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We developed a procedure for isolating membrane vesicles from the homolactic
fermentative bacterium Streptococcus cremoris. The membrane vesicles were
shown to have a right-side-out orientation by freeze-etch electron microscopy and
to be free of cytoplasmic constituents. The membrane vesicles retained their
functional properties and accumulated the amino acids L-leucine, L-histidine, and
L-alanine in response to a valinomycin-induced potassium diffusion gradient.
Studies with these membrane vesicles strongly supported the possibility that there
was a proton motive force-generating mechanism by end product efflux (Michels
et al., FEMS Lett. 5:357-364, 1979). Lactate efflux from membrane vesicles
which were loaded with L-lactate and diluted in a lactate-free medium led to the
generation of an electrical potential across the membrane. The results indicate
that lactate efflux is an electrogenic process by which L-lactate is translocated
with more than one proton.

In previous publications, evidence was pre-
sented that lactate efflux from deenergized cells
of Streptococcus cremoris and from membrane
vesicles ofEscherichia coli results in the genera-
tion of an electrochemical proton gradient
(A4H+) across the cytoplasmic membrane (18,
20). This electrochemical proton gradient can
drive energy-requiring, membrane-bound pro-
cesses such as solute transport, as has been
shown for several amino acids (18, 20). Further-
more, growth studies with S. cremoris revealed
that a decrease of the lactate gradient across the
membrane resulted in a decrease of the maximal
specific growth rate and cell yield. Further infor-
mation about the mechanism of lactate efflux is
difficult to obtain with whole cells because ATP
hydrolysis can generate and energy-requiring
processes such as ATP synthesis can consume
the electrochemical proton gradient and conse-
quently will interfere with lactate efflux or the
lactate efflux-induced electrochemical proton
gradient (17). For further studies, membrane
vesicles are the model system of choice. Mem-
brane vesicles of S. cremoris were obtained by a
considerably modified version of the procedure
of Kaback (9). Some structural and functional
properties ofthese vesicles are described. In this
membrane vesicle system, the generation of an
electrochemical potential by lactate efflux could
be demonstrated. These studies conclusively
rule out an obligatory role of ATP hydrolysis for
the generation of an electrochemical proton gra-
dient in S. cremoris.

MATERIALS AND METHODS

Organisms and growth conditions. S. cremoris Wg2
was obtained from the Dutch Institute of Dairy Re-
search (Ede, The Netherlands) and grown anaerobical-
ly on MRS broth (5) at a controlled pH of 6.3 in a 1-
liter fermentor as described previously (14, 18).

Isolation of membrane vesides of S. cremoris. Cells
from a 1-liter culture were harvested in the late expo-
nential growth phase (cell density, 0.4 to 0.5 g of cells
dry [weight] per liter), washed with 150 ml of 100 mM
potassium phosphate buffer (pH 7.0), and finally sus-
pended in 10 ml of this buffer. The concentrated cell
suspension was diluted with 20 ml of 100 mM potassi-
um phosphate buffer (pH 7.0) containing 10 mM
MgSO4 and 150 mg of egg lysozyme (E. Merck AG,
Darmstadt, Germany). The suspension was incubated
for 30 min at 30°C. Subsequently, saturated K2SO4
was added to a final concentration of 0.15 M, which
resulted in lysis of the cells. Immediately thereafter,
the lysed cell suspension was diluted with 70 ml of 100
mM potassium phosphate buffer (pH 7.0) containing 50
,ug of RNase (Miles Laboratories, Ltd., Slough, Unit-
ed Kingdom) per ml (final concentration) and 50 ,ug of
DNase (Miles Laboratories, Ltd.), per ml (final con-
centration). This solution was incubated for 20 min at
30°C, K-EDTA (pH 7.0) was added to a final concen-
tration of 15 mM, and incubation was continued for 10
min. After the addition of MgSO4 (final concentration,
20mM), the mixture was centrifuged (30 min, 48,200 x
g, 4°C: first high spin). The pellet containing mem-
branes, cells, and cell debris was resuspended in 25 ml
of 50 mM potassium phosphate buffer (pH 7.0) con-
taining 10 mM MgSO4. Whole cells and cell debris
were removed by centrifugation (70 min, 750 x g,
4°C). The supernatant containing membrane vesicles
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was carefully decanted. Membrane vesicles were col-
lected by centrifugation (30 min, 48,200 x g, 4C;
second high spin). The bright-yellow pellet was resus-
pended in 50 mM potassium phosphate buffer (pH 7.0)
containing 10 mM MgSO4 to a concentration of 35 mg
of membrane protein per ml. Aliquots of 0.1 ml were
rapidly frozen and stored in liquid nitrogen until use.

