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The energy-transducing N,N’-dicyclohexylcarbodiimide-sensitive (DCCD- 
sensitive) ATPase complex consists of two parts, a soluble catalytic protein 
(F, ), and an intrinsic membrane protein (Fo). The bacterial coupling factor 
complex, BCF,-BCF,, has recently been purified from Mycobacterium phlei, 
and used to  reconstitute oxidative phosphorylation in detergent-extracted 
membranes. The BCFo moiety has been purified by being recovered from the 
purified BCFo-BCF, complex by affinity chromatography. BCF, is a lipopro- 
tein or lipoprotein complex with an approximate molecular weight of 60,000. 
The preparation contained 0.15 mg of phospholipid per milligram protein. 
There appear t o  be three polypeptides, with approximate molecular weights 
of 24,000, 18,000, and 8,000 as determined by sodium dodecylsulfate acryla- 
mide gel electrophoresis. Purified BCF, conferred DCCD sensitivity on a puri- 
fied BCF, preparation. Reconstitution of oxidative phosphorylation was 
achieved after incubation of detergent-extracted membranes with purified 
BCF, and purified BCFl.  

Key Words: hydrophobic membrane proteins(s), DCCD-sensitive ATPase, oxidative phosphorylation, 
affinity chromatography 

The membrane-bound adenosine triphosphatase (EC 3.6.1 3) from bacteria and 
mitochondria plays a n  essential role in energy transduction. This ATPase is actually a 
complex of an integral (hydrophobic) membrane protein and a peripheral (soluble) 
protein [l-71. The soluble portion exhibits ATPase activity (F,), while the hydrophobic 

Abbreviations used: DCCD, N,N’-dicyclohexylcarbodiimide; BCF 
ATPase from Mycobacterium phlei (equivalent to  BCF4 of previous publications); BCFo-BCFI com- 
plex, DCCD-sensitive latent ATPase; BCFo, intrinsic membrane portion of BCFo-BCFt complex; ETP, 
electron transport particles; DETP, depleted ETP, ie, ETP with BCFl removed; TxETP or TxDETP, 
detergent-extracted ETP or DETP. 

n i s  paper was presented at  the ICN-UCLA Symposium o n  Molecular Aspects of Membrane Trans- 
port held a t  Keystone, Colorado, March 13-18, 1977, but  was inadvertently omitted from the 
published proceedings of that symposium. 

bacterial coupling factor-latent 
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protein (F,) is presumably the membrane component across which protons can be trans- 
located [ 3 ,  5 , 8 , 9 ] .  The ATPase complex is inhibited by N,N'-dicyclohexylcarbodiimide 
(DCCD) [4-81. The DCCD affects the Fo portion of the complex; the F1 alone is un- 
affected by the inhibitor. 

bacterium [5],  and from M phlei [6].  Recently we reported the reconstitution of oxidative 
phosphorylation by the purified complex from M phlei [6].  The F1 portion of the com- 
plex has been purified from many sources [ 10-1 61 and is rather well characterized. 
Recently Sone et a1 have reported the purification of the Fo protein [5] . Some of the 
several polypeptides of Fo , such as the DCCD-binding protein, the oligomycin sensitivity. 
conferring protein, and a binding protein have also been isolated and purified [17-221. 

This communication describes the solubilization and purification of the Fo moiety 
(BCFo) from M phlei and the reconstitution of oxidative phosphorylation in detergent- 
extracted membranes with purified preparations of BCFo and BCFl . 

The DCCD-sensitive complex has been purified from yeast [3],  from a thermophilic 

METHODS 

Solubilization and Purification of BCFo 

port particles (ETP) were prepared by sonication as described by Brodie [24] . The bacterial 
coupling factor-latent ATPase (BCF1) was removed from ETP by washing with 0.25 M 
sucrose in the absence of cations [25]. These washed ETP are referred to  as depleted ETP 
(DE TP) . 

The DCCD-sensitive ATPase (BCFo-BCF1) was solubilized from ETP and the BCFo 
portion was solubilized from DETP by treatment of the membranes first with sodium 
cholate and then with Triton X-100 essentially according to the method of Sone and 
associates as previously described [5 ,6 ] .  The crude extract was then fractionated on a 
0.7-1 .O M sucrose density gradient containing 0.1 5 M KCl [6] . The gradients were centri- 
fuged in a Spinco SW 50.1 rotor at 175, OOOg for 16.5 h in a Spinco L-2 centrifuge. 

columns containing CH-Sepharose 4B (Pharmacia Fine Chemicals) bound to ADP. The 
BCFl and the BCFo-BCF, complex have been purified by affinity chromatography on 
this medium [6, 161 . In the present investigation, the buffer employed was 50 mM 
Tris-acetate containing 0.25 M sucrose, 0.25% sodium cholate, and 0.1 5 M KC1, pH 8.0. 
The KCl was included in order to keep the BCFo and BCFl moieties bound together. After 
thorough washing of the column with this buffer, the BCFo was eluted with the same 
buffer lacking KC1. Under these conditions the BCF, remained on the column. 

