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ABSTRACT Addition of ubiquinone-1 to E. coli ML 308-
225 membrane vesicles dramatically increases coupling be-
tween NADH oxidation and active transport such that initial
rates and steady-state levels of lactose and amino-acid accu-
mulation are comparable to those observed during D-lactate
oxidation. Similar but less dramatic effects are observed with
the quinone and succinate or L-lactate.. In the presence of
NADH and ubiquinone-1, the vesicles also generate a mem-
brane potential (interior negative) that is similar in magni-
tude to that observed in the presence of D-lactate. Stimula-
tion of NADH-dependent transport by ubiquinone-1 cannot
be accounted for by increased rates of oxidation of NADH,
and the effect of the quinone on NADH-dependent lactose
transport is not observed in vesicles depleted of NADH dehy-
drogenase activity. Thus, it is apparent that ubiquinone-1
shunts electrons from NADH dehydrogenase [NADH.(accep-
tor)oxidoreductase; EC 1.6.99.3] to the portion of the respira-
tory chain containing the energy-coupling site. The findings
demonstrate unequivocally that inefficient coupling of
NADH oxidation to active transport cannot be due to the
presence of inverted vesicles. In addition, they provide fur-
ther support for specific localization of the energy-coupling
site.

Membrane vesicles isolated from various bacterial cells cata-
lyze active transport by a respiration-dependent mechanism
that does not involve the generation or utilization of ATP or
other high-energy phosphate compounds (1-4). In vesicles
prepared from Escherichia coli and Salmonella typhimu-
rtum, most transport systems are coupled primarily to the
oxidation of D-lactate or reduced phenazine methosulfate
(or pyocyanine) via a membrane-bound respiratory chain
with oxygen or, under appropriate conditions (5-7), fuma-
rate or nitrate as terminal electron acceptors.
One of the most striking and controversial aspects of the

vesicle system is the specificity of the physiological electron
donors that generate the membrane potential (interior nega-
tive) and drive active transport (1-4, 8-15)t. In E. coli ves-
icles, of a large number of potential energy sources tested,
very few replace D-lactate to any extent whatsoever, and
none is as effective, although many are oxidized at least as
rapidly and reduce the same membrane-bound cyto-
chromes, qualitatively and quantitatively (1-4, 8-10, 12, 14,
15)t. For this and other reasons, it was suggested that the en-
ergy-coupling site for active transport is located in a rela-
tively specific segment of the respiratory chain between D-
lactate dehydrogenase and cytochrome bl, the first cyto-

Abbreviations: ANS, 1-anilino-8-naphthalenesulfonic acid; TPMP',
triphenylmethylphosphonium bromide; NADH, reduced nicotin-
amide adenine dinucleotide; NADPH, reduced nicotinamide ade-
nine dinucleotide phosphate.
* This is paper XXXII in the series "Active Transport in Isolated
Bacterial Membrane Vesicles". Paper XXXI is S. Schuldiner,.R.
Weil, and H. R. Kaback, submitted for publication.

t S. Schuldiner and H. R. Kaback, submitted for publication.

