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Isolation and Properties of a Mitochondrial Protein That Converts 
Succinate Dehydrogenase into Succinate-Ubiquinone Oxidoreductaset 

Chang-An Yu* and Linda Yu 

ABSTRACT: A mitochondrial protein (QPs), which converts 
soluble succinate dehydrogenase into succinate-ubiquinone 
oxidoreductase, has been isolated from the soluble cytochrome 
b-c, complex by using two different methods. Method I in- 
volves treatment with Triton X-100 in the presence of 2 M 
urea, followed by calcium phosphate column chromatography 
and ammonium sulfate fractionation. This method gave a 
highly purified QPs which had relatively low specific activity 
and ubiquinone content. Method I1 involves ammonium 
acetate fractionation in the presence of deoxycholate, am- 
monium sulfate fractionation in the presence of urea, and 
differential centrifugation. This method yielded a QPs with 
high specific activity and higher recovery but with less purity. 
The major contaminant in QPs obtained by method I1 is de- 
natured cytochrome b. The molecular (subunit) weight of QPs 
is 15 000. QPs is stable at neutral pH and at low temperatures 
but denatures rapidly when the enzyme is incubated at room 

E l u c i d a t i o n  of the relationship between structure and 
function of a complicated membrane-bound enzyme complex 
requires full understanding of each participating component 
in the system. Careful analysis of the chemical composition 
of succinate-cytochrome c reductase (Takemori & King, 1964) 
reveals that the enzyme complex contains cytochromes b and 
clr  non-heme iron sulfur proteins, flavoproteins, phospholipids 
(PL), and ubiquinone (Q).' Among these essential compo- 
nents, all the functional prosthetic groups except Q are found 
to be associated with a particular protein and have received 
great attention as holoprotein entities. Ubiquinone, on the 
other hand, until the recent identification of the succinate 
dehydrogenase succinate-ubiquinone reductase converting 
protein (QPs) (Yu et al., 1977a) and the observation of 
ubisemiquinone radical in the cytochrome b-c, region (Yu et 
al., 1978) has been believed to exist as a free mobile molecule 
in the mitochondrial inner membrane (Green, 1962; Kroger 
& Klingenberg, 1967). 

The discovery of the QPs in succinate-Q reductase (Yu et 
al., 1977a) and the successful reconstitution of succinate-Q 
reductase from soluble succinate dehydrogenase (SDH) and 
QPs (Yu et al., 1977b) has modified the totally mobile status 
of ubiquinone (Green, 1962; Kroger & Klingenberg, 1967) 
to a partly protein-bound state during the electron transfer 
reactions. Since the amount of Q present in the mitochondrial 
inner membrane is much more than that of the other electron 
transfer components, it is obvious that a majority of Q exists 
in a mobile state. QPs is found in the soluble cytochrome b-c, 
complex (Yu et al., 1974), complex I1 (Ziegler & Doeg, 1962), 
and succinate-cytochrome c reductase (Takemore & King, 
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temperature or above. The isolated QPs is soluble in aqueous 
solution but is in a highly aggregated form. The molecular 
weight determined by Bio-Gel A-5m gel filtration is - 1 000000. QPs obtained by method I1 contains about 25 
nmol of ubiquinone/mg of protein whereas QPs obtained by 
method I contains less than 10 nmol of ubiquinone/mg of 
protein. The isolated QPs is very stable to detergent treatment, 
especially when detergent alone is used. No significant loss 
of activity was observed when QPs was incubated in 2% 
Tween-80, 1% Triton X-100, or 1% sodium dodecyl sulfate. 
In fact, the isolated QPs is more stable to sodium dodecyl 
sulfate treatment than QPs in the soluble b-cl complex or in 
succinate-cytochrome c reductase. This result may be due 
to the strong binding between QPs and the mild detergent used 
during the isolation. No loss of activity was observed when 
QPs or complex I1 was treated with purified phospholipase 
A29 

1964) but not in complex I11 (Hatefi et al., 1962) or the 
cytochrome b-cl 111 complex (Yu & Yu, 1980). Since 
preparations of complex I11 and the soluble b-cl complex have 
become available, investigators in the field have been puzzled 
concerning the real difference between them. In fact, many 
people have used both terminologies interchangeably despite 
our repeated stress on the differences in reconstitutive activity 
of the two preparations toward soluble SDH. The cytochrome 
b-cl complex can reconstitute with soluble SDH to form 
succinate-Q reductase or succinate-cytochrome c reductase 
while complex I11 cannot. Since the finding of QPs in the 
soluble b-c, complex it has become clear that the failure of 
complex I11 to react with SDH is due to a lack of QPs in the 
preparation. Upon addition of QPs and soluble SDH to 
complex 111 or cytochrome b-cl 111 complex, an antimycin A 
sensitive succinate-cytochrome c reductase activity was re- 
constituted. 