Preparation of membrane vesidles of S. cremors
loaded with lactate. Membrane vesicles were prepared
as described above, except that after the first high
spin, the pellet was resuspended in 50 mM potassium
phosphate buffer (pH 7.0) containing 50 mM potassium
lactate (pH 7.0) and 10 mM MgSO4. Subsequent steps
were carried out in this buffer. After the second high
spin, the pellet, containing purified membrane vesi-
cles, was resuspended in the lactate-containing buffer
and incubated for t h at room temperature. Finally, the
lactate-loaded vesicles were concentrated (30 mg of
membrane protein per ml) and frozen in liquid nitro-
gen.
Uptake of tetraphenylphosphonium (Ph4P+) by lac-

tate eflux. Lactate-loaded vesicles were quickly
thawed and incubated for 2 h at room temperature.
Samples of 2 gI were diluted in 200 ,ul of 50 mM
potassium phosphate (pH 7.0) containing 10 mM
MgSO4 and 0.8 FM [3H]Ph4P+ (2.5 Ci/mmol). Uptake
was stopped by rapid dilution with 2 ml of 0.1 M LiCl.
Uptake experiments were further performed as de-
scribed previously (16, 19).
Potassium efflux-Induced uptake of L-leucine, L-hlsl-

dine, and Ph..P. To 0.1 ml of the concentrated vesicle
suspension, valinomycin was added to a final concen-
tration of 2 nmol per mg of protein. The vesicle
suspension was incubated for 30 min on ice. Samples
of 1 gI were rapidly diluted in 100 g1 of 50mM choline-
phosphate buffer (pH 7.0) containing 10 mM MgSO4, 4
,LM valinomycin, and 28 gLM L[U-14C]leucine (351
mCi/mmol), 29 ,uM L[U-14C]histidine (345 mCi/mmol),
or 0.4 ,uM [3H]Ph4P+ (2.5 Ci/mmol). Uptake measure-
ments were performed as described above.
Enzyme assays. Spectrophotometric assays of a-

glycerol-P dehydrogenase, fumarate reductase,
NADH dehydrogenase, succinate dehydrogenase, ma-
late dehydrogenase, lactate dehydrogenase, and aldol-
ase were performed at 25°C with a double-beam spec-
trophotometer (Hitachi Perkin-Elmer, model 124, To-
kyo Ltd., Japan). Aldolase activity was assayed by the
method of Bergmeyer (2). Anaerobic a-glycerol-P de-
hydrogenase was assayed by phenazine methosulfate-
mediated reduction of 3(4.5-dimethyl thiazolyl-2)
2,5-diphenyl tetrazolium bromide (MTT) at 570 nm as
described by Kistler and Lin (10). The extinction
coefficient of reduced MTT was taken to be 17/mmol
per cm at 570 nm. Fumarate reductase activity was
determined as described previously (3). NADH dehy-
drogenase, succinate dehydrogenase, malate dehydro-
genase, and lactate dehydrogenase were determined
by using dichlorophenolindophenol as the electron
acceptor. The reactions were performed in Thurnberg
cuvettes under a nitrogen atmosphere. Reaction mix-
tures (final volume, 1.0 ml) contained 50 mM potassi-
um phosphate (pH 6.6), 10mM magnesium sulfate, 0.1
mM dichlorophenolindophenol, and 0.04 mg of mem-
brane protein. The reaction was started upon the addi-
tion of the substrate (final concentration, 0.1 mM). The
extinction coefficient of oxidized dichlorophenolindo-
phenol was taken to be 18.8/mmol per cm at 600 nm.

