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Interconversion of High and Low Adenosinetriphosphatase Activity Forms of 
Escherichia coli F by the Detergent Lauryldimethylamine Oxide? 
Hans-Ruedi Lotscher, Catharina deJong, and Roderick A. Capaldi* 

ABSTRACT: The amphipathic detergent lauryldimethylamine 
oxide (LDAO) stimulated ATP hydrolytic activity of Es- 
cherichia coli membranes and isolated ECF, and ECFl-Fo 
ATPase complexes in a concentration-dependent manner. The 
enzyme was maximally activated 3-fold in membranes and 
5-6-fold for isolated ECF, or the ECFI-Fo complex. The 
maximal specific activity of activated ECF, was 140-160 pmol 
of ATP hydrolyzed min-' mg-'. The activation by LDAO was 
reversible. LDAO specifically released subunit 6 from ECF,, 
generating a four subunit enzyme (a, @, y, and e subunits). 
The removal of subunit 6 was not responsible for the stimu- 
lation of ATPase activity as evidenced by the full activation 

r e  oligomeric proton translocating ATPases' from bacteria, 
mitochondria, and chloroplasts can exist in forms with low 
ATPase activity and forms with high ATP hydrolytic activity 
[for recent reviews, see Futai & Kanazawa (1983), Senior & 
Wise (1983), and Hammes (1983)l. In mitochondria and 
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of the four subunit enzyme by LDAO. Treatment of ECFl 
with 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide gen- 
erated a @-e cross-link in high yield [Utscher, H. R., DeJong, 
C., & Capaldi, R. A. (1984) Biochemistry (accompanying 
paper in this issue)]. The formation of this cross-link was 
greatly reduced in the presence of LDAO, indicating that the 
detergent perturbated the interaction between e and /3 subunits 
although e was not removed from the ECF, complex. The 
results suggest that the interconversion of ECF, from a low 
to a high ATPase activity form by LDAO is in major part due 
to a release of the inhibitory action of subunit E on subunit 
P.  

chloroplasts, the modulation of ATPase activity is due in large 
part to an endogenous inhibitor protein (Pullman & Monroy, 
1963; Pederson et al., 1981). Binding of this small polypeptide 
converts the F, from a high activity to a low activity ATPase, 

I Abbreviations: LDAO, lauryldimethylamine oxide; ECF,-Fo, com- 
plete H+-translocating ATPase complex of E.  coli; ECFI, water-soluble, 
extrinsic ATPase sector of the FI-Fo complex of E .  coli; EDC, 1-  
ethyl-3-[3-(dimethylamino)propyl]carbodiimide; NaDodS04, sodium 
dodecyl sulfate; ATPase, adenosinetriphosphatase; EDTA, ethylenedi- 
aminetetraacetic acid; TPCK, tosylphenylalanine chloromethyl ketone. 
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the results being to switch the enzyme from an ATPase to an 
ATP synthase. Bacteria such as Escherichia coli do not 
contain this inhibitor protein, but a similar role has been 
assigned to the e subunit in the F, complex (Laget & Smith, 
1979; Sternweis & Smith, 1980; Dunn & Heppel, 1981). As 
part of our structural study of ECFA-Fo, we have examined 
many different conditions for releasing ECF, from Fo. Here 
we show that the amphipathic detergent lauryldimethylamine 
oxide (LDAO) liberates a highly active ECF, both from pu- 
rified ECF1-Fo and from E.  coli membranes directly. This 
detergent also effects the conversion of ECF, from the low 
ATPase activity form to a high ATP hydrolytic activity form, 
making it possible to compare structurally these different 
conformations of the enzyme. 

Experimental Procedures 
Materials. LDAO (Ammonyx LO) was obtained as a 30% 

aqueous solution from Onyx Chemical Co., Jersey City, NJ. 
TPCK-treated trypsin (Worthington) was purchased from 
Millipore Corp., Freehold, NJ. 

Source of Cells and Preparation of Membranes, ECFl-Fo 
and ECF,. E .  coli strain KY 7485 containing a A-transducing 
phage which carries the genes of the unc operon was kindly 
provided by Dr. R. H. Fillingame, University of Wisconsin. 
Cells were grown on minimal medium with glucose as energy 
source. The A-phage production was induced by raising the 
temperature to 42 OC for 30 min (Foster et al., 1980). 
Membranes, ECFl-F,, and ECF, were prepared by using the 
procedures of Foster et al. (1980) and Foster & Fillingame 
(1979). Protein was determined according to Lowry et al. 
(1951). 

