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Interaction of N,N’'-dicyclohexylcarbodiimide (DCCD) with ATPase of Mycobacterium phlei membranes
results in inactivation of ATPase activity. The rate of inactivation of ATPase was pseudo-first order for the
initial 30—65% inactivation over a concentration range of 5-50 uM DCCD. The second-order rate constant
of the DCCD-ATPase interaction was k = 8.5:10° M ~'+min~ . The correlation between the initial binding
of ['“C]DCCD and 100% inactivation of ATPase activity shows 1.57 nmol DCCD bound per mg membrane
protein. The proteolipid subunit of the F,F,-ATPase complex in membranes of M. phlei with which DCCD
covalently reacts to inhibit ATPase was isolated by labeling with ['“C]DCCD. The proteolipid was purified
from the membrane in free and DCCD-modified form by extraction with chloroform /methanol and
subsequent chromatography on Sephadex LH-20. The polypeptide was homogeneous on SDS-acrylamide gel
electrophoresis and has an apparent molecular weight of 8000. The purified proteolipid contains phosphati-
dylinositol (67%), phosphatidylethanolamine (18%) and cardiolipin (8%). Amino acid analysis indicates that
glycine, alanine and leucine were present in elevated amounts, resulting in a polarity of 27%. Cysteine and
tryptophan were lacking. Butanol-extracted proteolipid mediated the translocation of protons across the
bilayer, in K *-loaded reconstituted liposomes, in response to a membrane potential difference induced by
valinomycin. The proton translocation was inhibited by DCCD, as measured by the quenching of fluores-
cence of 9-aminoacridine. Studies show that vanadate inhibits the proton gradient driven by ATP hydrolysis
in membrane vesicles of M. phlei by interacting with the proteolipid subunit sector of the F, F,-ATPase
complex.

DCCD when ATPase is solubilized from the mem-
brane [1,4]. Similar effects of DCCD have been
observed in mitochondria, chloroplasts and other
bacteria [5—10]. Studies carried out in our labora-

Introduction

The membrane-associated ATPase of Mycobac-
terium phlei has been previously shown [1] to be

inhibited by DCCD as are other energy-transduc-
ing reactions, e.g., oxidative phosphorylation and
ATP-driven transport of amino acids and Ca’”
[2,3]. The ATPase activity is not inhibited by

* To whom requests for reprints should be addressed.

Abbreviations: DCCD, N, N’-dicyclohexylcarbodiimide; Tri-

cine, N-tristhydroxymethyl)methylglycine.

tory [2] demonstrated that the energy-transducing
ATPase complex of M. phlei is composed of two
basic components; one component is the ATPase
(F,), which catalyzes hydrolysis of ATP as well
binding ADP and ATP [11], and is localized on
the external surface of inside-out membrane
vesicles, while the other component F, is buried
within the cytoplasmic membrane. The energy-
transducing reactions of the ATPase synthase are



observed only when F, is bound to F, and these
reactions are inhibited by DCCD, presumably by
binding irreversibly to the F, component as has
been demonstrated in other bacteria (for a review,
see Ref. 8). Similarly, vanadate has been shown to
inhibit membrane-bound ATPase activity of M.
phlei but does not affect solubilized ATPase activ-
ity [12]. However, inhibition by vanadate was
reversible, and was additive to irreversible inhibi-
tion by DCCD. Moreover, it has been observed
that both DCCD and vanadate inhibit formation
of a proton gradient in membrane vesicles, al-
though the molecular mechanism of inhibition of
ATPase activity and proton conductivity by these
agents is not known in M. phlei.

The results presented in this study show the
stoichiometry of the DCCD interaction with
ATPase in membranes of M. phlei, as determined
by kinetic analysis. We have purified the DCCD-
reactive proteolipid component of the ATPase
complex to homogeneity. Amino acid analysis in-
dicates that the content of hydrophobic residues is
high, as has been observed for the proteolipid
component from other sources. Proteolipid com-
ponent when incorporated into liposomes exhibits
H™* conductivity which is inhibited by DCCD. Our
results also show that vanadate, which inhibits
membrane-bound ATPase activity, does not affect
the binding of DCCD to membranes, but does
affect proton translocation.