In this communication, we report two isolation procedures 
for QPs and some properties of this protein. 

Experimental Section 
Materials. Succinate-cytochrome c reductase (Yu et al., 

1974) and the soluble cytochrome b-cl complex (Yu et al., 
1974) were prepared from beef heart muscle preparation 
(King, 1961) according to the methods reported from this 

Abbreviations used: @ME, @-mercaptoethanol; CTMAB, cetyltri- 
methylammonium bromide; DCIP, 2,6-dichlorophenolindophenol; DOC, 
deoxycholate; PHMB, p-(hydr0xymercuri)benzoate; PUS, 50 mM so- 
dium potassium phosphate buffer, pH 7.4, containing 2 M urea and 0.25 
M sucrose; Q, ubiquinone; QPs, a mitochondrial protein which converts 
succinate dehydrogenase into succinate-Q reductase (QPs also refers to 
Q-binding protein in the authors' other publications); SDH, succinate 
dehydrogenase; NaDodS04, sodium dodecyl sulfate; TUS, 50 mM 
Tris-HCI buffer, pH 8.0, containing 2 M urea and 0.67 M sucrose; TUT, 
50 mM Tris-acetate buffer, pH 7.8, containing 2 M urea and 1.5% 
Triton X-100. 
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laboratory. Pure SDH (Yu & Yu, 1980), complex I1 (Ziegler 
& Doeg, 1962), complex 111 (Hatefi et al., 1962), and &cl-III 
(Yu & Yu, 1980) were prepared according to the reported 
methods. Q2 was synthesized from Qo and geraniol essentially 
according to the method of Shunk et al. (1958) and Qo was 
synthesized from creosol by the method of Oberlin (1 925) with 
some modifications. Triton X-100 was a product of Rohm 
and Haas; urea was obtained from Fisher; p-(hydroxy- 
mercuri)benzoate (PHMB), phospholipase A2, and sodium 
cholate were from Sigma Chemical Co. Other chemicals were 
purchased commercially in the highest available purity. 

Methods. Enzymatic activity of the QPs was assayed by 
succinate-Q oxidoreductase activity (Ziegler & Doeg, 1962) 
after reconstitution with excess soluble SDH. Experimentally, 
various amounts of QPs were diluted in 0.3 mL of 50 mM 
sodium potassium phosphate buffer, pH 7.4, before mixing 
with 20 pL of succinate dehydrogenase ( I O  mg/mL). Two 
to ten microliters of the mixture was used for assay after 
incubation for 10 min at 0 O C  with 1 mL of an assay mixture 
containing 100 pmol of sodium potassium phosphate buffer, 
pH 7.0, 50 nmol of 2,6-dichlorophenolindophenol (DCIP), 20 
pmol of succinate, 10 nmol of EDTA, 16 nmol of Q2, and 0.1 
mg Triton X-100. 

For preparation of the calcium phosphate chromatographic 
column, a suspension of calcium phosphate was mixed and 
packed with an equal amount of cellulose powder in 50 mM 
Tris-acetate buffer, p H  7.8, containing 2 M urea and 1.5% 
Triton X-100. The use of cellulose powder ensures a good flow 
rate. The column was usually packed and equilibrated at rmm 
temperature with 2-3 volumes of the same buffer before it was 
placed in the cold room where the chromatography was done. 

Analytical sodium dodecyl sulfate (NaDodSO,) poly- 
acrylamide gel electrophoresis was carried out according to 
the methods reported by Weber & Osborn (1969) and Swank 
& Munkres (1971). Protein content was estimated by biuret 
method (Gornall et al., 1949) using bovine albumin as the 
standard. Sulfhydryl groups were estimated according to 
Boyer (1964), and phospholipids were estimated by phosphorus 
content which was determined by the method of Ames & 
Dubin (1960). Individual phospholipids were detected es- 
sentially according to Rouser & Fleischer (1967) except the 
silica gel-H with SiOz as binder was used. The concentration 
of Q in QPs was estimated by the method of Redfearn (1 967). 
The millimolar extinction coefficient of 12.25 was used for the 
difference in absorption of the oxidized and reduced forms of 
Q a t  275 nm. Amino acid composition was determined ac- 
cording to the method reported by Moore & Stein (1963), and 
the analysis was performed on a Beckman 120 C amino acid 
analyzer. 

