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SUMMARY--Reconstitution of succinate-Q reductase is achieved by admix- 
ing soluble succinate dehydrogenase (SDH) and ubiquinone-protein-S (QP-S), a 
new protein isolated from the soluble cytochrome b-cl complex. The reconsti- -- 
tuted reductase catalyzes reduction of Q by succinate. The reaction is fully 
sensitive to thenoyltrifluoroacetone. The reconstituted reductase (same as 
succinate-cytochrome 2 reductase or submitochondrial particles) does not show 
"low concentration ferricyanide reductase activity" as soluble dehydrogenase 
does. In other words, this enzymic site on SDH is occupied by QP-S. When an 
artificial dye, such as phenazine methosulfate or Wurster's Blue, is used as 
electron acceptor the rate of oxidation of succinate by SDH is not signifi- 
cantly changed regardless of whether the dehydrogenase is in the free or in 
the reconstituted succinate-Q reductase forms. 

Freshly prepared soluble, reconstitutively (1) active succinate dehydro- 

genase possesses two distinct ferricyanide reductase activities. One re- 

quires low ferricyanide concentrations (K m ?J 50 PM), while the other needs 

high concentrations (Km s 10 mM) (2, 3). It has been claimed that a correla- 

tion exists among the following three parameters: reconstitutivity, low-fer- 

ricyanide activity (4) and the appearance of the HiPIP type (high potential 

iron protein as shown by EPR technique) iron sulfide center (i.e. Center S-3) -- 

(5) - In addition, succinate dehydrogenase can also use phenazine dyes (6, 7) 

and Wurster's Blue (8), but not ubiquinone (Q)l, or 2,4-dichlorophenolindo- 

phenol (DCIP) (1) among others, as artificial electron acceptors. In regard 

to the action of inhibitors, thenoyltrifluoroacetone (TTFA) barely inhibits 

the artificial activities of the soluble enzyme but markedly (in micromolar 

quantities) inhibits succinate oxidation catalyzed by reconstituted or intact 

succinate-cytochrome 5 reductase as well as succinate oxidase (see Fig. 1 of 

1 Abbreviations used: DCIP, dichlorophenolindophenol; HiPIP, high potential 
iron protein; PMS, phenazine methosulfate; Q, ubiquinone; QP-S, ubiquinone- 
binding protein in the succinate dehydrogenase region; SDH, succinate dehy- 
drogenase; TTFA, thenoyltrifluoroacetone; and WB, Wurster's Blue. 
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Ref. 1). It is also well documented that the soluble enzyme is unstable 

with half-lives of about 0.5 and 8 hours, respectively, for reconstitutive 

and artificial activities at O-4" in the presence of air (1). 

Recently we have demonstrated the existence and isolation of a ubi- 

quinope binding protein (QP-S, previously called QP-1) which can serve as an 

electron (hydrogen) carrier from succinate to ubiquinone (9). This paper 

reports reconstitution of succinate-Q reductase from QP-S and SDH. In addi- 

tion, the locus of TTFA inhibition and other properties delineating the 

differences between free succinate dehydrogenase and dehydrogenase bound to 

QP-S, or as it exists in the respiratory chain, are also reported. 

MATERIALS AND METHODS 

Succinate dehydrogenase (1, 7), the cytochrome b-51 complex (lo), the 
heart muscle preparation (ll), and Wurster's Blue (12) were prepared by 
previously reported methods. QP-S2 was prepared as briefly described in (9); 
details will be published elsewhere. The concentrations of electron accep- 
tors were measured spectrophotometrically and the millimolar extinction co- 
efficients (7, 12) used were 5.2 at 510 nm, 21 at 600 nm, and 1.0 at 410 nm, 
for Wurster's Blue, DCIP, and ferricyanide, respectively. Enzymic assays 
were conducted spectrophotometrically at room temperature, about 23". The 
reaction mixture, in a final volume of 1 ml, contains 50 mM Na-K phosphate 
buffer, pH 7.8; 1.5 mM KCN; 1 mg/ml bovine serum albumin; 40 mM succinate and 
various amounts of proper electron acceptors (cf. Ref. 7). It must be men- 
tioned that cyanide was added by following the conventional method (see Ref. 
13 for easier comparison of data appearing in earlier literature), rather 
than for the possible contamination of oytochrome oxidase. Indeed, all QP-S 
and SDH described in this paper are completely free of any cytochrome. 
Spectrophotometric measurements were done in a Cary spectrophotometer, 
model 16, with a recorder. 