Materials and Methods

Preparation of membrane vesicles. M. phlei
ATCC 354 was grown and harvested as described
by Brodie and Gray [13]. Membrane vesicles were
prepared by sonication of the cells followed by
centrifugation at 144000 X g for 60 min as de-
scribed by Brodie [14]. The pellet (membrane
vesicles) thus obtained was suspended in 50 mM
Tris-acetate buffer, pH 8.0, containing 0.15 M KCl
and 4 mM MgCl,.

Assay of latent ATPase activity. The ATPase
activity in membrane vesicles was determined after
unmasking of the latent ATPase by trypsin treat-
ment. The membrane vesicles (2 mg/ml) in 50
mM Tris-acetate buffer, pH, 8.0, containing 0.15 M
KCI and 4 mM MgCl, were treated with bovine
pancreas trypsin (50 ug/mg membrane protein)
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for 10 min at 30°C. After 10 min the reaction was
terminated by the addition of soybean trypsin
inhibitor (100 pg/mg protein). ATPase activity of
the sample was determined [4] in the presence of 4
mM MgCl, and 10 mM ATP at 37°C by estimat-
ing the P, released from ATP [1].

The inhibition of membrane-bound ATPase ac-
tivity by DCCD was assayed by the procedure of
Kalra and Brodie [l1]. Membranes were prein-
cubated with DCCD for the indicated time inter-
vals prior to unmasking of latent ATPase with
trypsin.

Estimation of ['*C]DCCD binding. Membrane
vesicles (1.2 mg protein) suspended in 50 mM
Tris-acetate buffer, pH 8.0, containing 0.15 M KCl
and 4 mM MgCl, were incubated with ['*C]DCCD
(spec. act. 54.6 Ci/mol) for the indicated time
intervals at 37°C in a total volume of 0.5 ml. The
reaction was terminated with an equal volume of
acetone and centrifuged in microcentrifuge for 5
min at 10000 X g. The pellet thus obtained was
washed twice with 2.5% trichloroacetic acid. The
pellet was solubilized in 1 M NaOH, mixed with 5
ml of Aquasol scintillation fluid and the radioac-
tivity counter after neutralization with HCL

Isolation of [!*C]DCCD reactive proteolipid.
Membrane vesicles of M. phlei at a protein con-
centration of 15 mg protein/ml suspended in 50
mM Tris-acetate buffer, pH 8.0, containing 0.15 M
KCl and 4 mM MgCl, were incubated with
["*C]DCCD (100 M) for 16 h at 4°C. The sus-
pension was diluted (10 ml) with the above buffer
and the contents centrifuged at 144000 X g for 45
min. The pellet was washed twice with the above
buffer and proteolipid extracted essentially accord-
ing to the method of Sone et al. [15]. The labeled
pellet (2-5 mg) was mixed with 5 ml of 50%
methanol containing 10 mM MgSO, and incubated
at room temperature for 10 min. The suspension
was centrifuged at 10000 X g for 10 min. The
pellet obtained was homogenized in 2.5 ml of
CHCl,/CH,O0H (3:2, v/v) using a glass homo-
genizer and stirred for 30 min at room tempera-
ture and again centrifuged at 15000 X g for 15
min. The supernatant was carefully removed from
the fluffy layered pellet, cooled to 0°C and mixed
with 5 vol. of precooled ( —20°C) diethyl ether and
the mixture kept at —20°C for 16 h. The precipi-
tated proteolipid was collected by centrifugation
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and dissolved in CHCl,/CH;0H (3:2, v/v) for
application to a Sephadex LH-20 column for fur-
ther purification as described by Soto et al. [16].
The column (1.8 X 30 cm) was eluted with follow-
ing solvents: (i) 80 ml CHCl,, (ii) 20 ml CHCl,/
CH,0H (15:1, v/v), (iii) 20 ml CHCl,/CH;OH
(10:1, v/v), (iv) 20 ml CHCl,/CH,OH (6:1,
v/v), and (v) 20 ml CHCl,/CH,OH (4:1, v/v).
Fractions of 2 ml were collected at a flow rate of
0.5 ml/min. Radioactivity in each fraction was
monitored in Beckman LS-8000 scintillation coun-
ter.

