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Functional incorporation of beef-heart cytochrome c oxidase 
into membranes of Streptococcus cremoris 
Arnold J. M. DRIESSEN, Wim de VRIJ and Wil N .  KONINGS 
Department of Microbiology, University of Groningen, Haren 

(Received June 13/September 17, 1985) - EJB 85 0644 

Beef heart mitochondrial cytochrome c oxidase has been incorporated into membrane vesicles derived from 
the homofermentative lactic acid bacterium Streptococcus cremoris. Proteoliposomes containing cytochrome c 
oxidase were fused with the bacterial membrane vesicles by means of a freeze/thaw sonication technique. Evidence 
that membrane fusion has taken place is presented by the demonstration that nonexchangeable fluorescent 
phospholipid probes, originally present only in the bacterial membrane or only in the liposomal membrane, are 
diluted in the membrane after fusion and, by sucrose gradient centrifugation, indicating a buoyant density of the 
membranes after fusion in between those of the starting membrane preparations. The fused membranes are 
endowed with a relatively low ion permeability which makes it possible to generate a high proton motive force 
(1 00 mV, inside negative and alkaline) by cytochrome-c-oxidase-mediated oxidation of the electron donor system 
ascorbate/N,N,N',N'-tetramethyl-p-phenylenediamine/cytochrome c .  In the fused membranes this proton motive 
force can drive the uptake of several amino acids via secondary transport systems. 

The incorporation procedure described for primary proton pumps in biological membranes opens attractive 
possibilities for studies of proton-motive-force-dependent processes in isolated membrane vesicles from bacterial 
or eukaryotic origin which lack a suitable proton-motive-force-generating system. 

Isolated bacterial membrane vesicles are excellent model 
systems for studies on the role of the proton motive force 
( A p )  on solute transport if a suitable dp-generating system is 
prcsent [I, 21. 

The only dp-generating system present in membrane 
vesicles of many fermentative bacteria is the proton-translo- 
cating ATPase [3]. The localization of the active site of this 
enzyme on the inner side of the membrane vesicles excludes 
ATP hydrolysis as a generating mechanism. In order to study 
solute transport in these membrane vesicles, procedures have 
been developed to generate artificially a membrane potential 
(dy) [4] and/or transmembrane pH gradient ( A  pH) [5]. These 
methods are based on ionophore-mediated translocation of 
potassium ions or the translocation of weak acids or bases in 
response to their own chemical gradients. A Ay or d p H  of 
considerable magnitude can be generated with these pro- 
cedures. However, the transient character of these potentials 
severely limits the application of these procedures for studies 
on solute transport. Therefore model system(s) are needed in 
which a dp can be generated for longer periods of time. 

Correspondence to W. N. Konings, Laboratorium voor Micro- 
biologie, Rijksuniversiteit Groningen, Kerklaan 30, NL-9751-NN 
Haren, The Netherlands 

Abbreviations. Ph4P+, tetraphenylphosphonium ion; Ph(NMe&, 
N,N,N',N'-tetramethyl-p-phenylenediamine; Ap, proton motive 
force; h p ,  transmembrane electrical potential; A pH, transmembrane 
proton gradient; NBD-PE, N-(7-nitro-2,1,3-benzoxadiazol-4- 
yl)phosphatidylethanolamine; Rh-PE, N-(lissamine rhodamine p- 
sulfony1)phosphatidylethanolamine; RI8, octadecyl rhodamine p- 
chloride; S-I 3,5-chloro-3-tert-butyI-2'-chloro-4'-nitro-salicylanilide. 

Enzyme. Cytochrome c oxidase or ferrocytochrome c: oxygen 
oxidoreductase (EC 1.9.3.1). 

The incorporation of dp-generating systems into lipo- 
somes have been performed successfully [6 - 91. Since these 
proteoliposomes are endowed with a low proton permeability, 
a Ap of considerable magnitude can be generated when an 
appropriate energy source is provided. Recently, it has been 
shown that bacterial membrane vesicles can be fused easily 
with (proteo)liposomes by various procedures [lo, 111. 
Combination of both procedures has led to a functional incor- 
poration of the light-induced proton pump bacteriorhodopsin 
into membrane vesicles of the homofermentative lactic acid 
bacterium Streptococcus cremoris [ 121. The orientation of 
bacteriorhodopsin was such that upon illumination a reversed 
Ap (Ay,  interior positive, and dpH,  interior acid) was 
generated which makes this system only suitable for studies 
of solute extrusion systems. Therefore we have searched for a 
dp-generating system which can be selectively manipulated in 
such a way that a right-side-out Ap (Ay, interior negative, 
and ApH, interior alkaline) can be generated in the fused 
membranes. The system of choice was beef heart cytochrome c 
oxidase. This enzyme catalyzes the reduction of molecular 
oxygen to water, the terminal reaction in the mitochondrial 
electron transport chain. It can be isolated, purified and re- 
constituted into proteoliposomes [6, 131. 

In this paper we demonstrate that S. cremoris membrane 
vesicles can be fused effectively by a freeze/thaw sonication 
technique with proteoliposomes containing the beef heart 
mitochondrial cytochrome c oxidase. With the membrane- 
impermeant electron donor reduced cytochrome c ,  a right- 
side-out d p  of considerable magnitude can be selectively 
generated in the fused membranes. In this fused membrane 
system amino acid transport can be energized at high rates 
upon oxidation of reduced cytochrome c .  Initial observations 
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with this fused membrane system have been published pre- corporated into thc cytochrome c oxidase proteoliposomes at 
viously [14]. a concentration of 0.5 mo1/100 mol phospholipid phos- 

phorus. 