RESULTS AND DISCUSSION 

Figure 1A shows the actual tracing of the low-ferricyanide reductase 

activity of freshly prepared SDH. The assay was conducted with 350 uM 

K3Fe(CN)6 at 23". The specific activity, as calculated by the initial slope 

of the tracing, is 13 umoles3 succinate oxidized per min per mg protein. 

When this preparation was simply admixed with excess amounts of QP-S (i.e. -- 

about 5 mol QP-S per mol of SDH) and then assayed under the same conditions 

2 A part of Q of the QP-S isolated has dissociated in the course of isolation 
and purification. 

3 The range of activity is usually between 12 and 16 umoles of succinate 
oxidized per min per mg of SDH at room temperature. 
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Fig. 1. Activities of succinate-dehydrogenase and reconstituted succinate-Q 
reductase. (A) Ferricyanide and (B) Wurster's Blue were used as 
electron acceptors: 5 ~1 of freshly prepared SDH, 0.77 mg/ml, 
were used in the assay. In the reconstituted system, excess QP-S 
(5-fold of the dehydrogenase) was mixed with SDH; the concentration 
of SDH was also adjusted to 0.77 mgfml. 

practically no activity (< 5%) of free SDH was observed in the absence of 

exogenous Q (Fig. 1A); this indicates that SDH is now being converted to 

succinate-Q reductase and the active site of the so-called low ferricyanide 

reductase activity of SDH is occupied. Formation of succinate-Q reductase 

is further evidenced by the fact that upon the addition of Q, the reduction 

of ferricyanide was stimulated to the same level as that in the initial rate 

of free SDH. Also, unlike the free enzyme, reconstituted succinate-Q re- 

ductase activity does not decay with time; whereas free SDH inactivates 

rapidly in air (cf. Ref. 1). The slower rate shown at the end of the trac- - 

ing was due to the approach of exhaustion of ferricyanide in the reaction 

mixture. The reaction of QP-S toward (L.e. QP-S bound to) SDH is identical 

to that of the cytochrome b-c --l complex (10) or alkaline treated particles 

functionally (cf. Ref. 14). The cytochrome h-cl complex or alkaline treated - 

particles not only reconstitute with SDH to form succinate-cytochrome c re- 
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Fig. 2. Double reciprocal plots for SDH and reconstituted succinate-Q 
reductase activity against acceptor concentrations. The conditions 
for the enzymes used were identical to those detailed in Fig. 1. 
The concentrations of the immediate acceptors of PMS (A) and Wurster's 
Blue (B) in the reaction mixture are given in the plots. The 
concentration of DCIP in (A) was kept at constant, 45 mM. In all 
the PMS systems described in this paper, the final acceptor was DCIP. 

ductase or succinate oxidase, respectively, but they also abolish the low 

ferricyanide reductase activity of SDH at the same time. 

When WB (260 uM) was used as the electron acceptor, similar results, as 

shown in Fig. lB, were observed. In this case the results were complicated 

by the fact that both free SDH and reconstituted succinate-Q reductase are 

able to catalyze the reduction of WB (cf. Ref. 15). The stimulation of this 

dye reduction by exogenous Q also confirms the formation of succinate-Q re- 

ductase; whereas the rate of reduction of WB catalyzed by SDH in the presence 

of succinate is not affected by the addition of Q. 

Figure 2 depicts double reciprocal plots of free SDH'and reconstituted 

succinate-Q reductase activities toward WB and PMS assay systems. When WB 

was used as acceptor it resulted in a slight decrease in Km for the dye but 

not the V succinate PMS . max In the PMS system significant increase both in Km and 

V succinate 
lMX 

was observed in reconstituted succinate-Q reductase. It should be 

942 



Vol. 79, No. 3, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE I. Km and "max of Succinate Dehydrogenase and Reconstituted Succinate- 

Q Reductase. 