Reconstitution of F, in liposomes. The proteo-
lipid F, required for reconstitution studies was
extracted by butanol as described by Sigrist et al.
[17]. The proteolipid was solubilized from mem-
brane vesicles with either butanol alone [18] or
butanol followed by precipitation with diethyl
ether. The proteolipid was collected by centrifuga-
tion and suspended in a small volume of n-butanol.
The proteolipid was incorporated into liposomes
by a modified procedure of that of Schindler and
Nelson [18]. The proteolipid (50-100 pg protein)
in butanol was mixed with 18 mg acetone-purified
asolectin as a dry film in a round-bottom flask
(Associated Concentrates Inc., NY). The contents
were dried under N, at room temperature and
suspended in 1 ml of 10 mM Tricine-NaOH buffer,
pH 8.0, 0.25M sucrose, 0.4 M KCl containing
0,65 mM dithiothreitol. The contents were soni-
cated in a Corex tube for 3 min in a Branson 220
sonifier bath at 25°C under an N, atmosphere.
The proteoliposomes thus obtained were dialyzed
for 18 h in the above buffer except that KCl was
omitted.

Assay of HY movement in proteoliposomes. The
quenching of 9-aminoacridine was used to monitor
H* movements in K*-loaded proteoliposomes as
described by Celis [19]. The fluorescence measure-
ment was carried out in a Perkin-Elmer MPF-4
spectrofluorometer equipped with a thermostati-
cally regulated cuvette holder. Unless otherwise
mentioned, the temperature was maintained at
37°C.

Phospholipid analysis of proteolipid. Purified
proteolipid (500 pg protein) was suspended in 5 ml
CHCl,/CH,0H/H,0 (64:32:4, v/v) and dried
under reduced pressure in a rotary evaporator as
described previously [20]. This procedure was re-

peated twice. The residue was dissolved in chloro-
form and filtered through Whatman No. 1 filter
paper. Individual phospholipids were separated on
silica gel G plates using the solvent system
CHCl,/CH,OH/H,0 (65:25:4, v/v). The re-
solved phospholipids were visualized by exposure
to iodine vapor and identified by comparison with
authentic standard phospholipids [21]. The phos-
pholipids identified were scraped from the plate
and their phosphorus contents were determined
according to the method of Marinetti [22].

Estimation of molecular weight by polyacrylamide
gel electrophoresis. Gel electrophoresis of the puri-
fied proteolipid fraction was carried out in 13%
(w/v) acrylamide containing 8 M urea and 0.5%
SDS as described by Fillingame [23]. Standard,
low molecular weight markers (M, range 2512-
16 949) obtained from BDH Chemicals, U.K., were
used for estimation of the R, value and molecular
weight. The gels were cut into 1-mm slices by a
Bio-Rad electric gel slicer. After digestion with 200
pl of 30% H,0, at 37°C for 48 h, the slices gels
were counted for radioactivity in Aquamix (West-
Chem Products, San Diego, CA) using a Beckman
LS-8000 scintillation counter. A Hewlett-Packard
programmable computer with on-line display was
used for plotting the data and obtaining correla-
tion coefficient values.

Protein determination. Protein in proteolipid was
determined by the method of Lowry et al. [24] as
modified by Bailey [25] essentially according to the
procedure of Fillingame [7]. Proteolipid sample
was solubilized by adding 2.5% SDS in 0.5 M
NaOH followed by incubation at 37°C for 2 h.
The 2% Na,CO, (reagent A [24]) contained 1%
SDS for these assays.

Analytical methods. The sample protein was hy-
drolyzed in 6 M HCI at 110°C for 24 h and its
amino acid composition was analyzed using a
Durrum D-500 amino acid analyzer.