MATERIALS AND METHODS 

Growth o f ' s .  cremoris and isolrition qf membrane ve.sic1c.s 

Streptococcus cremoris Wg2 (prt -) was grown an- 
aerobically on MRS broth at a controlled pH of 6.4 in a 5-1 
fermenter. Membrane vesicles of S. rrenzoris were prepared 
as described previously [15], suspended in 50 mM potassium 
phosphate pH 7.0 containing 10 mM MgS04 at  a concentra- 
tion of 10- 15 mg protein/ml and stored in liquid nitrogen. 

Incorpwation o f  cytochrorne c oxidase in liposorvies 

Cytochrome c oxidase was isolated from beef heart as 
described by Yu et al. [16]. The heme content was determined 
using an absorption cocfficient of 13.5 mM- '  . cm-' for 
reduced-minus-oxidized heme at the wavelength couple 
605 n111/630 nm and was found to be 10.4 nmol/mg protein. 
For incorporation of cytochrome c oxidase in liposomes, 
40 ing acetone-washed asolectin and 18 mg octyl [I-D-glUCO- 
pyranosidc in 2 ml of 10 mM Hepes/KOH, pH 7.0 containing 
45 iiiM KC1 were cosonicated till clarity with an MSE probe- 
type sonicator on ice under a constant stream of nitrogen gas. 
Cytochrome c oxidase (9 nmol hcmc a)  was added and the 
mixture was dialyzed against 500 vol. of 10 m M  Hepes/KOH 
pH 7.0, supplemented with 45 m M  KCI. Subscqucntly 
dialysis was continued against 500 vol. of the same buffer 
supplemented with 5 m M  CaCl,. Exccss calcium was removed 
by dialysis overnight against 500 vol. buffer without CaCI2. 
Liposomes obtained with this procedure had a diameter of 
50-300 nm. The respiratory control index was 2.5 -3.0 [16]. 

Fusion of proteoliposonirs with S .  cremoris membrantj vesic1c.s 

S. cremoris membrane vesicles (75 pl), containing 1.2 mg 
protein, and cytochrome c oxidase proteoliposomes (500 pl), 
containing 2.25 nmol heme a, were mixed and rapidly frozen 
in liquid nitrogen. Subsequently the mixture was slowly 
thawed for 20 min at room temperature and the resulting 
turbid suspension was vortexed and sonicated for 8 s in a 
plastic tube with an MSE probe-type sonicator. 

Sucrosc h s i t y  grailitwt cmtrifugution 

Centrifugal analysis of the membrane before and after 
fusion was carried out using a stepwise sucrose gradient. Su- 
crosc was dissolved to different concentrations in 100 m M  
KCl, 1 mM EDTA and 10 m M  Tricine/KOH (pH 8.0). Su- 
crose concentrations (w/w) of 15% (1.5 ml), 30% (1 ml), 34% 
(1 ml), 38% (1 ml), 42% (1 ml) and 46% (1 ml) were layered 
on a 65%) sucrose cushion in Beckman SW41 tubes. 
S. cremoris membrane vesicles (0.5 ml) containing 0.52 mg 
membrane protein, cytochrome c oxidase proteoliposomes 
(0.04 nmol oxidase) and membranes obtained after fusion of 
mixtures of these membrane preparations were layered on the 
gradients and centrifuged at 145000 x g for 19 h at  18°C. The 
tubes were fractionated (0.5 ml) and assayed for S. uemoris  
membrane protein [I 81, liposomal phospholipid and refractive 
index. The liposomal phospholipid content was estimated 
from the fluorescence of NBD-PE [19], originally in- 

Fusion assays 

The resonance energy transfer fusion assay was performed 
essentially as described by Struck et al. [19]. Cytochrome c 
oxidase was incorporated into liposomes by the detergent 
dialysis method as described above, except that 0.6 mol/ 
100mol each of the fluorescent donor (NBD-PE) and 
;acceptor (Rh-PE) phospholipid were added to asolectin. At 
this probe concentration the decrease of energy transfer 
efficiency as a result of fusion is approximately linearly related 
to the dilution factor [lo, 191. Cytochrome c oxidasc pro- 
teoliposomes (50 nmol phospholipid phosphorus) were fused 
with 5 -250 nmol phospholipid phosphorus of nonlabeled 
S. cremoris membrane vesicles in a final volume of 100 pl. 
NBD-PE fluorescence was determined prior and after thc 
addition ol" 1 Yn (v/v) 'Triton X-I 00. NBD-PE fluorescence was 
corrected for sample dilution, light scatter and the effect of 
Triton X-100 on the quantum yield of NBD-PE fluorescence 
as described [19]. Excitation and emission were performed at 
475 nm and 530 nm, respectively. 