chrome in the common portion of the E. coli respiratory
chain. It has been argued, however, that significant numbers
of membrane vesicles become inverted during preparation,
and that these inverted vesicles oxidize NADH and other
electron donors but do not catalyze active transport (16-21).
There is an accumulating. body of evidence that this is not
the case, and that all of the vesicles have the same orienta-
tion as the membrane in the intact cell. Some of this evi-
dence is as follows: (i) Initial rates of transport in the vesicles
are similar to those observed in whole ceds in many in-
stances (14, 22). Moreover, the steady-state level of accumu-
lation of transport substrates is comparable frequently 'to
that observed in the intact cell. (ii) Freeze fracture studies of
membrane vesicles (1-4, 23-25) demonstrate that the
"texture" of the convex surface of the vesicles is distinctly
different from that of the concave surface, and that the ves-
icles are homogeneous in this regard. In addition, the texture
observed on the respective surfaces is the same as that ob-
served in the intact cell. (iii) As mentioned above, all elec-
tron donors oxidized by the vesicles reduce the same cyto-
chromes, qualitatively and quantitatively. If a significant
percentage of the vesicles is inverted, and only the inverted
vesicles oxidize NADH, it is difficult to understand how
NADH is able to reduce all of the cytochromes in the prepa-
rations. (iv) Recent experiments utilizing radioautography
and electron microscopy demonstrate directly that essential-
ly all of the vesicles catalyze active transport (26). (v) Studies
with antibodies against D-lactate dehydrogenase and
Ca++,Mg++-stimulated ATPase demonstrate that both of
these membrane-bound enzymes are present exclusively on
the inner surface of the vesicle membrane (27, 28). (vi) Flu-
orescence of 1-anilino-8-naphthalenesulfonate (ANS) is
quenched upon addition of D-lactate to E. coli ML 308-225
membrane vesicles (29), an observation similar to that ob-
served in energized mitochrondria and ethylenediaminete-
traacetic acid-treated intact E. coli. In chloroplasts and sub-
mitochondrial particles, in which the polarity of the mem-
brane is opposite to that of intact mitochondria, ANS fluo-
rescence is enhanced upon energization. It follows that any
inverted membrane vesicles in the preparations would ex-
hibit enhancement of ANS fluorescence in the presence of
D-lactate. If more than 50% of the vesicles are inverted (20,
21), no net change or an increase in ANS fluorescence should
have been observed. (vii) Inverted vesicles catalyze calcium
accumulation but do not catalyze D-lactate-dependent pro-
line transport (30). In contrast, vesicles prepared by osmotic
lysis (23) do not exhibit calcium transport.
The experiments presented in this paper provide an un-

equivocal demonstration that oxidation of NADH by the
vesicles cannot be the result of artifactual inversion of a por-
tion of the vesicle population. In addition, the results support
the suggestion that the energy-coupling site for active trans-
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port is located in a relatively specific segment of the respira-
tory chain.

METHODS
Growth of Cells and Preparation of Membrane Ves-

icles. E. coli ML 308-225 (i-z-y+a+) was grown in mini-
mal medium A containing 1.0% sodium succinate (hexahy-
drate) as sole carbon source, and membrane vesicles were
prepared as described (23, 28).

Transport Assays were carried out as described (23, 31).
[1-'4C]Lactose (22 mCi/mmol) and [3H]triphenylmethyl-
phosphonium bromide (TPMP+) (114 mCi/mmol) were
used at final concentrations of 0.4 mM. The specific activi-
ties and final concentrations of the uniformly labeled L-
[14C]aminoacids used were as follows: alanine (153 mCi/
mmol), 25 ,M; proline (232 mCi/mmol), 16 ,M; serine (156
mCi/mmol), 25 MM; aspartic acid (208 mCi/mmol), 18 AM;
tyrosine (404 mCi/mmol), 6.9 MM; leucine (280 mCi/
mmol), 46 ,M; and lysine (306 mCi/mmol), 12 MM. Lactose
and amino-acid transport was assayed with Schleicher and
Schuell Selectron filters (0.45 um pore size) and TPMP+ up-
take was assayed with Millipore Cellotate filters (0.5 Mm

pore size)t.
Where indicated, an aliquot of an ethanolic solution of

ubiquinone-1 was added to the reaction mixtures to yield the
final concentration of ubiquinone-1 desired. The stock solu-
tions of ubiquinone-1 were sufficiently concentrated so that
the final concentration of ethanol in the reaction mixtures
was 0. 1%. Ethanol, at this concentration, had no effect on ei-
ther transport or oxygen consumption.
Oxygen Utilization. Rates of oxygen uptake were deter-

mined with a Clark electrode (YSI model 53 oxygen moni-
tor) as described (10).

Protein Determinations were carried out as described by
Lowry et al. (32).
Chemicals. Ubiquinone-1 was generously provided by

Hoffmann-LaRoche, Inc., Basel, Switzerland. Pyocyanine
perchlorate was obtained from K & K Laboratories, Inc.,
Plainview, N.Y. All other materials were of reagent grade
obtained from commercial sources.