Menaquinone. Menaquinone was extracted from
membrane vesicles by the method of Dunphy and
Brodie (6) and determined by the method ofDadak and
Krivankova (4).

Preparation of crude extracts of S. cremors. Crude
extracts of S. cremoris were prepared by three pas-
sages of a concentrated cell suspension (20 mg [dry
weight] of cells per ml of 100 mM potassium phos-
phate, pH 7.0) through a French pressure cell (Ameri-
can Instrument Corp., Silver Spring, Md.) at an oper-
ating pressure of 20,000 lb/in2.

Intravesicular volume. Intravesicular volume was
determined from the distribution of [3H]water and
[14C]gluconate by the procedure described by Bakker
et al. (1). The intravesicular volume was 4.3 ,u per mg
of membrane protein.

Electron microscopy. Electron micrographs of
freeze-etched replicas and thin sections of cells and
membrane vesicles were obtained as described previ-
ously (8, 12).

Protein. Protein was determined by the method of
Lowry et al. (15).

Materials. Radioactively labeled L[U-14C]leucine,
L[U-`4C]histidine, [U-14C]gluconate, and [3H]water
were obtained from the Radiochemical Centre (Amer-
sham, England). [3H]tetraphenylphosphonium was ob-
tained from the Nuclear Research Centre (Beer Sheva,
Israel). The uncoupler SF6847 (3,5-di-tert-butyl-4-hy-
droxybenzilidene malonitrile) was a gift from Y. Ni-
shizawa, Sumitomo Chemical Co., Ltd., Osaka. All
other reagents were of analytical grade and are com-
mercially available.

RESULTS
Isolation and properties of membrane vesicles.

To obtain membrane vesicles of S. cremoris, we
developed a procedure based on the observa-
tions made by Kruse and Hurst (13). In this
procedure, cells, harvested in the late logarith-
mic phase of growth, were incubated with rela-
tively high concentrations of egg lysozyme (5
mg/ml). Cells lysed upon the addition of high
concentrations of K2SO4 (0.15 M). The yield of
membrane vesicles obtained by this procedure
was low; usually 7 to 10 mg of membrane protein
was obtained from 0.5 g (dry weight) of cells.
The membrane preparation was essentially de-
void of cytoplasmic constituents, as indicated by
the presence of less than 1% of the aldolase
activity present in crude cell extracts (11.6 p.mol
of fructose 1,6-diphosphate cleaved per mg of
membrane protein per min).

Electron microscopy of membrane vesicles.
Electron micrographs of thin sections of the
membrane vesicles revealed closed sacs without
recognizable internal structures (Fig. 1A). The
maximum diameter of the membrane vesicles
was 0.3 p,m. To obtain information about the
orientation of the membrane vesicles, we com-
pared electron micrographs of replicas offreeze-
etched membrane vesicles and whole cells. The
convex face (inner fracture face) of the cytoplas-
mic membrane of whole cells was densely cov-
ered with particles (Fig. 1B), whereas the con-
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FIG. 1. Electron micrographs of intact cells and membrane vesicles of S. cremoris. A, Thin section of
membrane vesicles of S. cremoris (X90,000). The bar represents 0.5 nm. B, Replica of freeze-etched cells of S.
cremoris showing the convex inner fracture face of the cytoplasmic membrane, which is densely covered with
particles (x 52,000). C, Smooth concave outer fracture face (x 52,000). D, Replica of freeze-etched membrane
vesicles of S. cremoris showing the particle-rich convex membrane half (x111,000). E, Smooth concave
membrane half (x111,000). Arrows indicate direction of the shadow.

cave face (outer fracture face) of whole cells had
a low particle density (Fig. 1C). A similar distri-
bution of the particles was observed in the inner
fracture face and the outer fracture face of
membrane vesicles (Fig. 1D and E, respective-
ly). Of more than 100 replicas studied, not one

was observed with a different particle distribu-
tion. These observations strongly indicate that
the orientation of the membrane vesicles is the
same as that in whole cells.