Results 
Purification of QPs. (a) Method I .  Eight milliliters of the 

dialyzed cytochrome b-cl complex, 12 mg/mL, was precipi- 
tated with 2/3 volume of neutralized, saturated ammonium 
sulfate solution after the mixture was allowed to stand a t  0 
OC for 20 min. The precipitate was collected by centrifugation 
a t  20000g for 20 min and dissolved in 50 m M  Tris-acetate 
buffer, p H  7.8, containing 2 M urea and 1.5% Triton X-100 
(TUT). The solution was kept at 0 "C for 20 min and frozen 
a t  -20 OC for at least 2 h. The sample was thawed and applied 
to a calcium phosphate column (2 X 10 cm), which was packed 
and equilibrated with T U T  buffer. The column was eluted 
with the same buffer at a flow rate of 0.3 mL/min. The bright 
red effluent, which contains QPs and cytochrome b, was 
collected and subjected to ammonium sulfate fractionation. 
QPs was recovered in the floating precipitate formed between 

Y U  A N D  Y U  

Table I :  Purification Data for QPs 

act. 

SP 
[@mol 
of suc- 

protein cinate/ recov- 
vol (mg/ (min ery 

treatment (mL) mL) mg)l (%) 
Method I 

dialyzed b-c, complex 8 12 2.1 
4.1 100 TUT-treated b-c, 

calcium phosphate 14.3 3.2 7.0 84 

(NH,),SO, fractionation 2.3 1.6 17.0 16 

Method I1 
DOC-solubilized complex b-c, 31 15 4.2 100 

11 10 16.1 91 ammonium acetate 

TUS-(NH,), SO, 6.9 5 43 76 

PUS plus 0.3%BME and 8.5 2 54 4 1  

supernatant s o h  of 10 h,  8.2 1.2 79 40 

8.4 11 
complex 

column, effluent 

(2  5-3 5%) 

fractionation (5-10%) 

(17-23%) 

(NH, )* SO, (19-32%) 

53 OOOg centrifugation 

25 and 35% ammonium sulfate saturation. QPs was then 
dissolved in 50 mM Tris-acetate buffer, pH 6.5, and dialyzed 
against the same buffer, overnight, with one change of buffer 
and stored in a deep freezer until use. Table I summarizes 
the purification data. About 15% of the QPs activity present 
in the soluble cytochrome 6-cl complex was recovered in the 
final purification step. 

(b)  Method I I .  Although a purified QPs is obtained by 
method I, the recovery of activity is low. To improve the 
isolation procedure and a t  the same time save the ubi- 
quinol-cytochrome c reductase, we developed a new method 
for the isolation of QPs also using the soluble b-cl complex 
as the starting material. The dialyzed soluble b-c, complex 
was first precipitated with 2/3 volume of neutralized, saturated 
ammonium sulfate solution. The precipitate was collected by 
centrifugation and resuspended in a 50 mM Tris-HCl buffer, 
pH 8.0, containing 0.67 M sucrose, to a protein concentration 
of - 15 mg/mL. The protein was then solubilized with po- 
tassium deoxycholate, 0.4 mg/mg of protein. The insoluble 
material, if any, was removed by centrifugation, and the clear 
solution was subjected to ammonium acetate fractionation. A 
50% saturated ammonium acetate solution was used, which 
was prepared by dissolving 454 g of ammonium acetate into 
6 13 mL of water according to Hatefi & Rieske (1967). Crude 
QPs which contained more than 90% of the total QPs present 
in  the b-c, complex was collected in the precipitate formed 
between 5 and 10% ammonium acetate saturation. The pu- 
rified b-c,-III (ubiquinol-cytochrome c reductase) was pre- 
cipitated between 10 and 18.5% ammonium acetate saturation. 
The crude QPs thus obtained was dissolved in 50 m M  Tris- 
HCI buffer, pH 8.0, containing 2 M urea and 0.67 M sucrose 
(TUS), to a protein concentration of - 10 mg/mL, and the 
solution was subjected to ammonium sulfate fractionation with 
neutralized, saturated ammonium sulfate solution. QPs was 
precipitated between 17 and 23% ammonium sulfate satura- 
tion. The precipitate was collected by centrifugation a t  20000 
rpm for 20 min and dissolved in 50 mM phosphate buffer, pH 
7.4, containing 2 M urea, 0.25 M sucrose (PUS), and 0.3% 
P-mercaptoethanol (PME) to a protein concentration of - 5 
mg/mL. The solution was then incubated at 0 O C  for 1 h and 
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FIGURE 1 : Sodium dodecyl sulfate-polyacrylamide gel electrophoretic 
patterns of QPs. (A) In the Weber-Osborn gel system; the upper 
curve represents densitometric tracing (600 nm) of NaDodS0,- 
polyacrylamide gel electrophoretic column of QPs, 20 pg, prepared 
by method I1 and the lower curve represents 10 pg of QPs prepared 
by method I. The relative mobility is expressed in related to the 
mobility of tracking dye. (B) In the Swank-Munkres gel system; the 
upper curve represents 10 pg of QPs prepared by method I, the middle 
curve is 20 pg of complex 11, and the bottom curve is the mixture 
of 20 pg of complex I1 and 4 pg of QPs prepared by method I. The 
relative mobility is expressed relative to that of cytochrome c. 