Materials. ['"*C]DCCD (54.6 Ci/mol) was pur-
chased from Research Products International
Corp., IL; asolectin from Associated Concentrates,
NY; vanadate (orthovanadate) from Fisher Scien-
tific Co.; and ATP (vanadate-free) and 9-
aminoacridine from Sigma Chemical Co. All other
reagents were obtained commercially and were of
reagent grade. Low molecular weight protein
standards, Product No. 44272 (M, range
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2512-16949) were purchased from BDH, Poole, pleted within 2 h of incubation (Fig. 1B). Fig. 1C

U.K. shows the relationship between binding of
['*C]IDCCD and inhibition of ATPase activity.

Results Extrapolation of the initial linear portion of the
curve to 100% inactivated ATPase activity reveals

Relationship between ['*C]DCCD binding and in- that under these conditions 1.57 nmol ['*C]DCCD
hibition of ATPase activity in membrane vesicles of bind per mg membrane protein of M. phlei mem-
M. phlei branes, whereas the value for the second portion
The time course of both inhibition of mem- of the curve was approx. 6.82 nmol [*C]DCCD
brane-bound ATPase activity and ['*C]DCCD bound per mg protein. The latter value presuma-
binding was measured in M. phlei membrane bly involves the interaction of ['*C]JDCCD with
vesicles at 37°C. As shown in Fig. 1A, the in- protein sites in the membrane which are not part
activation of ATPase activity was both time and of the F,-F, complex. Vanadate, which inhibits
concentration dependent and at higher DCCD membrane-bound ATPase activity and formation
concentrations (50 puM) approx. 80% of the mem- of proton gradient [12], in M. phlei did not signifi-

brane-bound ATPase activity was inhibited [1]. cantly affect the binding of ['*C]DCCD to mem-
Similarly, the binding of ['*C]DCCD to M. phlei branes as 1.67 nmol ['“C]DCCD were bound in
membranes was dependent upon both concentra- the presence of vanadate (100 uM).

tion of DCCD and time of incubation, being com-
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Fig. 1. (A) Time course of inhibition of ATPase activity in membrane vesicles of M. phlei. Membrane vesicles (2 mg,/ml) were treated
with trypsin prior to incubation with various concentrations of DCCD for the indicated time intervals. The ATPase activity was
analysed by determining the released P, as described in Materials and Methods. DCCD: 2 M (@ ®), 5uM (O 0), 10
LM (@ 0), 25 pM (a 4), and 50 pM (X X ). The results are shown for a typical experiment. Similar results were
obtained in five separate experiments. (B) Time course of binding of [*CIDCCD to membrane vesicles. Membrane vesicles (1.2 mg
protein) were incubated with various concentrations of [*C]DCCD for the indicated time periods at 37°C. After the indicated time
interval, the reaction was terminated by the addition of acetone and 2.5% trichloroacetic acid as described in Materials and Methods.
The radioactivity associated with the precipitated protein was dissolved in 1 M NaOH and counted in a liquid scintillation counter,
after neutralization. ('"*CIDCCD: 5uM (O 0), 10 uM @ 0), 25 uM (a A), and 50 gM (X x). (C)
Relationships between ['¥C]DCCD binding and inhibition of ATPase activity. The data in B of [“C]DCCD binding and the
corresponding inhibition of ATPase activity in A were replotted to determine the relationship between the binding of ['*CJDCCD and
inhibition of ATPase activity. The data in the plot of % ATPase activity were corrected for activity insensitive to DCCD (13%). Linear
regression analysis was performed on a programmable Hewlett-Packard computer attached to a plotter to extrapolate all the points
within the range 0-1.8 nmol [**CJDCCD bound /mg protein to zero activity. ['* CJDCCD bound (@ @), ['“CJDCCD bound in
the presence of vanadate (100 uM) (O O).
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Kinetics of the DCCD-ATPase interaction give an absolute value for the time course of
Since the activity-binding correlation involves inhibition. This may be due to the pH-dependent
the determination of the covalently bound inhibi- breakdown of DCCD which exists in aqueous
tor, the kinetics of the inhibitory effect were solution. As a consequence, the actual concentra-
analysed to define the DCCD-ATPase interaction. tion of added DCCD which remains bound at the
The kinetic analysis approach, i.e., evaluation of inhibitory site afer completion of the reaction will
pseudo-first-order rate constants (k") of the reac- be less than that actually added.
tion as a function of the inhibitor concentration,
has been used by Levy et al. [26] for irreversible- Purification of the ['*C]DCCD proteolipid
inhibitor-enzyme interaction. As shown in Fig. 2A, The DCCD reactive binding protein of M. phlei
the rates of inactivation of the latent ATPase of was extracted with CHCl,/CH;OH from ['*C]
M. phlei membranes were pseudo-first order for DCCD-treated membranes by a procedure similar
the initial 30-65% inactivation over a concentra- to that described for Escherichia coli protein {7,23].

