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1. Introduction 

Respiratory control (the stimulation of respiration 
by ADP + Pi, followed by a return to the original rate 
on the exhaustion of either cofactor) has been pre- 
viously demonstrated in animal and plant mitochon- 

dria [ 1,2] and, more recently, in isolated respiratory 
membranes from Azotobacfer vinelandii [3-51 and 

Micrococcus denitrificans [6] . 
Respiratory membranes from A. vinelandii rapidly 

oxidise NADH and malate (not via NAD(P)+) with 
quite high phosphorylation efficiencies (P/O, NADH = 
0.90- 1 .lO; [7] ). The major sites of energy coupling 

are at NADH dehydrogenase (I) and in the region of 
ubiquinone between the primary dehydrogenases and 
the terminal cytochrome system (II). Site III is located 
on a highly KCN-sensitive, minor branch of the termi- 
nal cytochrome system [8] and contributes little to 
the total energy coupling. Hence NADH oxidation is 
coupled at sites I and II and malate at site II only 
([9] ; see also fig. 1). 

This paper describes several parameters which 
affect respiratory control at sites I and II in partly 
coupled membranes from A. vinelandii. 

2. Materials aud methods 

Azotobacter vinelandii (NUB 8660) was cultured 
at high aeration on Na -mannitol medium [ lo], har- 
vested, suspended in 10 mM PIPES buffer pH 6.4 
containing 8 mM Mg acetate and disintegrated in a 

French pressure cell (American Instrument Co., Silver 
Spring, Maryland, USA) at 4,000 lb/in*. The cell free 
extract (28,OOOg, 15 min) was centrifuged at 59,000 
g, 15 min to sediment the phosphorylating respiratory 
membranes. 
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Fig. 1. The respiratory system of Azobacter vinelandii. In- 
hibitor action is indicated by the broken arrows. The numbers 
in brackets refer to state 4 electron transfer rates (see table 1); 
I, II, III represent the three energy coupling sites. 

Oxygen uptake and AT3*P synthesis were assayed 
by essentially standard procedures ([9- 111, table 1); 
P/2e at site I was estimated from the P/O NADH 
minus P/O malate [9]. Protein was determined by the 
modified biuret method [ 121. 

Respiratory states 3 and 4 were as defined by 
Chance and Williams [ 131. The terminal respiratory 
pathway was defined as the segment of the respiratory 
chain between oxygen and the entry of reducing 
equivalents from the separate dehydrogenases. 

3. Results 

The oxidation of NADH by partly coupled mem- 

Abbreviations: 
RCI : respiratory control index (state 3/state 4 rate 

of oxygen uptake) 
m-Cl CCP: carbonylcyanide m-chlorophenyl hydrazone 
HQNO : 2-n-heptyWhydroxyquinoline-N-oxide 
PIPES : piperazine-NN-bis Z-ethane sulphonic acid 
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branes was maximally stimulated by the addition of 

ADP (K,,, = 7.2 PM) plus Mg2+ (K, = 90 PM) plus 
Pi, or of the uncoupling agent m-Cl CCP (> 30 PM). 
When limiting amounts of ADP were used, in the 
presence of Pi, respiration was slowed to the con- 
trolled rate (state 4) on the exhaustion of the ADP 
but could again be stimulated to the maximum rate 
(state 3) by the further addition of ADP or m-Cl CCP. 

Mg , 9 2+ Pi AMP, ADP or ATP alone were without 
effect. 

High respiratory control indices (RCI = 1.40- 1.60) 
were observed with NADH provided that site I energy 
coupling was high (P/2e = 0.36; table l), but not with 
malate (RCI < 1.05) in spite of the relatively high 
energy coupling at site II (P/2e = 0.43). The RCI with 
NADH plus malate was little altered from that with 

NADH alone (10 separate membrane preparations 
yielded an average increase of 0.03) although malate 
must have supplied at least one-third of the reducing 
equivalents and might therefore have been expected 
to substantially decrease the RCI. 

The effect of using the combined substrates was to 

shift the rate-limiting step of electron transfer from 
the primary dehydrogenases to some point in the 
terminal system and thus to increase the dehydrogen- 
ase/terminal pathway activity ratio (table 1). The use 
of HQNO at increasing concentrations (up to 2 PM) to 
progressively inhibit the major cytochrome bi -linked 
terminal respiration pathway [S, 93 similarly in- 
creased this ratio and resulted in a linear increase in 
the RCI with malate (fig. 2a). This RCI increase was 
not affected by 10 PM KCN, thus eliminating involve- 
ment of site III. 