Properties of membrane vesicles of S. cremoris.
The internal volume of the membrane vesicles
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was 4.3 i±l per mg of membrane protein. Oxi-
dized minus reduced difference spectra of re-

duced versus oxidized membrane vesicles indi-
cated the absence of cytochromes and flavines.
Membrane vesicles of S. cremoris contain mena-
quinone at a concentration of 9 nmol per mg of
membrane protein. The activities of the follow-
ing enzymes was determined: NADH dehydro-
genase, succinate dehydrogenase, lactate dehy-
drogenase, malate dehydrogenase, a-glycerol-P
dehydrogenase, and fumarate reductase. Only
the activities of NADH dehydrogenase (2.8
nmol of dichlorophenolindophonol, reduced, per

mg of membrane protein per min) and fumarate
reductase (1.5 nmol of fumarate, reduced, per

mg of membrane protein per min) were record-
ed, as the other enzyme activities were below
the limit of detection (less than 1 nmol per min
per mg of protein).

Potassium efflux-induced uptake of Ph4P' and
amino acids. The observations presented above
indicate that several essential elements of elec-
tron transport chains were missing in the cyto-
plasmic membrane of anaerobically grown cells
of S. cremoris. The generation of a membrane
potential, as indicated by the uptake of Ph4P',
was not observed in the presence of an electron
donor (we tested D-lactate, succinate, and for-
mate) under aerobic or anaerobic conditions in
the presence of fumarate or nitrate.
However, an electrical potential could be gen-

erated across the membrane of these vesicles by
potassium efflux in the presence of valinomycin
(Fig. 2B). Efflux of potassium from 75 mM
internally to 0.75 mM externally resulted in the
generation of a membrane potential (A*) with a
maximum value of-90 mV. This Al could drive
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FIG. 2. A, Time course of K+ efflux-induced up-
take of L-leucine and L-histidine. Membrane vesicles
(30 mg of protein per ml) were incubated for 30 min on
ice with 2 nmol of valinomycin per mg of protein in 50
mM potassium phosphate buffer (pH 7.0) containing 10
mM MgSO4. The K+-loaded vesicles were diluted
1:100 in 50 mM choline-phosphate buffer (pH 7.0)
containing L-leucine (0) or L-histidine (0) or into 50
mM potassium phosphate buffer (pH 7.0) (v). B, Time
course of K+ efflux-induced uptake of Ph4P'. The K-
loaded vesicles were diluted into choline-phosphate
buffer (A) or potassium phosphate buffer (A).

the uptake of L-leucine and L-histidine (Fig. 2A).
In the absence of a potassium efflux-induced
electrical potential, no uptake of these amino
acids was observed.
The role of the as the driving force for the

uptake of these amino acids was further docu-
mented by a study of the effects of the uncoupler
on the uptake of these amino acids. The uncou-
pler SF6847 completely inhibited uptake ofthese
amino acids. It is of interest that the uptake of
histidine followed the uptake of Ph4P+ (cf. Fig.
2A and B), whereas the uptake pattern of L-
leucine was distinctly different. At this moment,
no explanation for these observations can be
given. Uptake of other amino acids driven by a

potassium efflux-induced membrane potential
was also studied. A low level of L-alanine accu-
mulation was observed (12-fold), but no uptake
could be demonstrated for L-glutamate, L-ser-
ine, and L-threonine. These studies show that
the vesicles have retained their biological func-
tion with regard to transport of some amino
acids.