The R18 fusion assay was performed as described by 
Hoekstra et al. [20]. S. i;rcmori.y membrane vesicles were 
labeled with R1 essentially as described for viral membranes 
[20]. A solution of 200 nmol R18 in 20p1 ethanol was added 
under extensive vortexing to a 2-ml suspension of S. crcnior-is 
membrane vesicles, containing 50 pniol phospholipid 
phosphorus. The niixturc was incubated in the dark for 1 h 
at room temperature. Non-incorporated R1  was rcrnoved by 
chromatography of the membrane suspension over a 
Sephadex G-75 column (1 x 20 cm). The labeled membranes, 
cluting in the void volume, were washed twice with 10 mM 
Hepes/KOH pH 7.0 containing 35 mM KCI. At the probe 
concentration used (4 mo1/100 mol phospholipid phos- 
phorus), a linear relationship exists between the efficiency of 
self-quenching and the ratio of R18 to total phospholipid [20]. 
The extent of fusion is therefore directly proportional to the 
extent of R18 fluorescence. R 1 8  (14 nmol phospholipid 
phosphorus) labeled S. crrmoris membrane vesicles were fused 
with 7 - 140 nmol phospholipid phosphorus nonlabeled 
cytochrome c> oxidase proteoliposomes in a final volume of 
100 111. R18 fluorescence was determincd prior and after the 
addition of IYo (v/v) Triton X-100 as described [20]. Excita- 
tion and emission were performed at  560 nm and 590 nm, 
respectively. Fluorescence was determined using a Perkin- 
Elmer MPF4  spectrofluorimeter. 

Determination of A v )  and A p H  

A I ~  (interior negative) was determined from the distribu- 
tion of tetraphenylphosphonium (Ph4P+) across the mem- 
brane using a Ph4P' selective electrode [21]. Reaction mix- 
tures contained (final concentrations) 10 mM Hepes/KOH 
pH 7.0,45 mM KCI, 5 m M  MgC12 and 2 pM Ph4P+ in a total 
volume of 1 ml. Membranes were added as indicated followed 
by the addition of 20 pM cytochrome c and 10 mM ascorbate, 
unless otherwise indicated. Ph(NMe&, nigericin and 
valinoinycin were used at  final concentrations of 400 pM,  
10 nM and 2 pM, unless otherwise indicated. The internal 
Ph4P+ concentration was dctermined from the amount of 
Ph4Pi which disappeared from the external medium and Av> 
was calculated with the Nernst equation. A correction for 
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concentration-dependent binding of Ph4P+ to the mem- 
branes, according to the model of Lolkema et al. [22], was 
applied. A pH (interior alkaline) was determined from the 
fluorescence of pyranine [23] entrapped within the fused 
membranes or proteoliposomes. The reaction was performed 
at 25 'C in a Perkin-Elmer MPF-4 spectrophotofluorimeter 
using excitation and emission wavelengths of 450 nm and 
520 nm, respectively. Reaction mixtures contained (final con- 
centrations) 10 mM Hepes/KOH pH 7.0, 45 mM KCI, 5 mM 
MgClz and membranes with entrapped pyranine as indicated. 
After the addition of 10 pM cytochrome c to the membrane 
suspension, the reaction was initiated by the simultaneous 
addition of 20 mM ascorbate and 200 pM Ph(NMe&, unless 
indicated otherwise. Valinomycin and nigericin were used at 
final concentrations of 40 nM and 75 nM, respectively. 
Pyranine was entrapped by adding 200 pM pyranine to the 
membranes prior to freeze-thaw sonication. External pyranine 
was removed by chromatography of the membrane sus- 
pension over a Sephadex (3-25 (course, 1 x 20 cm). Mem- 
branes with entrapped pyranine eluted in the void volume. 

For calculation of Ay?, the internal volume of the 
cytochrome c oxidase proteoliposomes was estimated to be 
5 pl/mg phospholipid from the trapped amount of calcein 
[24]. A value of 8 pl/mg protein was used for the internal 
volume of the fused membranes, which was estimated from 
the trapped amount of calcein [24] and from the equilibration 
of ['4C]leucine under nonenergized conditions. 

Transport assays 

For K +-diffusion potential-driven leucine accumulatibn, 
6 p1 of a concentrated membrane suspension (0.07-0.1 mg 
S. cremoris protein) loaded with potassium in the presence of 
20 pM valinomycin, was rapidly diluted into 200 p1 of 10 mM 
Hepes/NaOH pH 7.0, 45 mM NaC1, 20 mM methylamine, 
5 m M  MgCI2 and 3.1 pM [U-'4C]leucine (12.4 TBq/mol). 
Methylamine was included in order to dissipate the everted 
ApH (interior acid) which is generated as a result of a Ayi-  
induced proton flux across the membrane (A. J .  M. Driessen, 
unpublished results). The magnitude of the imposed AVI was 
varied by changing the external potassium and sodium con- 
centrations. 

For counterflow entrance, 2 pI of a concentrated mem- 
brane suspension (0.05 mg S. crenioris protein), loaded with 
5 mM leucine (30 min, 20°C) was diluted into 100 p1 10 mM 
Hepes/KOH pH 7.0, 45 mM KCI, 5 mM MgCI2, 40nM 
nigericin, 2 pM valinomycin and [U-'4C]leucine, giving a final 
external concentration of 103 pM. 

Leucine and alanine accumulation driven by a A p  
generated by cytochrome c oxidase activity was performed by 
incubating the fused membranes (0.05 mg S. cwrnoris protein 
and 0.049 nmol oxidase) in 100 111 of 10 mM Hepes/KOH 
pH 7.0, 45 mM KCI, 5 mM MgCIz, 10 mM ascorbate and 
200 pM Ph(NMeJ2. Energization was initiated by the addi- 
tion of 20 pM cytochrome c. After 0.5 min, [U-'4C]leucine 
(12.4 TBq/mol) or [U-14C]alanine (43 TBq/mol) was added 
to a final concentration of 3.1 pM and 1.3 pM, respectively. 