M phlei (ATCC 354) was grown as previously described [23] and the electron trans- 

The sucrose fraction containing the BCFo-BCF1 complex from ETP was applied to 

ANALYTICAL PROCEDURES 

Latent ATPase activity was assayed by a procedure previously described [I 61 . 
When DCCD was used, the samples were incubated with the inhibitor (0.6 mM) for 10 min 
at 30" before trypsin treatment. Oxygen consumption was measured in a Gilson differen- 
tial respirometer at 30°, and phosphorylation was estimated as previously described [23] . 
Protein was measured by Lowry's method [26] with BSA as a standard. Phospholipids 
were extracted by the method of Folch, Lees, and Stanley [27] and phospholipid phos- 
phorus was assayed by King's method [28]. Disc gel electrophoresis was performed by 
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the method of Davis [29] with 5.5%, 6.5%, 7.0% and 7.5% gels (acrylamide: bis, 30: 1). 
SDS gel electrophoresis was performed by the method of Laemmli [301, with 12.5% 
or 15% gels (acrylamide: bis, 30: 1). Samples were prepared by boiling for 3 min in a 
solution containing 2% SDS, 1% P-mercaptoethanol, and 10% glycerol. 

RESULTS 

V I  

V 

I V  
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Solubilization and Purification 

The solubilization procedure employed resulted in the release of many membrane- 
bound components in addition to the BCFo -BCFI complex or BCFo . This was especially 
so when DETP served as the starting material. A typical sucrose density gradient fractiona- 
tion of the crude Triton X-100 extract from DETP is depicted in Figure l .  Striking color 
variations were noted along the length of the tube, and these formed the basis for the 
fractionation. The BCFo-BCFI complex was found in fraction V when the extract was 
from ETP rather than from DETP [6] . The BCFo solubilized from DETP appeared in 
fraction 111, along with the carrier protein for proline [31] . Also solubilized, and present 
in varying amounts in the different fractions, were large quantities of the cytochromes. 
Especially interesting was the separation of the two different cytochromes b [32] into 
fractions 111 and V. Preliminary results indicate that while succinate reduced some of the 
cytochrome b of all fractions, NADH was capable of reducing only the cytochrome b 
in fraction 111. Much lower quantities of the membrane-bound cytochromes (b5 9 ,  

b 5 6 3 ,  and a+a3) were solubilized from ETP than from DETP. 

of oxidative phosphorylation to detergent-extracted membranes could be demonstrated 
Although the reconstitution of DCCD sensitivity to a purified BCFl preparation and 
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*The BCFO-BCFI complex was found in  fraction V when the extract was made from ETP. This com- 

+ N o  cytochromes were detectable in  fractions I and 1 1 .  
plex was not found in  DETP, since the BCFl had already been removed f rom these membranes. 

Fig 1. Components solubilized from DETP by detergent extraction. The detergent extraction and 
sucrose density gradient centrifugation were performed as described in Methods. Fractions were re- 
moved by puncturing the bot tom of the tube. These data represent a typical sucrose density gradient 
fractionation of the crude detergent extract from DETP. When the extract was made from ETP instead, 
the quantities of cytochromes bSs9, bSb3, and a+ag removed were much lower, and the cytochrome 
c removed was all in fraction VI. 
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with the partially purified BCFo from DETP fraction I11 [6], attempts at further purifica- 
tion from this fraction were unsuccessful. For this reason, the BCFo was purified from 
the BCFo-BCF1 complex as outlined under Methods. It had already been established that 
the BCFo -BCF1 complex could be purified to homogeneity by affinity chromatography 
on Sepharose-ADP [ 6 ] .  Therefore, after binding of the complex to the Sepharose-ADP, 
and thorough washing of the column, a fraction containing purified BCF, was eluted with 
the same buffer minus KCI . 