ATPase Activity Assay. ATPase activity of membranes, 
ECFl-Fo, and ECF, was assayed in 1 mL of a solution con- 
taining 25 mM tris(hydroxymethyl)aminomethane, pH 7.5, 
25 mM KC1, 5 mM MgCl,, 5 mM KCN, 2 mM phosphoe- 
nolpyruvate, 2 mM ATP, 0.5 mM NADH, 30 units of L-lactic 
dehydrogenase, and 30 units of pyruvate kinase at 37 "C. 
When the activity of ECF,-Fo was measured, the assay buffer 
also contained 0.2% Tween 80. This medium was supple- 
mented with LDAO as indicated in the figures. The linear 
absorbance change at 340 nm was followed in a Beckman DU7 
spectrophotometer. The specific activity is expressed as units 
per milligram. One unit corresponds to 1 pmol of ATP hy- 
drolyzed/min. 

NaDodS04 Gel Electrophoresis. Samples were dissolved 
in 6% NaDodS04, 10% mercaptoethanol, 20% glycerol, and 
0.1 25 M tris(hydroxymethyl)aminomethane, pH 6.2. One- 
millimeter-thick slab gels were run as described by Lemmli 
(1970) with a 5% polyacrylamide stacking gel and a 12-18% 
polyacrylamide separating gel (linear gradient), both con- 
taining 0.2% NaDodS04. Staining with Coomassie brilliant 
blue R and destaining were carried out according to Downer 
et al. (1976). 

Sucrose Gradient ofECF1.  A 3-mg sample of ECF, was 
applied on top of a 10-40% linear sucrose gradient in 50 mM 
tris(hydroxymethyl)aminoethane, pH 7.4, 50 mM KC1, 1 mM 
MgCl,, 1 mM dithiothreitol, and f0.2% LDAO. The total 
volume was 40 mL. The gradient was run in a Beckman 
vertical rotor (VTI 50) at 45 000 rpm for 14 h. A total of 29 
fractions of 1.38 mL was collected following puncture of the 
tube bottom and assayed for ATPase activity. 

Results 
Table I lists the specific ATPase activities of membranes, 

ECFI-Fo, and ECFl purified from E .  coli (strain KY 7485 
infected with a A-transducing phage containing the unc operon) 

Table I: ATPase Specific Activity f SD" 
pmol of ATP hydrolyzed min-' 

(mg of protein)-' 
2.9 f 0.7 (n = 18) 
15.1 f 6.0 (n = 21) 
23.1 f 6.2 (n = 5 )  

membranes 
ECFi-Fo 
ECF, 

Membranes, ECF,-Fo, and ECF, were prepared, and ATPase ac- 
tivity was determined in the absence of LDAO as described under Ex- 
perimental Procedures. 

5-1 

7--, ECF,Fo I 

14  

Fr membranes 

-- 
0 004 0 0 8  0 2  06 IO 

' i o  LDAO 

FIGURE 1: Stimulation of ATPase activity by LDAO. ATPase activity 
of membranes (circles), ECF, (triangles), and ECFl-Fo (squares) 
was assayed in the presence of increasing concentration of LDAO; 
5 pg of membrane protein, 0.8 pg of ECF', and 3 pg of ECFI-Fo were 
used per assay. 

in our laboratory over the last 18 months by using the methods 
of Foster et al. (1980). The specific activity of ECFl-Fo is 
typical of that reported for the intact ATP synthase by other 
laboratories (Foster et al., 1980; Fried1 et al., 1979). The 
activity of ECF, is at the low end of the range of reported 
activities for such a preparation, Le., 20-150 pmol of ATP 
hydrolyzed min-' (mg of protein)-' (Dunn & Futai, 1980; 
Nelson et al., 1974; Bragg & HOU, 1975; Satre et al., 1979). 
NaDodS04-polyacrylamide gels of the ECF, and ECFI-Fo 
preparations have shown the expected five and eight subunit 
enzymes. 

The effects of increasing concentrations of LDAO on the 
ATPase activity of ECF,, ECF,-Fo, and membrane are shown 
in Figure 1 .  The presence of this detergent in the assay 
mixture increased the ATPase activity of both ECF, and 
ECFl-Fo by at least 5-fold, with the activity of ECFl being 
140-160 pmol of ATP hydrolyzed m i d  mg-', the highest 
reported under the standard conditions of assays (pH, tem- 
perature). This activation did not convert the enzyme into a 
Ca*+-ATPase as occurs during octyl glucoside activation of 
the chloroplast F, (Pick & Bassilian, 1982) (octyl glucoside 
inhibits ECF, rather than activating the enzyme). The 
Ca2+-ATPase activity of ECF, in 0.5% LDAO was 2% of the 
MgZC-ATPase activity of the complex, a value similar to that 
of control untreated enzyme. The lag in activation of ECFI-Fo 
seen in Figure 1 probably represents equilibrium partitioning 
of LDAO into micelles of Tween 80 at the lower concentra- 
tions of the activating detergent. The activity of ECF, in E .  
coli membranes was maximally increased about 3-fold by the 
LDAO treatment (Figure 1). Low concentration of LDAO 
(0.01%) reproducibly inhibited the ATPase activity of mem- 
brane preparations for reasons not clear at present. 
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Frocllcn N"mbrr 