Transport was carried out at 25°C and was terminated 
by the addition of 2 ml ice-cold 100 mM LiCI, filtered on a 
0.45-pM cellulose nitrate filter (Millipore) and washed once 
with 2 ml ice-cold 100 mM LiC1. Dried filters were transferred 
to scintillation vials containing 5 ml scintillation fluid and 
radioactivity was measured with a liquid scintillation counter 
(Packard Tri-Carb-460 CD, Packard Instruments Comp.). 

Other imalytical methods 
Cytochrome c oxidase activity was measured with the 

spectroscopic assay [17] or polarographic assay as described. 
The orientation of cytochrome c oxidase was determined as 
described by Casey et al. [25]. Protein [26] and phospholipid 
phosphorus [27] were assayed as described. 

Mizteriuls 
Octyl p-D-ghcopyranoside, crude asolectin and horse 

heart cytochrome c were purchased from Sigma Chemical Co. 
Asolectin was prepared from crude asolectin as described 
[28]. NBD-PE, Rh-PE and R18 were kindly provided by Dr 
J. Wilschut (Department of Physiological Chemistry, Univer- 
sity of Groningen, The Netherlands). Pyranine was obtained 
from Eastman Kodak Co. 14C-labeled amino acids were 
purchased from Amersham. 

RESULTS 
Fusion qf Streptococcus cremoris rnrmhrune vesicles 
with cytochrome c oxiduse proteoliposomes 

Rapid freezing followed by a slow thawing and a brief 
sonication step has been applied for incorporating membrane 
proteins into tightly sealed liposomes [29, 301. The technique 
has also been used for the phospholipid enrichment of bac- 
terial [11, 311 and yeast membranes [32] and probably involves 
the process of membrane fusion [33 ] .  However, the evidence 
for fusion is rather indirect and the results can in principle be 
explained by a unidirectional flow of phospholipids from the 
liposomes to the biological membranes. To test fusion between 
membrane vesicles derived from the lactic acid bacterium 
S. crrrnoris and proteoliposomes, containing beef heart 
mitochondria1 cytochrome c oxidase, two indcpendent fusion 
assays were applied which can demonstrate intermixing of 
the phospholipids of both membranes. The resonance energy 
transfer fusion assay [19] monitors the decrease in fluorescence 
energy transfer between fluorescent donor (NBD-PE) and 
acceptor (Rh-PE) phospholipids when both probes, originally 
incorporated into the liposomal membrane, dilute into the 
lipid surface area of a nonlabeled membrane [19]. Since both 
fluorescent phospholipid probes have been shown to be non- 
exchangable [20], a decrease of energy transfer can only occur 
by membrane fusion. The second method is based on the self- 
quenching properties of the fluorescent dye octadecyl 
rhodamine-P-chloride (R18) [20] which can be inserted into 
biological membranes. Dilution of this probe in the plane of 
the nonlabeled membrane results in a relief of self-quenching, 
which is proportional to the extent of dilution [20]. Both 
assays have been extensively applied to study the kinetics of 
fusion between artificial phospholipid vesicles and biological 
membranes (for review see [34]) and their values for 
establishing the occurrence of membrane fusion are well 
recognized. In one set of experiments fusion between 
nonlabeled S. cremoris membrane vesicles and cytochrome c 
oxidase proteoliposomes labeled with 0.5 mo1/100 mol 
phospholipid phosphorus of both NBD-PE and Rh-PE, was 
studied. In the second set of experiments, S. cremoris mem- 
brane vesicles were labeled with R I 8  (4 mo1/100 mol 
phospholipid phosphorus) and fused with nonlabeled 
cytochrome c oxidase proteoliposomes. Both assays indicate 
similar extents of fusion at different ratios of S. cremovis 
membrane vesicles and cytochromc c oxidase proteolipo- 
somes (Fig. 1, closed symbols). This figure also shows the 
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Fig. 1.  Fusion of' S. cremoris ineinhranr rrsicles with c..ptochromi. c oxidase proleoliposomrs at  differen1 ratios of' bacterial wsic1e.s to  pro- 
tcoliil1)soiiic.r. (A) Fusion of bacterial membranes labeled with 4 mol R ,  x / l  00 mol phospholipid phosphorus with nonlabeied proteoliposomes. 
(B) Fusion of bacterial membranes with proteoliposomes containing NBD-PE and Rh-PE at  a final concentration of 0.6 mo1/100 mol 
phospholipid phosphorus each. (m, 0 )  Fusion induced by freeze/thaw sonication; (0, 0) fusion induced by low pH (pH 4.0). The solid line 
represents the theoretically expected fluorescence intensity of the complete intermixing of all the phospholipids in the system, ignoring a 
possiblc cffect of membranc proteins on thc energy-transfer efficiency between NBD-PE and Rh-PE or on the sclf-quenching of R I 8  