Characterization 

as well as on gel filtration. Therefore, the molecular weight could not be established 
directly. The MW of BCFo has been estimated to be approximately 60,000 by subtracting 
the MW of BCFl , which has been rigorously established at 404,000 [33] by polyacrylamide 
gel electrophoresis, from that of the BCFo-BCFl , which is approximately 460,000. SDS 
gel electrophoresis, using y-globulin, glyceraldehyde-3-phosphate dehydrogenase, myoglobin, 
and cytochrome c as standards, provided polypeptide molecular weights of approximately 
24,000, 18,000, and 8,000. BCFo is difficult to denature with SDS, and some apparently 
undenatured material remained, which ran at a MW of approximately 58,000. These 
values are therefore preliminary. The presence of phospholipid may also affect the poly- 
peptide MW analysis. Purified BCFo contained 0.1 5 mg of phospholipid per milligram 
protein. 

Reconstitution of DCCD Sensitivity 

Purified BCFo was assayed by determining its ability to confer DCCD sensitivity on 
BCFl , which in the solubilized state is not inhibited by DCCD (Table I). The addition of 
15 pg of BCFo protein to 2.5 pg of BCFl resulted in a 22% inhibition of ATPase activity 
by DCCD. An inhibition of 33% was achieved with 30 pg of BCFo , while 45 pg  produced 
no further increase in the inhibition observed. The concentration of DCCD used, 0.6 mM. 

The hydrophobic nature of BCFo produces anomalous behavior on gel electrophoresis, 

TABLE I. Reconstitution of DCCD Sensitivity by Purified BCFo 

ATPase activity 
(@moles Pi) 