ploum 2 Separation of subunit 6 from ECF, by aucrme density 
gradient anuifugation. (A) ECF, waa rvdimented onalWOSlinear 
sucrose gradient in the a h  (circks) and prepena ofO.2S LDAO 
(triangles). The collected fractions w m  assayed for ATPasc activity 
in the presence of 0.5% LDAO. Open symbols indicate ATPase 
activity of the peak fractions assayed in the absence of LDAO. (B) 
The subunit composition of ECF, after sucrose density gradient 
centrifugation in the absence (control) and presence of LDAO is 
shown; 2@pL aliquots were dissolved in NaDodSO, denaturing bder  
and subjected to NaDodSO, gel eleetrophoresis. (Lane I )  Fraction 
5 of control gradient; (lane 2) fraction 29 of control gradient; (lane 
3) fraction 7 of gradient in LDAO (lane 4) fraction 29 of gradient 
in LDAO. 

Figure 2 (part A) shows a comparison of the sedimentation 
of ECF, in a sucrose gradient in the presence and absence of 
LDAO (at a concentration giving optimum ATPase activity). 
The enzyme sedimented as a sharp band in both cascs but as 
a four-subunit enzyme in LDAO (a. 8. y. and e) and as a 
five-subunit enzyme with LDAO absent as shown by Na- 
DodSOrpolyacrylamide gels of peak fractions (Figure 2, part 
B). The 6 subunit released from ECF, by LDAO treatment 
ran at the top of the sucrose gradient. 

ATPase activity was measured both with (solid symbols) 
and without (open symbols) LDAO in the assay mixture. 
Enzyme from which 6 had been removed by centrifugation in 
the gradient containing LDAO bad high activity when a ~ ~ ~ , y e d  
with LDAO in the assay buffer but low activity without the 
detergent in the assay. Thus, the activation by LDAO is 
reversible, with the high-affinity form depending on the 
prenence of LDAO in the assay buffer. Moreover, generation 
of the high-activity form is not a consequence of removing the 
6 subunit, as enzyme missing thii subunit is still switched from 
high- to low-activity form depending on the presence or ab- 
sence of the detergent. 

Several lines of evidence indicate that the e subunit of ECF, 
modulates the ATPase activity of the enzyme (Smith & 
Sternweis, 1977; Sternweis & Smith, 1980). In this connee 
tion, it bas been shown that protease digestion of ECF, ac- 
tivates the enzyme concomitantly with the removal of the 6 
and e subunits and partial cleavage of t h e y  subunit (Bragg 
& Hou, 1975; Smith & Sternweis, 1982). Figure 3A shows 
a time course of trypsin cleavage of ECF,. with the ATPase 
activity assayed in the absence (solid symbols) and in the 
presence (open symbols) of LDAO. 

After 2 h of incubation with trypsin, both the 6 and e sub- 
units were missing from the NaDodSOrpolyacrylamide gel 
polypeptide profile (Figure 3B). The ATPase activity of the 
preparation had increased about 3-fold. The activity of the 
trypsin-treated preparation could be further enhanced when 
assayed in LDAO (Figure 3) to give activities identical with 
those of the enzyme assayed in detergent without prior protease 
digestion. 

We have previously shown that the water-soluble carbo- 
diimide EDC effects the cross-linking of the e to the /3 subunit 

B 

1 2  

8- - 
E -  - 

m o m  3 Activation of ECF, ATPasc activity with trypain. (A) 
ECF, (I mg/mL) was incubated in 50 mM tris(hydroxymethy1)- 
aminmethane. pH 8.0, 10% sucrose, 10% glycerol, 2 mM EDTA, 
and I mM ATP with trypsin (1:1OOO w/w) at 25 OC (Dunn et al.. 
1980). At the indicated times 2-pL aliquots were withdrawn and 
immediately assayed for ATPase activity m the atsence (open symbols) 
and presence of 0.5% LDAO (c l cd  symbols). (B) After 120 min, 
the protwlysis was stopped by addition of phenylmethanesulfonyl 
fluoride (IWfold excess by weight over trypsin), and the sample was 
passed over a Sephadex GI50 column in 25 mM, pH 7.0, and 100 
mM KCI. The subunit composition was analyzed by NaDodSO, gel 
electrophomis. (Lane I )  ECF, mntml sample, 15 fig: (lane 2) ECF, 
trypsin treated, 15 fig. 

in ECF, and ECF,-Fo (Latscher et al., 1984a). When this 
cross-linking reaction was done in the presence of LDAO, there 
was 4WO% less of the cross-linked product (five different 
experiments using densitometry to determine the amount of 
the 8-f product) than in controls without the detergent. This 
result cannot be explained by competition between the d e  
tergent and protein for the carbodiimide, and the implication 
is that LDAO alters the binding of e to the j3 subunit. The 
detergent docs not release the e subunit completely as evident 
from the sucrose gradient experiments but must cause relo- 
cation of the small polypeptide to a second p i b l y  overlapping 
site on the ECF,. 