theoretically expected fluorescence developments of the pro- 
be(s) distribute evenly over the S. cremoris membrane vesicles 
and cytochrome c oxidase proteoliposome, assuming that thc 
surface area is oiily determined by the phospholipid content 
and ignoring a possible effect of membrane proteins on the 
fluorescence quantum yield of the fluorescent probes. 
Driessen et al. [lo] have demonstrated that the maximal ob- 
served fluorescence development was about 40% lower than 
the theoretical maximum when bacterial membranes were 
fused with liposomes. Maximal fluorescence development was 
obtained when the membranes were fused at pH 4.0 [lo] 
(Fig. 1, open symbols), indicating that complete fusion was 
achieved. These results demonstrate that both the freeze/thaw 
sonication and the low-pH-induced fusion procedurc lead to 
a significant extent of fusion between both membranes. It 
should be emphasized that experiments described below were 
done with highly concentrated membrane preparations during 
the freeze/thaw sonication procedure, which Facilitates ag- 
gregation of the membranes and subsequently may promote 
fusion. 

Since the fused membranes obtained by the low-pH proce- 
dure have a relatively high ion permeability (see below), the 
fi-eeze/thaw sonication procedure is more attractive for bioen- 
ergetic studies. The fused membranes were further examined 
using discontinous sucrose density gradients [14]. When 
S. rrenioris membrane vesicles were mixed with cytochrome c 
oxidase proteoliposomes at  alkaline pH (pH 8.0), the 
S. rrenioris membrane vesicles were recovered as a single band 
with a buoyant density of 1.20 g/cm3, while the proteolipo- 
somes were found at  a low density (1.09 g/cm3). Upon freeze/ 
thaw sonication, the fused membranes were recovered as a 
single band with an intermediate density and this density 
decreased with increasing ratio of proteoliposomes/S. cre- 
nioris membrane vesicles (Table 1). This band contained all 
the S. crcnioris membrane proteins, liposomal phospholipids 
and cytochrome c oxidase activity. Although not shown, at 
the ratio used for all subsequent experiments (phospholipid 
ratio of bacterial membranes/proteoliposomes of 0.08) only 
about 5% of the proteoliposomes were recovered as a single 
band at  their original density, while all the S. cremoris mem- 
brane vesicles were found in the band designated as fused 
membranes. 

T'ablc 1 .  Efrect of' the rritio o j  cytochrome c o.~iiiasusp protcoliposoin~~ 
S. crcmoris mrrnhranr vesic1e.s on the buoyant n'cnsitj of' tlic fic.ieii 
inemhrunes 
Buoyant densities were estimated from the refractive index of the 
peak fractions on sucrose dcnsity gradients at 20 C. The last two 
values were determined on a rnixturc of cytochrome L' oxidasc pro- 
tcoliposomes and S. cremoris membrane vesicles at alkaline pH 8 
without a fusion step 

Oxidase/S. cremoris Phospholipid/protein Buoyant 
protein density 

a t  21) c 
nmol/mg pmol/mg g'cm3 
0.92 8.5 1.114 
0.52 6.0 1.121 
0.21 3.3 1.129 
0.07 1.7 1.153 
0.04 1.3 1.184 

Cytochrome oxidase 

S. crrmoris 

proteoliposomes 23.3 1.094 

membrane vesicles 0.8 1.204 

Further evidence for fusion was obtained by freeze- 
fracture electron microscopy of the liposomal, bacterial and 
fused membranes [14]. Concomitant with the phospholipid 
enrichment, the intramembranous particle density of fused 
membranes decreased with respect to the particle density of 
the S. cremoris membrane vesicles, but the particle density 
remained higher than that of the liposomal membrane (data 
not shown). 

Generation o j a  proton rnotive.force in the fused nirrnhruncs 

The ability to generate a proton motivc force in the fused 
membranes by cytochrome-c-oxidase-mediated oxidation of 
reduced cytochrome c was investigated. The magnitude of the 
dip generated was estimated from the uptake of the lipophilic 
cation tetraphenylphosphonium (Ph,P") using a Ph4P - 

selective electrode. A high-energy independent binding of 
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Fig. 2. Te1ru~~hen~~1pi~o.vphanium (Ph4Pf ) uprake hy S. cremoris men- 
hrime vesicles alone ( A ) ,  cytochrorne c oxiduse protcvliposorncs ulone 
(0)  und bj, S.  crcmoris rnrmbrane vrsicles fused bvith cytochrome c 
oxidase proteoliposornrs bq',fieezelthaw treutmmt ( B )  folloii~ed hq' hritf 
sonicution ( C ) .  S.  cremoris membrane vesicles (0.24 mg protein) and 
proteoliposomes (0.23 nniol oxidase) were used in the medium de- 
scribed under Materials and Methods. Fused membranes were pre- 
pared a s  described under Materials and Methods. Ascorbate 
(10 mM), cytochrome c' (20 pM), Ph(NMe2)2 (400 pM), nigericin 
(10 pM) and valinomycin (2 pM) were added as indicated 

