca z+. 

When the difference between Tris and Tricine buffer was first noted, we thought 
that  we were dealing with a specific uncoupling effect of Tris similar to that  described 
in chloroplastsg, TM. Further studies revealed, however, that  the effect was not specific 
for Tris sulfate since other sulfate salts also stimulated the oxidation of NADH. 
A variety of Tris and potassium salts were then tested and found to stimulate respi- 
ration and inhibit phosphorylation. The data in Table I show that  the depression of 
the P : O  ratio was most pronounced with Tris nitrate and least pronounced with 
Tris acetate (Expt. A). Similar results were obtained when K + was used as the cation 
(Expt. B). An interpretation of the marked decrease in P : 0 ratio in the presence of 
the salts was complicated by  the fact that  a stimulation of respiration may  by  itself 
cause a depression of the P : O ratiolL To avoid this phenomenon the effect of various 

Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; FCCP, carbonylcyanide p-tri- 
fluoromethoxy phenylhydrazone. 
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salts on the P ' O  ratio with succinate was analyzed. It  can be seen from Expt. C in 
Table I that nitrate and formate salts did not stimulate oxidation of succinate yet 
inhibited the accompanying phosphorylation very strongly; sulfate and chloride salts 
inhibited moderately and acetate not at all. These effects were similar to those ob- 
served with NADH as suhstrate but not as pronounced, probably because the de- 
hydrogenation of succinate was rate-limiting. As will be shown below, a decreased 
sensitivity was also noted when the rate of NAD + reduction was made rate-limiting 
with fl-hydroxybutyrate as substrate. 

It  should be pointed out that these findings are actually not in conflict with 
the data reported in Table I (ref. I) which show that chloride salts of K +, NH4+, Li + 

T A B L E  I 

] E F F E C T  O F  A N I O N S  ON O X I D A T I V E  P H O S P H O R Y L A T I O N  I N  S U B M I T O C H O N D R I A L  P A R T I C L E S  

In  a final vo lume  of I . I  ml,  t he  following c o m p o n e n t s  were added  to the  po la rograph  chambe r :  
2 .2/~moles  MgSO,,  0 .55/~mole E D T A  (pH 7.4), 5 .5/~moles  p o t a s s i u m  Tric ine (pH 7.4), 35.2/*moles  
glucose,  I . I  /*moles A T P  (pH 7.4), 16.5 un i t s  d ia lysed  hexokinase ,  2.2 m g  dia lysed bovine  se rum 
a lbumin ,  and  2 o / , m o l e s  Ka~po4, p H  7.4 (1.2. Io s c o u n t s / m i n  per  /zmole). F u r t h e r  add i t ions  to 
th i s  basic  m i x t u r e  in e x p e r i m e n t s  A and  B inc luded  i o / , m o l e s  e thanol ,  0. 5 /*mole  di thiothrei tol ,  
4 ° / * g  purif ied alcohol dehydrogenase  and  i i o / , g  purified a ldehyde  dehydrogenase  6. Af ter  add i t ion  
of buffer  or sal t  as ind ica ted  in t he  table  and  electron t r ans fe r  par t ic les  f rom beef hea r t  h e a v y  
mi tochondr i a  (240/ ,g  in e x p e r i m e n t  A and  348/~g in e x p e r i m e n t  B), resp i ra t ion  was in i t ia ted  
by  the  add i t ion  of 0.6 #mo l e  N A D  +. F u r t h e r  add i t ions  to the  bas ic  s y s t e m  in e x p e r i m e n t  C 
inc luded  t he  p o t a s s i u m  sal ts  as ind ica ted  in the  table  and  348/zg electron t rans fe r  par t ic les  f rom 
beef hea r t  h e a v y  mi tochondr ia .  Resp i r a t ion  was  in i t i a ted  by  the  add i t ion  of IO/~moles p o t a s s i u m  
succinate ,  p H  7.4. In  e x p e r i m e n t  A 75/*moles  of each Tris  sal t  were used,  and  in e x p e r i m e n t s  B 
and  C 75/zmoles  of each p o t a s s i u m  sal t  were used except  in the  case of K2SO ~ where  37.5/~moles 
were added.  Resp i ra t ion  was t e r m i n a t e d  by  add i ng  t he  ent i re  sample  to o. t  ml  5 0 %  trichloro- 
acetic acid and  chilling. Glucose-6-32p (ref. i i) and  pro te in  12 were a s sayed  as described previously .  