tion range of 5-50 pM DCCD. The inactivation The DCCD-reactive proteolipid was precipitated
half-time (¢, ,,) was calculated by determining the from the CHCl,/CH,OH extract by addition of
time required by DCCD to cause 50% loss of the diethyl ether as described previously [23]. The

ATPase activity. As shown in Fig. 2B, a plot of ¢ DCCD-reactive protein was purified from the
vs. 1 /DCCD gave a straight line with the intercept crude proteolipid fraction on Sephadex LH-20. As
at ¢, the minimum inactivation half-time of 1 min. shown in Fig. 3 the DCCD-reactive protein was
The plot (Fig. 2C) of pseudo-first order rate eluted with CHCl, only. SDS gel electrophoresis
constants (k') vs. DCCD concentration shows that revealed that this fraction was homogeneous, since
the reaction with respect to DCCD is of about first a single Coomassie blue-stained band which
order. The second-order rate constant of DCCD coelectrophoresed with the radioactivity due to
interaction with membranes is k =8.5-10° M~ '. ['*C]DCCD was observed (Fig. 4). The molecular
min "', However, the experimental points in Fig. weight of the proteolipid was estimated to be 8000
2A deviate from linearity, indicating that the sim- by comparison of the mobility of the known
ple pseudo-first-order kinetics may not suffice to standards. The amino acid analysis of the purified
100
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Fig. 2. (A) Semilogarithmic plot of the inhibition of ATPase activity by various concentrations of ['*C]DCCD. The data in Fig. 1A
were replotted on a semilogarithmic scale. DCCD: 5uM (O 0), 10 puM @ 0), 25 pM (a a), and 50 pM
(X X). (B) Inactivation half-time (7, ,,) for inhibition of ATPase activity as a function of the reciprocal of the DCCD
concentration. ATPase activity was determined as described in Materials and Methods. The inactivation half-time (¢, ,,). i.e., the time
to obtain 50% inactivation of the enzyme activity, was taken from A and plotted against the reciprocal of DCCD concentration. The
least-squares fit was obtained using a programmable computer. (C) Plot of the pseudo-first-order rate constants of the DCCD-ATPase
interaction (k) in membrane vesicles of M. phlei as a function of DCCD concentration. Values of ¢, ,,, i.e., the time to obtain 50%
inactivation of ATPase, were derived from A. The &’ values were calculated from k”= 0.693/¢, ,,. The second order rate constant of
the DCCD-ATPase interaction (k) was 8.5-10° M~ "-min— ",
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Fig. 3. Sephadex LH-20 chromatography of DCCD-reactive
proteolipid. Diethyl ether-precipitated proteolipid (1 mg pro-
tein) was loaded on a Sephadex LH-20 column preequilibrated
with CHCl,. Elution was carried out with CHCl; and mixtures
of CHCl;/CH,OH as described in Materials and Methods.
Absorbance at 280 nm (O O) and [*CIDCCD radioac-
tivity (@ @) in each fraction were monitored.

proteolipid is shown in Table 1. Cysteine and
tryptophan were not observed, as has been ob-
served for ATPase synthase proteolipid from
mitochondria and other bacterial species [8]. Of
the nonpolar amino acids that predominate,
abnormally high contents of glycine (15%), alanine
(13%) and leucine (13%) were present. The tyro-
sine content (1%) was low. The polarity calculated
according to the method of Capaldi and
Vanderkooi [27] was 27%.