With NADH as substrate (fig. 2b) an HQNO-in- 
duced increase in the RCI was observed only with 
membranes which exhibited poor energy coupling at 
site I (prepared from cells harvested in very early 
logarithmic growth) and hence a low basal RCI. In 
membranes with high energy coupling at site I HQNO 
caused a slight decline in the high basal RCI. The lat- 
ter probably reflected the weak uncoupling activity 
of inhibitor [9, 14, 151 and suggested that the in- 
creases in RCI described above were probably slight 
underestimates. 
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Fig. 2. The effect on the respiratory control index of increasing the dehydrogenase/terminaI pathway activity ratio with HQNO. 
The reaction conditions were as described for table 1; 0.15-0.25 mg respiratory membrane protein/assay. A maximum HQNO 
concentration of 2.0 PM was employed; above this concentration the RCI began to decrease. 
(a) Malate; three separate membrane preparations ( -Ccc); P/2e site II 0.38-0.43. 
(b) NADH; P/2e site 10.08, site II 0.33 (a); P/2e site 10.30, site II 0.38 (+), 
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Table 1 
Respiratory control indices ofAzotobacter vinelandii membranes. 

Substrate 

Oxidase activities 

State 4 State 3 
(patoms O/min/mg protein) 

RCI Dehydrogenase/terminal pathway 

(State 3/4) activity ratio (state 4) 

NADH 1.08 1.53 1.41 0.63 
Malate 1.19 1.21 1.02 0.69 
NADH + malate 1.73 2.32 I.38 1.32 

The reaction mix contained 42 mM PIPES buffer pH 6.8, 8 mM magnesium acetate, 2.1 mM Na/K phosphate and 0.23 mg respi- 
ratory membrane protein (state 4) plus 1.0 mM ADP (state 3). Final volume 2.0 ml; temperature 30’. The reaction was started by 
the addition of 1 .O mM NADH and/or 7.5 mM malate. P/2e values: site 10.36, site II 0.43. The terminal pathway activity was 
taken to be the observed saturating rate with NADH plus malate. 

4. Conclusions Acknowledgements 

The data described in this paper indicate that respi- 
ratory control in partly coupled membranes from A. 
vinelandii is determined by at least three parameters: 

1) For significant respiratory control to be detect- 
able an energy coupling site must be located coinci- 
dent with the rate-limiting step of electron transfer. 
Thus high respiratory control indices are observed 
with NADH (site I), also with NADH plus malate and 
with malate plus HQNO (site II), but not with malate 
alone. 

The authors wish to thank Mrs. G.Godwin, Miss V. 
Clarke and Miss J.M.Farr for excellent technical as- 
sistance, also the Science Research Council (Grant No. 
B/SR/5063) and the University of Leicester for finan- 
cial aid. 

References 

2) The electron pressure at the controlling site 
partly determines the degree of respiratory control. 
Hence with malate, and also under certain conditions 
with NADH, the RCI increases linearly as a function 
of the increase in electron pressure at site II (measured 
as the dehydrogenase/terminal pathway activity 
ratio). 

111 

121 
[31 

141 

BChance and G.R.Williams, J. Biol. Chem. 217 (1955) 
383. 

3) The efficiency of energy coupling at the control- 
ling site also partly determines the degree of respira- 
tory control. The low RCI observed with NADH when 

energy coupling at site I is low can therefore be 
stimulated by shifting control to an efficiently coupled 
site II. 

151 
[61 
(71 
181 

It is likely that the previous failure of many partly 
coupled bacterial membrane preparations [ 161 to 
exhibit respiratory control stems from an inability to 

satisfy one or more of the above parameters. 

[91 

[lOI 

1111 
[I21 

[I31 

W.D.Bonner and D.O.Voss, Nature 191 (1961) 682. 
L.J.M.Eilermann, H.G.Pandit-Hovenkamp and A.H.J. 
Kolk, Biochim. Biophys. Acta 197 (1970) 25. 
H.G.Pandit-Hovenkamp, in: Energy Transduction in 
Respiration and Photosynthesis, eds. E.C.Slater and E. 
Quagliariello (Editrice, Bari, 197 1) in press. 
C.W.Jones and B.A.C.Ackrell, ibid, in press. 
P.John and W.A.Hamilton, FEBS Letters 10 (1970) 246. 
B.A.C.Ackrell and C.W.Jones, Biochem. J. 116 (1966) 21P 
C.W.Jones and E.R.Redfearn, Biochim. Biophys. Acta 
143 (1967) 340. 
B.A.C.AckreIl and C.W.Jones, European J. Biochem. 
(1970) submitted for publication. 
C.W.Jones and E.R.Redfearn, Biochim. Biophys. Acta 
113 (1966) 467. 
M.Avron, Biochim. Biophys. Acta 40 (1960) 257. 
A.G.Gornall, C.S.BardawiIl and M.M.David, J. Biol. 
Chem. 177 (1948) 75 1. 
B.Chance and G.R.Williims, Advan. Enzymol. 17 
(1956) 65. 

[14] D.W.Haas, Biochim. Biophys. Acta 92 (1964) 433. 
[15] J.L.Howland, Biochim. Biophys. Acta 77 (1963) 419. 
[16] N.S.Gelman, M.A.Lukoyanova and D.N.Ostrovskii, in: 

Respiration and Phosphorylation of Bacteria (Plenum 
Press, New York, 1967) p. 171. 

35 