7.8 

7 6  

I 
a 

- 7 L 2  
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Ph4P+ to the membranes occurred which could be consider- 
ably diminished by preparing the liposomes in the presence 
of calcium (5 mM). Binding was decreased further in the pres- 
ence of magnesium ions or in high-ionic-strcngth buffer. When 
cytochrome c was added to the ascorbate-containing 
suspension of fused membranes, a rapid accumulation of 
Ph4P+ occurred followed by a slow release of accumulated 
Ph4P+ (Fig. 2, curve C). Addition of the electron-mediator 
Ph(NMe2)2 resulted in a further increase of Ph4Pf uptake. 
Stimulation of Ph4P+ uptake Ph(NMe2), was hardly ob- 
served when high ascorbate concentrations were used 
(SO mM). At increasing ascorbate or increased Ph(NMe2), 
concentrations the turnover of cytochrome c oxidase in- 
creased (data not shown). Concomitant with an increase of 
the ascorbate concentration, an increase in the ratio of re- 
duced versus oxidized cytochrome c was observed. These ob- 
servations indicate that elcctron transfer between ascorbate 
and oxidized cytochrome c is the rate-limiting step in the 
electron transfer to oxygen under the conditions employed. 
In the following experiments 20 mM ascorbate and 400 pM 
Ph(NMe2)2 were used as electron donors. As a result of 
sonication of the fused membranes for 4-8 s, the dyi  was 
significantly increased upon addition of the electron donors 
(compare curve B and C in Fig.2). This is most probably 
due to a decrease in ion permeability since sonicated fused 
membranes have an increased capacity to maintain an 
artificially imposed A pH by the use of a nigericin-mediated 
potassium diffusion gradient (data not shown). The 
accumulation of Ph,P+ under optimum conditions was 
enhanced by the addition of low concentrations of the 
ionophore nigericin (10 nM) and a constant A ~ I  was reached. 
The effect of nigericin on Ph4P+ uptake was more pronounced 

1 1  1 
0 1 2 3 1 5 6  

T i m e  (mini 

Fig. 3 .  Inttmnl p H  change induced hy the o.uiduiion q j  reduced 
cytochromt c bq' S. cremoris membrane vesiclafused with c~tochrome c 
oxiiluse p ~ o t t ~ o l ~ p i ~ . ~ ~ m ~ , s  by frecm:-thuw sonicatiorz. Internal pH 
changes were measured by following thc fluorescence of pyranine 
entrapped in the fused membranes as described under Methods. The 
reaction was initiated by addition of 10 pM cytochrorne c, 200 pM 
Ph(NMc2)2 and 20 mM ascorbate. Valinoniycin and nigericin were 
added sequentially to final concentrations of 40 nM and 75 nM, re- 
spectively as indicated. Fluorescence changes were calibrated by titra- 
tion with 1 M KOH in the presence of nigericin. The reaction mixturc 
contained fused membranes containing 0.12 mg S. cremoris mem- 
brane protein and 0.12 nmol cytochrome c oxidasc in a final volume 
o f 2  ml 

at low external pH ( S . S ) ,  which is consistent with the known 
ability of nigericin to collapse the ApH which subsequently 
can be compensated by an increase of the Ay. Addition of 
valinomycin, an ionophore which dissipates the d7p since it 
mediates the influx of K ', caused a rapid release of Ph,P+ to 
the energy-independent binding level. S. cremorii membrane 
vesicles did not accumulate Ph4PC in the presence of 
a~corbate/Ph(NMe,)~/cytochrome c (Fig. 2, curve A) in 
contrast to cytochrome c oxidase proteoliposomes (Fig. 2, 
curve D). The finding that nigericin stimulated Ph4P+ uptake 
in the fused membranes provided indirect evidence that 
cytochrome-c-oxidase-mediated oxidation of reduced 
cytochrome e generated a significant d pH (interior alkaline) 
in addition to a Ay. Direct evidence for the generation of a 
ApH was obtained from internal pH measurements by 
monitoring the fluorescence of membrdne vesicle-entrapped 
pyranine, an important, pH-sensitive fluorophore [23]. Upon 
addition of ascorbate/Ph(NMe2),/cytochrorne c to the fused 
membranes a significant alkalinization of the internal space 
was observed (Fig. 3). Valinomycin caused a further alkalin- 
ization while nigericin induced an immediate dissipation of 
the A pH. Similar results were obtained when the A pH was 
measured by flow dialysis using [14C]acetate (data not shown). 
Upon addition of as~orbate/Ph(NMe~)~/cytochrome cx to 
membrane vesicles of S. cremoris no internal pH change was 
found but the addition of this electron donor to cytochrome 
c' oxidase proteoliposomes resulted in the generation of a 
significant ApH (not shown). Quantification of the dp 
generated by cytochrome c oxidase in proteoliposomes and 
in fused membranes is given in Table 2. The valinomycin- 
induced conversion of a dy into a d pH was incomplete, while 
the nigericin-induced conversion of ApH into a d y ~  



Table 2. Quantification of Av (interior negative) and ApH (inlerior alkaline) in ,fused membranes and cytochrome c oxidase proieoliposomcs 
M'ith diifi'rent electron donors and electron mediators 
0.23 ninol oxidase was used for Ap measurements. Nigericin (Nig) and valinomycin (Val) were used at final concentrations of 40 nM and 
20 nM, respectively 

Electron donor cyto- I on op h o re Fused membranes Protcoliposomes 

mV rnV 
Ascorbate (20 mM) + NE - 90 0 - 90 ~ 59 0 - 59 

Ph(NMe2)2 (400 pM) Val 0 - 5 1  - 51 0 -558 - 58 

Ascorbate (20 mM) and - Nig ~ 61 0 - 61 - 39 0 ~ 39 

Ascorbate (20 m) and + - - 91 -30 - 127 -62 -36 - 98 

Nlg - 115 0 - 115 - 90 0 - 90 

phcnarine methosulphate + Nllz - 96 0 -- 96 - 69 0 - 69 
(10 P W  

was essentially complete. It should be emphasized that these 
conversions were only observed when the ionophores were 
used at  very low concentrations. In contrast to the cytochrome 
c oxidase proteoliposomes, no respiratory control could be 
detected in the fused membranes. 