Lactate efflux-induced electrochemical proton
gradient. Dilution of membrane vesicles loaded
with 50 mM potassium lactate into a lactate-free
medium resulted in the uptake of the lipophilic
cation Ph4P+ (Fig. 3). The maximal A, observed
was -55 mV. No uptake of Ph4P+was observed
when lactate-loaded membrane vesicles were
diluted into a medium containing 50mM potassi-
um lactate (Fig. 3). The lactate efflux-induced
accumulation of Ph4P+ was abolished in the
presence of the uncoupler SF6847.

Dilution of potassium lactate-loaded vesicles
into a lactate-free medium created also a small
potassium gradient across the membrane (ca.
125 mM potassium inside and 75 mM potassium
outside). This gradient, however, did not con-
tribute to the generation of the lactate efflux-
induced membrane potential, since uptake of
Ph4P+ was not affected by the, presence of 25
mM K2SO4 in the dilution buffer. Moreover, no
accumulation of Ph4P+ was observed upon dilu-
tion of lactate-loaded membrane vesicles into a
medium containing 50 mM choline-lactate.

DISCUSSION
Several procedures for the preparation of

membrane vesicles of Streptococcus spp. have
been described previously (7, 11). However, all
of these procedures yield membrane vesicles
which are heterogeneous with respect to the
orientation of the membranes. The procedure
described here yielded membrane vesicles of S.
cremoris which were homogeneous in orienta-
tion.
Membrane vesicles isolated from S. cremoris

have a number of properties in common with
vesicles from E. coli (9) and Bacillus subtilis
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FIG. 3. Time course Of L-lactate efflux-induced
Ph4P( uptake by membrane vesicles of S. cremoris.
Membrane vesicles loaded with 50 mM potassium
lactate were diluted 1:100 in 50 mM potassium phos-

phate buffer (pH 7.0) containingPh4Pn (0) or into the

same buffer supplemented with 50 mM potassium
lactate containingPh4PB (0). The dashed line indi-

cates the level of Ph4Pw accumulation when the inter-
nal concentration equals the exteral concentration.

(12). Membrane vesicles of S. cremoris are right-

side-out oriented and devoid of cytoplasmic
constituents. The average diameter is 0.1 slm,
and the internal volume is 4.3 1.J per mg of

membrane protein. In contrast to vesicles from

E. coli and B. subtilis, membrane vesicles of S.

cremoris do not contain electron transfer sys-

tems. Of the known electron transfer carriers,
only menaquinone is present in the cytoplasmic
membrane of S. cremoris. No cytochromes or

dehydrogenases (except for NADH dehydrogen-

ase) were detectable. It is therefore not possible
to generate an electrochemical proton gradient
in these membrane vesicles by electron flow.

Artificial methods have to be applied instead,

such as valinomycin-mediated potassium effiux.

By this procedure, an electrical potential is

generated across the membrane. This electrical
potential can drive the uptake of amino acids, as

was demonstrated for L-leucine, L-histidine, and

L-alanine. These observations demonstrate that

the membranes of the vesicles of S. cremoris

retained their property as a diffusion barrier.

Information about the role of lactate efflux in

the generation of an electrochemical proton gra-

dient was obtained with this model system.

Lactate efflux from these membrane vesicles

resulted in the generation of an electrical poten-

tial across the membrane. Since ATP is absent in
these vesicles, ATP hydrolysis cannot contrib-

ute to the generation of an electrical potential.
These observations therefore strongly support
the energy recycling model of Michels et al. (17).
The generation of an electrical potential can

only be accomplished if lactate is exported with
more than one proton. The driving force for
lactate (L-) export is: Z log(L-in/L-out) + (n -
1) A4i - n ZApH in which Af is the electrical
potential, ApH is the pH gradient across the
cytoplasmic membrane, n is the number of pro-
tons transported in symport with L- (lactate),
and Z is 2.3 RTIF (R, gas constant; T, absolute
temperature; F, Faraday constant).
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