Phospholipid composition of proteolipid

The purified proteolipid from M. phlei was
analyzed for its lipid composition. As shown in
Table II, proteolipid contained phosphatidyl-
ethanolamine (18%), phosphatidylinositol (67%)
and cardiolipin (8%). The nature of phospholipids
present in the proteolipid was similar to that ob-
served in membranes from which it was isolated,
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Fig. 4. Polyacrylamide gel electrophoresis of [ 1* C]DCCD-bound
proteolipid. [*C]JDCCD-bound F, proteolipid obtained by
Sephadex LH-20 chromatography was electrophoresed on a
13% polyacrylamide gel containing 8 M urea in the presence of
0.5% SDS as described in Materials and Methods. ( )
Densitometric scan of the Coomassie blue-stained gel was
carried out on a Zeineh soft laser scanning densitometer at 555
nm. (------ ) Profile of ['*C]DCCD radioactivity on an identi-
cal gel that was cut into 1-mm slices. The arrows indicate the
relative migration of the molecular weight standard (M, range
2512-16 949: myoglobin III, 2512 polymerized yielding;
myoglobin II, M, 6214; myoglobin I, M, 8519; myoglobin I
and II, M, 14404; and myoglobin 16 949) obtained from BDH,
Poole, U.K. The molecular weight of proteolipid was de-
termined by plotting R, values versus log M, of standards
utilizing a linear regression analysis program on a computer
plotter. K, kDa.

although the percentage of various phospholipids
present in proteolipid was different from the pre-
sent in native membranes (Table II).

Effect of DCCD on H™* translocation in F, pro-
teoliposomes

As shown in Fig. 5, addition of valinomycin to
proteolipid-incorporated liposomes loaded with
KCl caused an influx of H™, as indicated by the
quenching of the fluorescence of 9-aminoacridine.
Addition of DCCD resulted in an increase in the
fluorescence, indicating that DCCD inhibits H™*
transfer. Preincubation of proteoliposomes with
DCCD (50 uM) for 10 min prevented the quench-
ing of fluorescence induced by valinomycin, indi-
cating that H* migrated through proteolipid rather
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TABLE1

AMINO ACID COMPOSITION OF THE PURIFIED
DCCD-BINDING PROTEOLIPID FROM M. PHLE!

The proteolipid samples were dried under argon and hydro-
lysed for 24h in 6 M HCl as described in Materials and
Methods. The closest integral number of each residue is shown
in parentheses.

Amino acid Amount in proteolipid
(mol/mol)
Aspartic acid 4.37 (4)
Threonine 496 (5)
Serine 3.33(3)
Glutamic acid 5.03 (5)
Proline 5.74 (6)
Glycine 12.00 (12)
Alanine 11.38 (11)
Cysteine ? 0 O
Valine 2,96 (3)
Methionine 217 (2)
Isoleucine 6.69 (7)
Leucine 11.06 (11)
Tyrosine 1.43 (1)
Phenylalanine 4.80 (5)
Histidine 0.54 (1)
Lysine 1.24 (1)
Arginine 3.22 (3)
Tryptophan 0 O
Cysteic acid 0 (O
Total residues 81
Polarity 27%

® The lack of cysteine was confirmed by analysis for cysteic
acid after performic acid oxidation.
® Calculated according to Ref. 27.

than being adsorbed to it. These results indicate
that the proteolipid fraction of the F,-F, complex
from M. phlei is functional in mediating the trans-
location of H*, as has been observed for proteo-
lipids extracted from mitochondria [18] and ther-
mophilic bacterium PS-3 [15].

Effect of vanadate on H* translocation in proteo-
liposomes

Previous studies [12] from our laboratory have
shown that vanadate (52 pM) inhibits membrane-
bound ATPase activity and the ATP-driven H*
gradient. Studies were undertaken to delineate
whether vanadate inhibited the formation of an
H™* gradient by interacting with the proteolipid

TABLE 11

PHOSPHOLIPID COMPOSITION OF PURIFIED DCCD-
REACTIVE PROTEOLIPID FROM MEMBRANE VESI-
CLES OF M. PHLEI

The lipids were extracted and analyzed from ‘F,’ proteolipid as
described in Materials and Methods. The data of membrane
vesicle phospholipid composition were taken from our earlier
publication [39]. Values given as % total phospholipid.