fractionated with ammonium sulfate. The precipitate formed 
betwee? 19 and 32% ammonium sulfate saturation was col- 
lected and redissolved in 50 mM sodium potassium phosphate 
buffer, pH 7.4, containing 2 M urea, to a protein concentration 
of -2 mg/mL. The solution was centrifuged at  53 000 rpm 
for 10 h, and purified QPs was recovered in the supernatant 
solution which was then concentrated with ammonium sulfate 
precipitation. 

Although this isolation procedure has a higher recovery of 
QPs activity than method I and produces, as well, a purified 
b-c,-III (ubiquinol-cytochrome c reductase), it suffers from 
a slight contamination by cytochrome b in the QPs preparation. 
Through studies of the spectral properties and redox behavior 

Relative Mobility 

Wavelength,nm 
FIGURE 2: Absorption spectra of QPs prepared by methods I and 11: 
QPs prepared by method I, 0.25 mg/mL in 50 mM Tris-acetate 
buffer, pH 6.5, and QPs prepared by method 11, 0.2 mg/mL in 50 
mM Tris-HC1 buffer, pH 8.0, containing 0.67 M sucrose. The spectra 
were taken in a Cary spectrophotometer, Model 14, a t  room tem- 
perature, using 1-cm light path cuvette. 

of cytochrome b in the QPs preparation, we found that the 
contaminated cytochrome b is denatured and can be reduced 
only by sodium dithionite. These purification data are also 
given in Table I. 

Purity of the Isolated QPs. The purified protein obtained 
from method I shows only one protein band in the NaDod- 
SO4-polyacrylamide gel electrophoretic columns of both the 
Weber & Osborn (1969) and the Swank & Munkres (1971) 
systems, indicating that the protein is over 90% pure. Figure 
1A shows the densitometric tracing of QPs obtained by 
methods I and I1 in the NaDodS04-polyacrylamide gel 
electrophoretic column of the Weber-Osborn system. Figure 
1 B shows the densitometric tracing of QPs, complex 11, and 
a mixture of QPs and complex I1 in the Swank-Munkres 
system of the NaDodSO4-polyacry1amide gel electrophoretic 
column. The single protein peak of QPs obtained by method 
I in these systems indicates that the protein is composed of 
one polypeptide, which is identical with the second fast running 
band of complex 11. When the electromobility of QPs is 
compared with complex I1 in the Weber-Osborn system of 
the NaDodS04-polyacrylamide gel, QPs had the same mo- 
bility as the first running band of Complex I1 (Yu et al., 
1977a). These results suggest that the two fast moving bands 
of complex I1 are reversed in order in these two systems of 
NaDodS04-polyacrylamide gel. This finding is similar to that 
observed in complex I11 (Capaldi et al., 1977). 