Additions to complete system Oxygen uptake 
(ttatoms/min per rag) 

A. Effect of various Tris salts with ZVA DH as substrate 
None o.18 o.31 
Tris  ace ta te  0.46 0.46 
Tris  chloride 0.43 0.24 
Tris  su l fa te  0.36 o.17 
Tris  fo rmate  0.25 0.08 
Tris  n i t r a t e  0.48 0.06 

B. Effect of various potassium salts with N A D H  as substrate 
None o.18 o.27 
P o t a s s i u m  ace ta te  0.38 0.33 
P o t a s s i u m  chloride 0.56 0.29 
P o t a s s i u m  sul fa te  0.64 0.20 
P o t a s s i u m  fo rma te  0.23 0.063 
P o t a s s i u m  n i t r a t e  0.60 0.072 

C. Effect of various potassium salts with succinate as substrate 
None o.16 o.16 
P o t a s s i u m  ace ta te  o. 21 o. 2 t 
P o t a s s i u m  chloride o.16 o.13 
Po tas s iu in  sul fa te  o. 18 o. 13 
P o t a s s i u m  fo rma te  o.12 0.o52 
P o t a s s i u m  n i t r a t e  o.12 0.032 

Glucose-6-32P formation 
(l~moles/min per rag) 

P:O 

1.74 
1 . 0 0  

0.56 
0.46 
0.30 
o.13 

i . 5  o 

0.87 
0.52 
0.32 
0.27 
O . 1 2  

0.96 
I .O I  

0.79 
0.73 
0.43 
0.25 
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and Tris + were about equally effective. However, we are drawn to the conclusion 
that  the inhibitory effect is primarily due to the anions rather than the cations. This 
would allow for a simple explanation of the finding 1 that  the inhibition by  KCI was 
competitive with ADP since at these high salt concentrations a relatively non-specific 
anion competition may  take place. Indeed we have found (Fig. IA) that  the inhibition 
of phosphorylation associated with NADH oxidation is also competitive with Pl. 
Experiments with a rate-limiting NADH regenerating system (fl-hydroxybutyrate) 
gave essentially the same results (Fig. IB). However, as in the case of succinate 
oxidation there was no stimulation of respiration and higher concentrations of salt 
were required for a comparable inhibition of phosphorylation. 
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Fig. i. L ineweaver -Burk  plots of P: O ratio versus the concentrat ion of phosphate  in the presence 
and absence of Tris sulfate. A. The complete sys tem was as described in the legend of Table I 
for exper iment  A except t ha t  the amounts  of Pl and Tris were varied as indicated in the figure. 
The specific radioact ivi ty of ziPs in the assay was kept  constant .  B. The complete sys tem was 
as for A except t ha t  the N A D H  regenerating system was replaced by  io / ,moles of potass ium 
~-hydroxyhydra te  plus I / , m o l e  of NAD +. 

In contrast to these salt effects, the uncoupling by valinomycin p l u s  K + (ref. I) 
most probably represents a specific effect of valinomycin on K + translocation ~3. I t  
can be seen from Fig. I (ref. I) that  the inhibition was only apparent at very high 
concentrations of K+ (50-200 mM). This is in contrast to the findings of MONTAL 
et al. 14 and of COCKRELL 1~ who observed uncoupling of submitochondrial particles at 
low K+ (5 mM) provided both valinomycin and nigericin were added. The most 
plausible explanation for this uncoupling effect is as follows: according to MITCHELL TM 

coupled electron transport  in submitochondrial particles obtained after sonication of 
mitochondria initiates an inward movement  of protons. In the presence of nigericin 
which facilitates a H+/K + exchange (cf. ref. I7), the particles take up K + (ref. 14) 
which is extruded again in the presence of valinomycin. This energy-dependent cycling 
of K + is thus responsible for the uncoupling. If this explanation is adopted for the 
findings of PAPA et al. ~ it stands to reason that  in the absence of nigericin very high 
K+ concentrations were required to maintain a sufficient influx of K +. In line with 
this view is the observation of COCKRELL 15 that  valinomycin uncouples submito- 
chondrial particles at low concentrations of NH4C1 in the absence of nigericin. This 
can be readily explained in terms of the high permeability of membranes to NH 3 
(ref. 18) and the subsequent formation of NH4+ from NH 3 and H + inside the particles. 

Submitochondrial particles have in general been considered to be less susceptible 
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to ionic influences (e.g. Ca ~+) and to some uncoupling agents (e.g. valinomycin) than 
intact  mitochondria. I t  is apparent from the findings that  the type and concentration 
of externally added cations and anions may profoundly influence the phosphorylating 
efficiency of submitochondrial particles and their affinity for ADP and Pl .  
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The effect of some local anesthetic compounds on sarcotubular calcium 

transport 

Local anesthetics have been shown to have varied effects on the contractility 
and calcium fluxes of skeletal muscle. FEINSTEIN 1 showed that  the caffeine-induced 
contracture of frog skeletal muscle, along with the accompanying calcium efflux, was 
blocked by  procaine and tetracaine. KUPERMAN et al3 observed that  higher concen- 
trations of the same compounds caused a release of calcium from frog skeletal muscle. 
BIANCHI AND BOLTON ~ and WEISS 4 demonstrated that  if the intracellular pH was 
elevated the local anesthetics themselves were able to induce contracture, thus sug- 
gesting that  the specific effect of these compounds was a function of the relative 
concentrations of the charged and uncharged forms. 
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