Oricntution of cytocliromc~ c oxidase in the,fused membranes 

About 55 - 60% of the cytochrome c oxidase molecules 
were oriented with their cytochrome c binding site located at  
the outer surface of the fused membranes. This orientation of 
cytochrome c oxidase in the fused membranes was slightly 
less asymmetric than in the proteoliposornes since in the fused 
membranes about 62-67% of the cytochrome c' oxidase 
molecules had this orientation. 

Prototz-nzotivc~orc.e-driven solute transport 
in rheJirsed rriemhrrrnes 

The time course of leucine uptake in the fused membranes 
driven by an artificially imposed Ay) by means of a 
valinomycin-mediated potassium diffusion gradient is shown 
in Fig.4. The uptake of both leucine and Ph,Pt (data not 
shown) proceeds in the fused membranes for a longer period 
of time than in the bacterial membranes (Fig.4). In these latter 
membranes a transient uptake pattern was observed. These 
results indicate that fused membranes are tightly sealed 
structures with a relatively low ion permeability. In agreement 
with this conclusion was the observation that an artificially 
imposed A pH, generated by means of an outwardly directed 
acetate diffusion gradient, was maintained in the fused 
membranes for a longer period of time and consequently 
prolonged uptake of leucine was observed (data not shown). 
These results demonstrate that a functional leucine carrier 
was present in the fused membranes. The activity of this 
leucine carrier appeared to be hardly affected by the 
phospholipid enrichment of the membrane by the fusion pro- 
cess. The initial rate of counterflow cntrance (inset of Fig.4) 
at ii leucine concentration of 100 pM was comparable to 
that observed in the nonfused membranes. The overshoot 
phenomenon observed with counterflow entrance further- 
more is expected for a carrier-mediated leucine-uptake pro- 
cess. Similar observations were also made in fused membranes 
prepared from S. cremoris membrane vesicles and liposomes 
which did not contain cytochrome c' oxidase. 
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Fig.4. Leurinc transpori in S. cremoris menibrune vesicles i ) iind 

S. cremoris membrane vesicles ,&td with cyfoc,hronie c oxitliisc pro-  
tco[iposome.c by jreezefthtrw soniccition (0) dr iwn bj. a i ~ ~ / i n o n ~ ~ ~ ~ I ~ i -  
iwduccd K +  diffusion potential of' - 91 m V or hy leucinr c~oun /er f lo~ t~  
(inset) 

The uptake of leucine in fused membranes which contain 
cytochrome c oxidase was energized by the oxidation of the 
electron donor system ascorbate/Ph(NMe2)2/cytochrome c. 
Under these conditions leucine was rapidly accumulated by 
the fused membranes (Fig. 5) .  The Ap (Ayi in the presence of 
nigericin) was about - 65 mV. This initial rate of uptake was 
comparable to the rate observed in the presence of a potassium 
diffusion potential of - 60 mV (see inset of Fig. 5). Unlike the 
potassium diffusion potential-driven leucine uptake, oxidase- 
driven leucine uptake continued for about 3 min and reached 
steady-statc levels of accumulation. 

It should be emphasized that leucine uptake coupled to 
cytochrome c oxidase activity was only observed in the fused 
membranes and not in the bacterial membranes nor in the 
cytochrome c oxidase proteoliposomes (data not shown). 
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Fig. 5. Leucine trunsport in S .  cremoris menibrune vesicles fused Msith 
cjtochronie c oxiduse proteoliposomes h.v,freeze/thuw sonicution driven 
by u vcrlitiorn~~cin-inducc~~~ K ‘  diffusion potential of - 86 ni V ( 0 )  
and - 60 mV (m) or h-v thcl uddition of’ useorhate (20 m M ) ,  
P h / N M e , ) ,  (400 p M )  and cjtochrorne c (20 p M )  (a). Inset; rela- 
tion between the initial rate of leucine uptake (V,.,,) and the A y ,  
imposed by a K + diffusion potential. The initial rate of leucine uptake 
observed in the presence of a s c ~ r b a t e / P h ( N M e ~ ) ~  cytochrome c is 
indicatcd by an arrow 
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Fig. 6 .  Leucinc~ uptuke hj, .fused membranes induced by the addition 
ofase(irhatelP~i2NMe2) 21c~~toc~hrome c (0 ) , uscorhute/c.ytochrome c 
(0 ) .  oxidized cytochrnme c i 0 ) , uscorbutelphi.nu,-ine methosulphute 
(m) und a .~corhate~ph~~nu~ine  nietl?osulphutel~jt~)chrome c (0). 
Whcrc indicated by the symbols the reaction mixture contained 
10 mM ascorbate, 100 pM phcnazine methosulfatc. 20 pM cyto- 
chrome c and/or 200 pM Ph(NMe2)2 

When in the presence of cytochrome c the electron-mediator 
reduced phenazine methosulphate was used instead of 
Ph(NMeJ2, a slightly reduced leucine uptake level was ob- 
served (Fig.6). Low activities were observed in the absence 
of cytochrome c with the electron donor system ascorbate/ 