Electron Acceptors 

Preparations 

Succinate dehydrogenase 0.3 18 1.1 41.7 

Succinate-Q reductase 0.9 22 0.035 21.6 0.7 41.7 

Succ.. + PMS-DCIP Succ. + Q-DCIP Succ. + WB 

K V V K V m max Km IllaX m max 

V 
IIBX 

is expressed as umoles of dye reduced per mg SDH per minute at room 

temperature (23'). Km is expressed in mM. 

PMS mentioned that the Km for SDH is not affected by the presence of Q regard- 

less of which artificial electron acceptor is used. In the case of succin- 

ate-Q reductase, PMS K m was found to be greatly affected by the presence of Q. 

The Km value of the dye decreases proportionally to the amount of Q present 

in the system. Table I summerizes the data of Km and V,,, of SDH and suc- 

cinate-Q reductase using different electron acceptors. 

It is known that TTFA inhibits succinate oxidation when the dehydrogen- 

ase is in the ucomplex form" such as in cytochrome c reductase or submitochon- - 

drial particles, but not in soluble form which reacts only with artificial 

acceptors such as phenazine dyes (1). Reconstituted succinate-Q reductase 

is an ideal enzyme for experimentation to locate the TTFA locus. Figure 3A 

shows the inhibition of TTFA of reconstituted succinate-Q reductase activity. 

More than 90% of activity was inhibited by TTFA in micromolar concentration 

just like the enzyme bound to particles. On the other hand, the succinate 

to PMS reaction which measures the free dehydrogenase activity was complete- 

ly unaffected by TTFA even if the concentration of inhibitor used was as high 

as 3 mM (See Fig. 1 of Ref. 1). Reconstituted succinate-Q reductase showed 

identical behavior to that of free SDH when PMS was used as the electron 
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Fig. 3. Inhibition of thenoyltrifluoroacetone of reconstituted succinate-Q 
reductase activity. (A) was the titration of TTFA using Q (15 mM) 
and PMS (1.8 mM) as electron acceptors, and (B) was the double I 
reciprocal plot of succinate-Q reactivity vs. Q concentration in - 
the presence and absence of TTFA. 

acceptor. When reconstituted succinate-Q reductase was assayed under various 

concentrations of Q in the presence of 10 pM and 56 nM TTFA, competitive 

inhibition was observed. Figure 3B shows the double reciprocal plots of the 

concentration of Q and the enzymic activity in the presence and absence of 

the inhibitor. An inhibitor constant, Ki, was calculated to be around 30 ).M. 

It should be mentioned that all the concentrations of Q and TTFA used here 

refer to only apparent concentration. Because of the solubility of the re- 

agents, the true concentrations might be smaller than these values. 

Recently, two controversial articles (16, 8) have appeared regarding 

the enzymic activity, Vmax, of SDH using WB and PMS systems for assay. 

Vinogradov et al. (8) reported that SDH catalyzes oxidation of succinate 

twice as fast using WB as electron acceptor as that using PMS; whereas, 

Ackrell et al. -- (16) found no significant difference in the rate of oxida- 

tion of succinate between these two dye systems. Our results automatically 

resolve the disparity. 

On the other hand, our results give no support to the claim of the 

effect of "membrane environment" on SDH. Actually the so-called "membrane 
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environmentv is just no more than the behavior exhibited after succinate 

dehydrogenase combines with QP-S. Since isolated QP-S contains only a small 

amount (< 20%) of phospholipid4 and the protein was made in detergent, the 

possibility for the formation of succinate-Q reductase in a "membrane-like" 

structure of a "membrane environment" (17) after its recombination with SDH 

is not likely. The increase in the reduction rate of the dyes can be ex- 

plained since QP-S is the native electron acceptor and thus oxidized suc- 

cinate in a more effective way rather than arguing for the requirement of a 

"membrane environment" for such a reaction. 

In conclusion, the success of reconstitution of succinate-Q reductase 

with well defined soluble SDH and QP-S not only resolves the "mystery" of 

"membrane environmentn but also unequivocally defines the sites of TTFA 

inhibition and the reaction locus of DCIP (or related compounds) which 

themselves cannot directly interact with SDH. 
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