Although QPs obtained by method I shows a single protein 
band in the analytical NaDodS04-polyacrylamide gel elec- 
trophoretic pattern, at high protein concentration, a trace 
amount of cytochrome b (<1 nmol of b/mg of protein) can 
be detected. No other components, beside Q and a trace 
amount of cytochrome b, can be detected spectrally or chem- 
ically in the isolated protein. The absorption spectra of QPs 
prepared by method I is given Figure 2. Although the purity 
of QPs obtained by method I is higher than that obtained by 
method 11, the specific activity of QPs from method I is rather 
low, indicating that some denatured protein is present in the 
final product. As can be seen from the purification data in 
Table I, the last step of ammonium sulfate precipitation has 
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FIGURE 3: Effect of pH on the stability of QPs. Purified QPs prepared 
by methods I (0) and I1 (X)  at a protein concentration of 0.3 mg/mL 
were incubated in 0.1 M Tris-acetate buffer a t  various p H  values 
for 12 h a t  0 "C. At the end of incubation, the solutions were 
neutralized to p H  7.4, before reconstitution with excess succinate 
dehydrogenase. The reconstitution experiments were carried out as 
described under Experimental Section. The activity at  pH 7.0 was 
used as 100%. 

seriously inactivated the enzyme. Attempts to protect the 
enzyme from inactivation at this step have thus far not been 
successful. 

QPs obtained by method 11, on the other hand, has a high 
specific activity but less purity. The protein is estimated by 
NaDodS0,-polyacrylamide gel electrophoresis to be -70% 
pure. The major contaminatant is cytochrome b2 with a 
molecular weight of 17000 (Yu et al., 1975). The contami- 
nation by cytochrome b of the QPs preparation is evident from 
the presence of the Soret absorption a t  418 nm (Figure 2 ) .  
The NaDodS04-polyacrylamide gel electrophoretic pattern 
and absorption spectra of QPs obtained by method I1 are given 
in Figures 1A and 2, respectively. There are two protein bands 
in the NaDodS04-polyacrylamide gel electrophoretic column 
which correspond to molecular weights of 17 000 and 15 000. 
The band with high intensity (1 5 000) is attributed to QPs, 
and the band with less intensity is attributed (17 000) to cy- 
tochrome b. Although the possibility exists that the presence 
of cytochrome b protein may have a stabilizing effect or even 
enhance QPs activity, cytochrome b alone is absolutely inactive 
in a reconstitution with soluble SDH to form succinate-Q 
oxidoreductase. Moreover, cytochrome b in QPs can be further 
denatured by the treatment of thiol compounds such as PME 
without altering the activity of QPs. The further denaturation 
of the contaminating cytochrome b is confirmed by the change 
of its spectral properties. 

Stability of QPs. QPs obtained by either method is very 
stable in the neutral pH range at 0 "C. The stability decreases 
as the p H  of the solution becomes either alkaline or acidic. 
Figure 3 show the pH profile of QPs obtained by both methods. 
QPs prepared by method I1 is more stable at alkaline pH than 

* Cytochrome b present in QPs preparation obtained by method I1 
may be identical with the cytochrome b observed in complex 11, as com- 
plex I1 also has a major protein component with a molecular weight of 
17 000. According to Davis et ai. ( 1  973) this cytochrome b is different 
from the b cytochromes present in  complex 111. 
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FIGURE 4: Effect of incubation temperature on the stability of QPs. 
QPs prepared by method I 1  was used in this study. Samples of QPs 
at  a protein concentration of 2 mg/mL in Tris-HCI buffer, pH 8.0, 
containing 0.67 M sucrose were incubated at  the indicated temper- 
atures. Aliquots were withdrawn for reconstitution with excess 
succinate dehydrogenase, and the reconstituted succinate-Q oxido- 
reductase activity was determined. Activity at  zero-time incubation 
was used as 100%. 

lncubat ion time, rnin 

that obtained by method I. One possible explanation for this 
difference is the presence of Triton X-100 in QPs obtained 
from method I. 

The enzyme is stable a t  0 O C  or lower; it can be stored in 
a deep freezer (-70 "C) for months without any loss of re- 
constitutive activity. Figure 4 shows the stability of QPs a t  
various incubating temperatures. QPs loses about one-fourth 
of its activity during 1 h of incubation a t  23 O C ,  while a t  38 
OC, the protein has a half-life of 30 min. Commonly used 
enzyme stabilizing agents such as thiol compounds, glycerol, 
and other polyglycols do not show any protecting effect on this 
protein against heat denaturation. No difference in stability 
was observed between preparations stored anaerobically and 
those stored aerobically. 

Solubility ofQPs.  QPs as isolated is very soluble even after 
prolonged dialysis against a detergent-free buffer system, in- 
dicating that the protein has a very strong association with 
detergents used during purification. The bound detergent can 
be removed only by passage through a high exclusion volume 
gel column filtration such as Bio-Gel A-0.5m. After removal 
of detergents by this treatment, QPs becomes aggregated but 
can be resolubilized by Triton X- 100 or deoxycholate. 