Individual phospholipids

Phos- Cardio- Phos- Uncharac-
phatidyl- lipin phatidyl-  terized
ethanol- inositol lipids
amine
Membrane
vesicles 29.40 15.80 47.00 7.80
DCCD
proteolipid  18.50 8.75 67.09 5.64

sector of the F;-F, complex. As shown in Fig. 5,
addition of vanadate (50-100 pM) caused reversal
of quenching of the fluorescence of 9-aminoacri-
dine in proteolipid-reconstituted K*-loaded lipo-
somes, induced by valinomycin.

Addition of DCCD (100 pM) caused further

Valinomygin DCCD Valinomycin

l }
)

T Valinomyein 1
gAA GAA T

1min T DCCD

10% Fluorescence

DCCD

Vanadate

Fig. 5. Effect of DCCD and vanadate on the quenching of
fluorescence of 9-aminoacridine (9AA) in proteoliposomes.
Butanol-extracted proteolipid from M. phlei membranes was
incorporated into K *-loaded liposomes as described in Materi-
als and Methods. Liposomes containing proteolipid (25 ug
protein/ml) were suspended in a total volume of 2.5 ml con-
taining 10 mM Tricine-NaOH buffer, pH 6.5, 0.3 M sucrose
and 4 pM 9-aminoacridine. The reaction was started by the
addition of valinomycin (1 pg/ml) dissolved in ethanol. Excita-
tion was carried out at 365 and emission was recorded at 451
nm. (------ ) Control liposomes without proteolipid. ( )
Liposomes reconstituted with proteolipid. DCCD (100 uM)
and vanadate (50-100 p M) were added to the reaction mixture
at the time intervals as indicated by the arrows.




reversal of the quenching of fluorescence, indicat-
ing additive effects of inhibition in H* transloca-
tion by these agents.

Discussion

The results presented in this study show that
binding of DCCD to M. phlei membranes results
in the inactivation of ATPase activity. The in-
activation of membrane-bound ATPase activity
was dependent upon the concentration of DCCD
and incubation time. A 50% inhibition in ATPase
activity was observed within 2 min at 50 pM
DCCD. The correlation between the binding of
['*C]DCCD to membrane proteins and the inhibi-
tion of ATPase activity reveals that up to 50%
inhibition, the binding of DCCD is linear with
respect to the inhibition observed. Extrapolation
of the linear portion of the curve to 100% inactiva-
tion of ATPase activity indicated that 1.57 nmol
[*CIDCCD bound per mg M. phlei membrane
protein. In mitochondria 0.4 nmol DCCD bound
per mg protein was effective in maximal inhibition
of ATPase activity [9]. Similarly, it has been shown
that complete inhibition of ATPase activity in
chloroplast membranes occurs when DCCD at a
ratio of 20 nmol/mg membrane protein was in-
cubated for short periods of time, corresponding
to 0.17 nmol DCCD bound per nmol isolated
proteolipid [28]. In Neurospora crassa, Sebald et al.
[29] also observed a higher amount (2.5 nmol) of
DCCD bound per mg mitochondrial protein. Since
carbodiimides are well known nonspecific chemi-
cal modifiers [30-32] that covalently form stable
adducts with carboxyl groups, cysteine, tyrosine
and amino groups as well as activate carboxyl
groups leading to the formation of unstable O-
acylisourea, the data indicate that the number of
DCCD-reactive sites are an underestimate in this
and other reported studies. Recently, Kopecky et
al. [33] have also shown, in studies of the binding
of ['*CIDCCD to mitochondrial membranes, that
the correlation of the inhibition of ATPase activity
to DCCD binding did not reflect the accurate
stoichiometry of the DCCD-ATPase interaction.
These authors observed that ['*C]DCCD binding
to bovine heart mitochondria was linearly propor-
tional up to 50% inhibition in ATPase activity
resulting in 0.6 mol DCCD bound covalently to
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the specific inhibitory site, while the kinetics of the
inhibition of ATPase activity revealed that 1 mol
DCCD per mol ATPase eliminated the ATPase
activity.