Discussion 

Results presented here show that the addition of LDAO to 
ATPase preparations from E. coli causes an enhancement of 
ATP hydrolytic activity whether membranes or nonmembra- 
nous preparations are assayed. Isolated ECF, and ECF,-Fo 
are activated 5-6-fold by LDAO, the activation of the enzyme 
in E. coli membranes is 3-fold. The maximal activity of 
isolated ECF, under standard assay conditions is in the range 
140460 mol of ATP hydrolyzed min-' (mg of protein)-' with 
30.4% LDAO in the assay buffer. Thii is the highest turnover 
rate reported for the enzyme. LDAO releases ECF, from the 
Fo part of the ATP synthase as a four-subunit enzyme (a. 0, 
y. and e subunits) a t  the concentration of detergent used in 
activation. 

The use of LDAO in the assay mixture for ATPase activity 
is appropriate not only for maximizing activity but also where 
the site of action of an inhibitor is being explored. A good 
example is our recent study of the effect of the water-soluble 
carbodiimide EDC on the ATP synthase (Li5tscher et al., 
1984b). This reagent a t  low concentrations was found to 
inhibit the ATPase activity of the E. coli membrane. By 
assaying of aliquots of the EDC-treated membranes in the 
absence of LDAO where inhibition of ATPase activity was 
essentially complete and in the presence of LDAO where 
inhibition was negligible, it was possible to conclude that the 
site of EDC reaction was in the Fo portion of the complex. 
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This was fully borne out by peptide analysis which established 
that the site of EDC modification was in subunit c. 

It is important to note that the specific activity of ECFl 
isolated in this laboratory is essentially the same as that of 
ECF,-Fo when account is taken of the extra protein associated 
with the intact ATP synthase complex (ECF,, M, 382K ECFo, 
M, 100K-150K; Senior & Wise, 1983). This indicates that 
it is not the physical separation of ECF, from Fo alone that 
increases ATPase activity but rather some structural rear- 
rangement of ECFI. LDAO is able to reversibly alter isolated 
ECF, from a low ATPase activity to a high ATPase activity 
form. This activation is not due to release of the 6 subunit 
which is one clear consequence of the LDAO treatment. 
Enzyme from which the 6 subunit has been removed by sucrose 
density gradient centrifugation in the presence of LDAO can 
be converted from the high-activity to low-activity form by 
diluting out the detergent. 

Our working hypothesis is that the e subunit modulates the 
ATPase activity of ECF,. Several lines of evidence support 
this proposition. It has been found that the ATPase activity 
of ECF, is concentration dependent, with the highest ATP 
hydrolytic activities being obtained when the enzyme is diluted 
to concentrations below the K,,, for binding of the e subunit 
(Laget & Smith, 1979; Sternweis & Smith, 1980). Antibodies 
to the e subunit have been shown to stimulate ATPase activity 
as would be expected if they remove loosely bound e from the 
ECF, complex (Laget & Smith, 1979). Finally, it has been 
shown that the ATPase activity of a reconstituted ECF,, 
prepared by mixing purified a, p ,  and y subunits, is inhibited 
by adding purified E subunit (Laget & Smith, 1979; Sternweis 
& Smith, 1980). This inhibition is about 5-fold and thus in 
the same range as the activation obtained by LDAO in this 
study. The e subunit remains bound to ECFl in the presence 
of LDAO as it is not removed by sedimentation in a sucrose 
gradient. However, it must equilibrate between two or more 
(possibly overlapping) sites on the ECF, when LDAO is 
present, in order to explain the decrease in cross-linking be- 
tween fi and e in this detergent. 

It has been found that trypsin cleavage of ECF, enhances 
ATPase activity (Bragg & Hou, 1975; Smith & Sternweis, 
1982), and this is confirmed in the present study. The acti- 
vation by proteolysis has been attributed to the removal of e 
from the ECFl complex. LDAO is able to activate trypsin- 
cleaved ECFl almost 2-fold. It could be that trypsin cleavage 
leaves fragments of y or e bound to the core of the complex 
and that these affect activity but are removed by LDAO 
treatment. Alternatively, LDAO may activate ECF, through 

interactions beside the removal of the e subunit. 
Registry No. LDAO, 1643-20-5; ATPase, 9000-83-3. 
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