Molecular Weight of QPs. Judging from its relative mo- 
bility in a NaDodS04-polyacrylamide gel electrophoretic 
column, the molecular weight (subunit weight) of QPs should 
be - 15 000, showing a slightly slower mobility than that of 
cytochrome c. The actual molecular weight, however, has not 
yet been precisely determined by other methods because of 
the difficulties resulting from its strong association with de- 
tergent in the isolated form. In  the absence of strong deter- 
gents, such as NaDodSO,, the isolated QPs is in a highly 
aggregated form which has a molecular weight - 1 000000 
as shown from its eluting volume from Bio-Gel A-5m column 
filtration. A partial deaggregation of QPs was observed upon 
reconstitution with purified SDH in the absence of added 
detergents. In the presence of 0.2% Triton X-100, the re- 
constituted complex is dispersed to the monomeric state with 
a molecular weight of - 120 000. 

Chemical Composition of QPs. Table I1 shows the chemical 
composition of QPs obtained by both methods. QPs obtained 
by method I contains less Q and phospholipid than that ob- 
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Table 111: Amino Acid Composition of QPs 

method method 
cornponen ts I I1 

ubiquinone (nmol/mg of protein) 10 17-25 
flavin (nmol/mg of protein) 0 0 
non-heme iron (nmol/mg of protein) 
cytochrome b (nmol/rng of protein) 1 8 
phospholipids (%) 30 52 
distribution of major . 

0 

phospholipids (mol %) 
phosphatidylcholine 85 52 
phosphatidylethanolamine 33 
diphosphatidylglycerol 13 
others 1 5  2 

tained by method IT. The major phospholipid components also 
differ in the two preparations, although both have phospha- 
tidylcholine as the major phospholipid. The difference in 
phospholipid composition between the two QPs preparations 
is expected as QPs obtained by method I1 contains cytochrome 
b which may have a phospholipid affinity different from that 
of QPs itself. The phospholipid composition of QPs obtained 
by method I1 is very similar to that of complex 11. The isolated 
QPs contains no prosthetic groups other than Q and denatured 
cytochrome b. 

Ubiquinone Content in the Isolated QPs. As can be seen 
in Table 11, QPs isolated by method I contains less than 10 
nmol of Q/mg of protein whereas QPs obtained from method 
I1 contains more than 20 nmol of Q/mg of protein. The higher 
content of Q in QPs by method I1 agrees with the higher 
specific activity. The rather low specific activity in QPs ob- 
tained by method I may result from the loss of Q and sub- 
sequent aggregation or even denaturation of QPs because 
addition of Q to the protein does indeed increase the activity 
to a certain degree. Even this stimulated activity, however, 
is well below that of the QPs obtained by method 11. Direct 
determination of Q in QPs of method I is very difficult due 
to the presence of Triton X-100 in the preparation. The 
binding kinetics of Q with QPs and the effect of different 
treatments on these kinetics are currently under investigation. 
The high hydrophobicity of QPs and Q has made the binding 
studies rather difficult. 

Sulfhydryl Groups of QPs. It has been shown that the most 
readily alkylated half of the sulfhydryl groups in the soluble 
&el complex is essential for the complex to reconstitute with 
soluble SDH to form succ ina te3  oxidoreductase activity (Yu 
et al., 1974). It is, therefore, of interest to see how important 
the sulfhydryl groups of QPs are for reconstitution with soluble 
SDH. When QPs was treated with various amounts of p -  
(hydroxymercuri)benzoate (PHMB) and then reconstituted 
with excess SDH, it was observed that QPs lost all ability to 
convert S D H  into succinate-Q reductase when the protein 
(0.13 mg/mL) was incubated with 30 pM of PHMB. The 
total PHMB titratable groups in QPs and their kinetic behavior 
toward the alkylating reagent as well as their role in enzymatic 
function remain to be investigated. 

Amino Acid Composition of QPs. Table 111 shows the 
amino acid composition of the pure QPs obtained by method 
I. No striking difference was observed between the hydro- 
phobicity of amino acid composition of QPs and that of other 
membrane proteins. The amino acid compositions of the 
15 000 molecular weight subunit obtained from purified cy- 
tochrome c1 and from the b-cl complex are included for 
comparison. The difference among these subunits is very 
obvious and was expected. This result supports the claim that 
multiple polypeptides are present in the 15 000 subunit of the 
soluble b-c, complex and that QPs is just one of these. 