A proteolipid soluble in CHCl,/CH,0H and
n-butanol, which specifically and covalently binds
DCCD in M. phlei membranes, has been isolated
and purified to homogeneity. The polypeptide has
an apparent molecular weight of 8000 in SDS-urea
gel electrophoresis, as has been observed for the
DCCD-reactive proteolipid component present in
mitochondria, chloroplasts and E. coli [8). Analysis
of lipids present in the purified proteolipid of M.
phlei revealed the presence of phosphatidylinositol
(67%), phosphatidylethanolamine (18%) and
cardiolipin (8%). Qualitatively, the composition of
phospholipids present in proteolipids is similar to
that present in membranes. The possibility of con-
tamination of phospholipids extracted directly’
from membranes contributing to proteolipid com-
position in unlikely, since membranes are ex-
tracted with CHCl,/CH,0H or butanol followed
by repeated precipitation with precooled (—20°C)
diethyl ether to precipitate the proteolipid frac-
tion. During this repeated ether precipitation pro-
cedure and subsequent chromatography on Seph-
adex LH-20, the adsorbed phospholipids, if any,
on the proteolipid fraction should have been re-
moved, It should be mentioned that proteolipid
derived from E. coli is virtually free of lipids [23]
while that from chloroplast membrane contains
lipids [28].

The amino acid composition of the DCCD-
binding proteolipid from M. phlei is comparable to
that of the corresponding protein from Halobac-
terium (for a review, see Ref. 8), specifically in
their higher (six residues per mol) content of pro-
line. The content of hydrophobic amino acid re-
sidues is high. Most abundant are the amino acids
glycine (15%), alanine (13%) and leucine (13%),
comparable to proteolipids from yeast, chloroplast
and mitochondria [9]. The polarity of proteolipids
isolated from M. phlei is low (27%), lacking cy-
steine and tryptophan. The content of histidine is
low, although this has been found to be lacking in
most proteolipids which have been characterized
with the exception of Halobacterium wherein
histidine was found in trace amounts [8]. The low
polarity of amino acids in the proteolipid from M.
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phlei indicates that the segments of the poly-
peptide chain containing these amino acids are in
proximity to the fatty acyl chain of phospholipids
in the lipid bilayer, as has been observed for the
integral proteins, glycophorin {34] and bacterio-
rhodopsin [35].

The isolated proteolipid from M. phlei when
reincorporated into the liposomal system, media-
ted H* translocation in response to the potential
difference via a K* diffusion gradient. Moreover,
the H* translocation, indirectly measured by the
quenching of fluorescence of 9-aminoacridine, was
sensitive to DCCD. In addition, the rate of H*
influx was sensitive to the external pH (data not
shown), as has been observed in thermophilic F,-
reconstituted liposomes [36]. It is pertinent to
mention that liposomes prepared without the pro-
teolipid did not exhibit H* translocation. Thus,
our studies indicate that proteolipid is the primary
component of the H* channel of F,. The H"
translocation activity has previously been demon-
strated in butanol-extracted proteolipid from chlo-
roplasts [37] and bovine heart mitochondria [19]
after incorporation into liposomes.

We utilized proteolipid-incorporated liposomes
as a system to delineate whether vanadate in-
hibited the H* gradient in membrane vesicles by
interacting with the proteolipid component of the
F,-F, complex. Our studies show that vanadate
causes the reversal of quenching of fluorescence of
9-aminoacridine, induced by valinomycin, in pro-
teolipid-incorporated liposomes. In addition, the
reversal of quenching of fluorescence was en-
hanced by the addition of DCCD, supporting the
earlier conclusion [12] that the effects of vanadate
and DCCD on inhibition on ATPase activity and
H™ translocation are additive in nature.

A decisive conclusion regarding the details of
the molecular mechanism of H* conduction by
proteolipid would require structural analysis and
functional reconstruction of fragmented proteo-
lipid, as has been recently demonstrated for
bacteriorhodopsin [38].
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