OO b 1 2 3 4 5 

T i m e  ( m i n l  

Fig.1. cjrect uf  I m M  cyunide ( O ) ,  2 0 n M  nigericin i n ) ,  4 p M  
vulinnmyrin (0 )  und 10 pM S-13 (m) on uluninr trunsport itiJU.wd 
membrunes in the presence of I 0  m M  uscorbute, P h ( N M r 2 1 2  und 
20 p M  cytochrome c (0) 

phenazine methosulphate, while in the presence of the 
electron-donor system ascorbate/Ph(NMe,), o r  oxidized 
cytochrome c no uptake of leucine was detectablc. Thc ratc 
of leucine uptake observed in the presence of the various 
electron donors correlated well with the generated Ap 
(Table 2). 

Leucine uptake was completely abolished by the cyto- 
chrome c oxidase inhibitor cyanide (1 mM). The addition of 
the uncoupler 5-chloro-3-trrt-butyl-2’-chloro-4’-nitro-salicyl- 
anilide (S-13) (10 pM) decreased leucine uptake to the level 
observed in the absence of electron donors [14]. These results 
show that the Ap generated by oxidase activity functions as a 
driving force for leucine uptake. 

Alanine was accumulated to a similar extent as leucine 
but the initial rate of uptake was lower (Fig. 7). Valinomycin 
inhibited alanine uptake almost completely, while nigericin 
had only a slight inhibitory effect on alanine uptake (Fig. 7). 
These results are consistant with the Ap generated under those 
conditions (Table 2) .  No uptake of alanine was observed in the 
presence of cyanide (1 mM) or the uncoupler S-13 (10 pM). 

Similar high transport activities were observed for the 
amino acids isoleucine, valine, alanine and serine in the fused 
membranes (data not shown). 

DISCUSSION 

This paper describes a relatively simple procedure for the 
functional incorporation of a Ap-generating system into bio- 
logical membranes. The dp-generating system used in this 
study is beef heart mitochondria1 cytochrome c oxidase. Pro- 
teoliposomes containing this enzyme were fused with mem- 
brane vesicles derived from the homofermentative lactic acid 
bacterium Streptococcu.r cremoris by a freezelthaw sonication 
procedure. Fusion was demonstrated by: (a) intermixing of 
membrane phospholipids; jb) the buoyant density of the 
membranes after fusion was between those of the liposomes 
and the bacterial membranes [14]; (c) the intramembranous 
particle density was within the density of the starting 
membranes observed on  the external fracture surface of the 
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membranes as visualized by freeze-fracture electron microsco- 
py [14]; and (d) transport of amino acids coupled to the 
generation of a dp by cytochrome c oxidase activity. 

After freeze/thaw treatment the fused membranes are 
highly aggregated. A brief sonication step is necessary to 
obtain a membrane preparation in which a dp of considerable 
magnitude can be generated in the presence of the electron 
donor system ascorbate/Ph(NMe,),/cytochrome c. This effect 
is due to a decrease in ion permeability of the fused membranes 
rather than activation of cytochrome c oxidase. This is evident 
from the increased capacity of the fused membranes with 
respect to the S. cremoris membrane vesicles to maintain an 
artificially generated dy and dpH.  Similar to fused 
membranes obtained by the freeze-thaw procedure, low-pH- 
induced fusion gives rise to the formation of membranes with 
a relatively high ion permeability. However, with that proce- 
dure an additional sonication step or extensive vortexing also 
yields tightly sealed membrane vesicles (A. J. M. Driessen, 
unpublished results). Although the bacterial membranes were 
enriched with a large amount of exogenous phospholipids 
(endogenous phospholipid was about 8% of total phospho- 
lipid), the activity of the carrier protein for leucine was hardly 
affected. These characteristics make the hybrid liposome/bac- 
terial membrane vesicle system obtained with this fusion pro- 
cedure almost ideal for studies on the role of dp in solute 
transport. This is demonstrated by the observation that the 
dp generated by cytochrome c oxidase activity functions as a 
driving force for the uptake of several amino acids in the fused 
membranes. 

The attractive feature of using cytochrome c oxidase as a 
dp-generating system is that it provides a model system in 
which exclusively a right-side-out oriented d p ,  e. g. interior 
negative and alkaline, can be generated. Such a unidirectional 
Ap generation has not been obtained with bacteriorhodopsin, 
despite many attempts to incorporate this protein into aright- 
side-out orientation (A. J. M. Driessen, unpublished results). 

The results presented show that the incorporation proce- 
dure of cytochrome c oxidase into biological membranes 
offers attractive possibilities for the energization of membrane 
vesicles of organisms which lack a suitable dp-generating 
system. This includes membrane vesicles derived from 
fermentative bacteria and membrane vesicles derived from the 
cell or organelle membrane of eukaryotic cells. Furthermore 
the hybrid liposome/biological membrane vesicles offers 
attractive possibilities for the study of systems in which 
anomalies of the bulk-phase chemiosmosis are observed. 

Thc authors wish to thank M. Veenhuis and J. Zagers for the 
freeze-fracture electron microscopic studies. This study has been made 
possible by the Srichting vuor Biqfjsica with financial support from 
(he Netherlands Organi7ation for the Advancement of Pure Scientific 
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