~ 

concn (mol/mol of protein) 
amino acids QPs c ,  Sa subunit VIIb 

LY s 8.2 6 .8  8.5 
His 3.4 3.3 2.4 
An? 8.4 6.7 4.1 
ASP 9.8 8.1 9.1 
Thr 4.6 5.2 3.6 
Ser 6.3 4.6 6.3 
Glu 11.9 19.8 14.9 
Pro 7.7 3.9 4.8 
Gly 8.7 3.7 6.5 
Ala 10.2 7.0 7.8 
Val 5.4 6.2 5.2 
Ile 5.8 2.5 4.7 
Leu 12.7 12.3 10.9 
TY 1 4.7 2.2 2.5 
Phe 3.9 4.1 2.6 
Met 0.5 2.9 
CY s 2.1 
Try 1.1 

a Taken from Chaing (1976). Taken from Yu et  al. (1977). 

Effect of Urea, Sodium Dodecyl Sulfate, and Other De- 
tergents on QPs. During the course of isolation of QPs, it was 
noted that the protein binds detergents such as deoxycholate 
more strongly than do other proteins in the 6-c, complex, yet 
the detergents show no harmful effect on activity. Therefore, 
it is of interest to see the effect of stronger detergents such 
as NaDodS04 and cetyltrimethylammonium bromide 
(CTMAB) on the reconstitutive activity of QPs. The protein 
was incubated with various amounts of NaDodSO, at 0 OC 
for 30 min before being reconstituted with soluble SDH to 
form succinate+ oxidoreductase. QPs suffered little loss of 
activity when NaDodSO, concentration is less than 1 mg/mg 
of protein. A similar result was obtained when QPs was 
treated with 1% CTMAB at 0 OC. The purified QPs is also 
very stable toward treatment with urea and other nonionic 
detergents such as Triton X-100 and Tween-80 when they are 
used alone. For example, no significant loss of activity was 
observed when QPs ( 6  mg/mL) was incubated with urea at 
the concentration as high as 4 M. However, when QPs was 
incubated with 2 M urea and 2% Triton X-100, -30% in- 
activation of the reconstitutive activity was observed. 
Effect of Phospholipase A2 on QPs. Isolated QPs, as in- 

dicated in Table 11, contains phosphatidylcholine as the major 
phospholipid. The role of phospholipids in QPs as well as in 
complex 11, is however, not yet established as the delipidated 
succinate-cytochrome c reductase retains most of the succi- 
nate-Q reductase activity. Therefore, it is of interest to see 
the effect of phospholipase A2 on these enzyme complexes. 
When QPs, 1 mg/mL, was treated with purified phospholipase 
A2 in the concentration of 10 pg/mg of QPs protein, at room 
temperature, no loss of reconstitutive activity besides that 
resulting solely from the incubation was observed over several 
hours. Under the same conditions, complex I1 also suffered 
no loss of succinate-Q reductase activity. This results suggest 
that phospholipids play no direct role in the catalytic activity 
of QPs and complex 11. 
Discussion 

The existence of QPs, which is responsible for converting 
soluble SDH to succinate-Q oxidoreductase, is now physically 
established through the successful isolation of this protein and 
its reconstitution with SDH. 

Method I suffers seriously from loss of activity a t  the last 
step of the purification procedure whereas method I1 produces 
a less pure preparation (70-8096 pure) of QPs. Fortunately, 
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ductase activity was lost, indicating that phospholipids may 
not be required in the succinateQ oxidoreductase region. The 
present result, ineffectiveness of phospholipase A2 on QPs, have 
further supported this deduction. A remote possibility, how- 
ever, exists that phospholipids may be structurally important 
i f  they are associated specifically with QPs. The presence of 
a significant amount of phospholipids in the isolated QPs is 
worth further investigation. Since the reaction with phos- 
pholipase A2 produces lysophospholipids, which have properties 
similar to detergents, perhaps it is safe to say at this point that 
succinate-Q reductase requires no specific phospholipids for 
activity but needs a fluid environment, as provided by detergent 
or some similar substance, to catalyze the reaction. 