% Inhibition 
by DCCD 

0.74 
1 .00 
1.57 
1.22 
1.65 
1.10 
1.65 
1.15 

0 

22 

33 

30 
~~~ ~ ~ ~ ~~ ~ ~ ~~ 

Latent ATPase activity was measured after trypsin activation as described previously [ 161.  After BCFo 
was added, the reaction mixture, containing 50  mM Hepes, 4(2-hydroxyethyl)-l-piperazineethanesul- 
fonic acid (pH 7.5), 5 mM MgCI,, and 25 f ig  of BCFl protein, was incubated 1 0  min at 30". DCCD, 
dissolved in 60% methanol was then added (0.6 mM) and incubation was continued for 1 0  min more. 
Samples without DCCD received an equivalant amount of 60% methanol. The final methanol concen- 
tration was 6%. ATP was used at a concentration of' 10 mM, and the final volume was 0.5 ml. The 
ATPase reaction was allowed to proceed for 1 5  min at  30°. 
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was found to be the optimal concentration for the inhibition of ATPase activity and oxida- 
tive phosphorylation in M phlei ETP [34]. The addition of sonicated soybean phospho- 
lipid did not increase either the ATPase activity or the DCCD inhibition. 

Reconstitution of Oxidative Phosphorylation 

the reconstitution of oxidative phosphorylation in detergent-treated ETP (TxETP) was 
attempted with purified BCFo and BCFl preparation. Neither TxETP alone, TxETP plus 
BCFo, nor TxETP plus BCFl showed significant levels of phosphorylation (Table 11). 
Oxidative phosphorylation was reconstituted, however, by the addition of both BCFo and 
BCFl to TxETP, and this was inhibited by DCCD. The addition of larger amounts of 
BCFo produced a higher level of phosphorylation. 

Since the primary function of BCFo would appear to involve energy transduction, 

DISCUSSION 

Previous work from this laboratory has employed the term BCF4 for the bacterial 
coupling factor-latent ATPase [6, 16, 25, 331 from M phlei. The corresponding enzyme 
from mitochondria1 and other bacterial systems has come to be denoted by the subscript 1. 
Therefore, in accordance with this accepted common usage, we have adopted this 
terminology. What has previously been called BCF4 will be called BCFl in this and all 
future publications. 

some insights as to the mechanism of energy transduction across the membrane. Some of 
the components of Fo proteins from various sources have been isolated and purified. These 
include the DCCD-binding protein [17, 19, 221 and a protein responsible for the binding of 
F1 to the membrane [20, 211. It is not known whether all of the polypeptides are re- 
quired for energy transduction, although there is some evidence that the DCCD-reactive 
protein alone can serve as a proton translocator [22, 351. 

The objective of the studies described here was to purify the intact BCFo moiety, 
ascertain its functional capabilities, and begin a characterization of this essential membrane 

The study of the functional aspects of purified BCFo preparations should provide 

TABLE 11. Reconstitution of Oxidative Phosphorylation in Detergent-Extracted Membranes by 
Purified BCFo 

Preparation PI0  

TxETP 
TxETP + 20 pg BCFo 
TxETP + BCF1 
TxETP + 16.5 gg BCFo + BCFi 
TxETP + 16.5 gg BCFo + BCF1 + WXD 
TxETP + 28 fig BCFo + BCFi 

0.02 
0.00 
0.04 
0.15 
0.03 
0.24 

The reaction mixture contained dctcrgent-e\tracted membranes (TxETP) (7.5 mg of protein), the 
stated amount of BCFo, and 100 p g  of BCFl where indicated. The final concentration of DCCD was 
0.6 mM (methanol, 6%). Also present were 15 pmoles of MgClz, 100pmoles of Hepes-KOH buffer 
(pH 7.5), 50-pmoles of glucose, 10 pmoles inorganic phosphate, 6 mg of yeast hexokinase, 25 pmoles 
of KF, 10 pmoles of semicarbazide, 2.5 pmoles of ADP, 0.5 mg of yeast alcohol dehydrogenase, 
40 pmoles of ethanol, and 1 pmole of NAD, in a final volume of 1.5 ml. The reaction was allowed to 
proceed for 30 min. 



116:JSS Cohen, Lee, and Brodie 

protein. The purified material has been shown to confer DCCD sensitivity on a BCFl 
preparation. Optimal DCCD inhibition (at 0.6 mM DCCD) was observed when BCFo and 
BCF, were present in approximately equivalent quantities, although complete inhibition 
did not occur. In contrast, the purified BCFo-BCFl from M phlei was inhibited 84% by 
0.6 mM DCCD [6]. It is possible that the separated components do not always recombine 
in the proper orientation. The functional capabilities of BCFo were also ascertained by 
the reconstitution of oxidative phosphorylation in detergent-extracted ETP by the purified 
BCF, plus BCF, . As expected, this activity was inhibited by DCCD. 

the extreme hydrophobicity of the protein, necessitating the presence of detergent 
throughout all procedures. The MW of BCF, as such could not be established by poly- 
acrylamide gel electrophoresis. Therefore, the MW was estimated from the difference 
between the MW of the BCFo-BCF1 complex (-460,000) and that of BCFl , which has 
been well established at 404,000 [ 331 by statistical analysis of polyacrylamide gel electro- 
phoresis. The BCF, MW is estimated to be 60,000 by this method. The MW of the Fo 
from yeast mitochondria has been reported as approximately 100,000 [3], while one 
estimate of Sone et a1 [5] for the TFo from a thermophilic bacterium was about 170,000. 
Both of these values were derived from analysis of SDS gel electrophoresis bands of Fo-Fl 
complex and based on previously calculated MW values for F1 . The reasons for these MW 
discrepancies are probably to be found in the hydrophobic nature of the protein, variations 
in conditions employed that might affect aggregation, and phospholipid and detergent 
contents. It should be emphasized that there is as yet no unequivocal evidence that the 
Fo moiety is a single protein rather than a complex of proteins. 

higher than those reported Yoshida et a1 [8] for TFo (19,000, 13,500, and 5,400). The 
DCCD-binding protein from E coli has been assigned a molecular weight of 8,000- 
9,000 by Fillingame [19] and by Altendorf [22]. A similar MW has been reported for a 
protein involved in the binding of mitochondria1 F, to the membrane [20, 211. Peptides 
of 29,000 and 9,000 MW were found to be a part of the Fo portion of the E coli DCCD- 
sensitive ATPase [36] , while the oligomycin sensitivity conferring protein of mammalian 
mitochondria has a MW of 22,500 [21].  The M phlei BCF, was incompletely dissociated 
by boiling for 3 min in 2% SDS; it displayed a major band at 58,000. The presence of 8 M 
urea during the sample preparation or in the gels did not improve the dissociation. The 
difficulties of denaturing hydrophobic proteins with SDS have been discussed in a recent 
review by Tanford and Reynolds [37] in which it was noted that in some cases more SDS 
can be bound by the protein in the native state than in the denatured state. In such cases 
the protein will tend to remain in the native state. New techniques will be required to 
handle proteins of this nature for analytical purposes. 

protein. The further addition of phospholipid was not required for the reconstitution of 
DCCD sensitivity by BCF,. The TFo of Sone et a1 [ 5 ] ,  which contained virtually no 
phospholipid (< 0.005 mg/mg protein) did require phospholipid for activity. 

and functional aspects of BCFo, and work along these lines is continuing in our laboratory. 
It is hoped that a better understanding of the role of this component in bioenergetic 
mechanisms will result. 

Attempts to characterize the purified BCF, have presented some problems due to 

The polypeptide MW values reported here (24,000, 18,000, and 8,000) are somewhat 

The purified BCF, preparation contained 0.1 5 mg of phospholipid per milligram 

The work described here represents our initial attempts to characterize the cheinical 
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