Since the electron acceptor of succinate-Q oxidoreductase 
is the b-cl complex which has been shown to be embedded in 
the membrane (Gellerfors & Nelson, 1977), part of the QPs 
molecule would probably also be embedded in the membrane 
in order to provide better contact with the b-cl complex. 
Therefore, it is possible that the role of PL in QPs is to sit QPs 
in the membrane, similar to the behavior of the hydrophobic 
portion of cytochrome b5 (Strittmatter et al., 1972). The 
electron transfer between succinate and Q may actually occur 
in the region of the protein molecules where phospholipids are 
not involved (Tyler & Estabrook, 1966). This deduction would 
explain why in a more complex system, such as the delipidated 
preparation of succinate-cytochrome c reductase, phospholipids 
are not needed for succinate-Q oxidoreductase activity, as the 
hydrophobic region of QPs interacts with the hydrophobic part 
of another protein. When QPs is solubilized by detergent, its 
hydrophobic region becomes exposed and may then be bound 
to phospholipids or to the hydrophobic portion of another QPs 
molecule or detergents. The observation of a highly aggregated 
QPs and high content of phospholipids supports this deduction. 

The results of amino acid composition show that QPs is not 
very hydrophobic, indicating that a specific localization of 
hydrophobic amino acid residues in a so-called hydrophobic 
patch must exist in QPs. The interaction between a hydro- 
phobic patch and phospholipids becomes more prominent when 
QPs is detached from the b-cl complex. Elucidation of the 
interaction between QPs and phospholipids will require more 
experimentation. 
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Quantitative Measurements of Membrane Potential in Escherichia colit 

H. Felle,* J. S. Porter, C. L. Slayman, and H. R. Kaback* 

ABSTRACT: By use of giant cells of Escherichia coli induced 
by growth in the presence of 6-amidinopenicillanic acid, 
membrane potentials have been measured by two completely 
independent techniques: directly with intracellular microe- 
lectrodes and indirectly from the steady-state distribution of 
[ 3H] tetraphenylphosphonium. Under a variety of conditions, 
the two methods yield values that agree very closely. Thus, 
with both techniques, the membrane potential approximates 
-85 mV (interior negative) at pH 5.0 and -142 mV at pH 8.0, 
with an average slope of -22 mV/pH unit over the range pH 

A c c o r d i n g  to the generalized chemiosmotic hypothesis 
(Mitchell, 1961, 1966, 1968, 1973, 1979), energy derived from 
respiration, photochemical reactions, or ATP' hydrolysis is 
transformed into a transmembrane difference of electro- 
chemical potential for protons (AjiH+) that is the immediate 
driving force for a wide range of processes in energy-trans- 
ducing cells and organelles. Since both the chemical con- 
centration of protons and the electric field acting on them enter 
into the electrochemical potential, it is obvious that demon- 
stration of the validity of the chemiosmotic hypothesis depends 
upon quantitative measurement of the membrane potential 
(A+), as well as the transmembrane pH difference (ApH). 
The formal relationship is 
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H.R.K.), Roche Institute of Molecular Biology, Nutley, New Jersey 
07110, and the Department of Physiology (H.F. and C.L.S.), Yale 
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ceiued February 21, 1980. A preliminary report on some of this work 
was presented (Porter et al., 1979). 

*Fellow of the Deutsche Forschungsgemeinschaft. Present address: 
Institute fur Biologie I ,  Universitat Tubingen, B.R.D. 

5.0-7.0. A parallel study of membrane vesicles prepared from 
giant cells was undertaken using tetraphenylphosphonium 
distribution alone as a measure of membrane potential. The 
vesicles were found to exhibit a much smaller slope of mem- 
brane potential vs. extracellular pH (about -6 mV/pH unit) 
than intact giant cells. The results indicate that distribution 
studies with these lipophilic cations provide an excellent 
measure of membrane potential and are discussed in relation 
to calculations of H+/substrate stoichiometry for proton- 
symport systems in E.  coli. 

where both differences (A+ and ApH) are taken in the same 
direction, cytoplasm minus cell exterior. 

Although large quantities of data have been reported which 
support the generalized chemiosmotic hypothesis, few ener- 
gy-transducing membranes can be subjected to direct elec- 
trophysiological study, and most estimates of both A+ and 
ApH have relied on the use of permeant ions and permeant 
weak acids or bases as distribution indicators. As far as Es- 

Abbreviations used: AD,.,+, the proton electrochemical gradient; V , ,  
the measured potential difference across the cell membrane; At), actual 
membrane potential; ApH, pH difference across the membrane; TPP', 
tetraphenylphosphonium (bromide salt); TPMP', triphenylmethyl- 
phosphonium (bromide salt); EDTA, ethylenediaminetetraacetic acid; 
CCCP, carbonyl cyanide m-chlorophenylhydrazone; ATP, adenosine 
5'-triphosphate. 
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