RESULTS
Effect of ubiquinone-1 on lactose and amino-acid
transport

As shown by the data presented in Fig. 1 (open symbols),
lactose transport by E. coli ML 308-225 membrane vesicles
is simulated maximally by D-lactate (panel B). Although suc-
cinate (panel C) and L-lactate (panel D) replace D-lactate to
some extent, they stimulate the initial rate of transport less
than half as well. NADH (panel A) is a poor electron donor
for active transport, eliciting almost no effect on either the
initial rate or steady-state level of lactose accumulation. Sim-
ilar effects of these electron donors on active transport (1-4,
10, 14, 15). ANS fluorescence (29), and 2'-(N-dansyl)ami-
noethyl 1-thio-fl-D-galactopyranoside fluorescence (33) have
been reported. Strikingly, when ubiquinone-1 is added to
the vesicles (Fig. 1, closed symbols), NADH-, succinate-, and
L-lactate-dependent transport are stimulated, and in each
case, transport activity approaches that observed in the pres-

ence of D-lactate. Ubiquinone-1 has little or no effect on lac-
tose transport in the presence of D-lactate. The stimulatory
effect of ubiquinone-1 is most marked with NADH as elec-
tron donor, and there is a 20- to 30-fold increase in the rate
and extent of lactose transport. With succinate and L-lactate,
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FIG. 1. Effect of ubiquinone-1 on lactose transport by E. coli
ML 308-225 membrane vesicles in the presence of various electron
donors. Aliquots (25 gl) of membrane vesicles containing 5.6 mg of
protein per ml were diluted to a final volume of 50 Al containing
(in final concentrations) 50 mM potassium phosphate (pH 6.6), 10
mM magnesium sulfate, and 80 ,uM ubiquinone-1 and 0.1% etha-
nol, where indicated. Ethanol (0.1% final concentration) was added
to the control samples. After 30 sec of incubation at 250, the indi-
cated dehydrogenase substrate was added, and immediately there-
after, 1 -14C~lactose (22 mCi/mmol) at a final concentration of 0.4
mM. Final concentrations of the dehydrogenase substrates were 5
mM, 20 mM, 20 mM, and 20 mM for NADH (A), D-lactate (B),
succinate (C), and L-lactate (D), respectively. The samples were
incubated at 250 for the times shown, and the reactions were ter-
minated and assayed as described (23, 31). 0, Control; 0, plus ubi-
quinone-1.

stimulation observed on addition of the quinone is at least an
order of magnitude less than that observed with NADH.
The dramatic effect of ubiquinone-1 on NADH-depen-

dent active transport is also observed with the amino-acid
transport systems (Fig. 2). In the absence of ubiquinone-1,
NADH has little effect on the transport of proline, serine, al-
anine, aspartate, tyrosine, leucine, or lysine. In the presence
of the quinone, however, NADH-dependent transport of
each amino acid is comparable to that observed in the pres-

ence of D-lactate.
The concentration dependence for ubiquinone-1 with re-

spect to the initial rate of proline transport in the presence of
NADH is shown in Fig. 3. From 0 to about 40 MM ubiqui-
none-1, proline transport activity increases markedly,
achieving a maximum which remains constant up to about
100 MM. Although not shown, concentrations higher than
100 MM result in progressive inhibition. Accordingly,
throughout the experiments reported here ubiquinone-1 was

used at a final concentration of 80 MM (corresponding to
about 28 nmol of ubiquinone-1 per mg of membrane pro-

tein).

Effect of ubiquinone-1 on oxidase activities of
membrane vesicles
As shown previously (1-4, 10, 14, 15), the ability of E. coli
ML 308-225 membrane vesicles to oxidize a particular elec-
tron donor bears no quantitative relationship to the ability of
the electron donor to drive active transport. This observation
is confirmed in Table 1. Although D-lactate is the best physi-
ological electron donor for transport (Fig. 1), NADH and
succinate are oxidized more rapidly, and L-lactate is oxi-
dized approximately 60% as well as D-lactate. When the
ability of the vesicles to oxidize these electron donors is mea-
sured in the presence of ubiquinone-1, there is a mild in-
crease in the rate of oxidation of each electron donor, al-
though the relative rates remain essentially unchanged. It is
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FIG. 2. Effect of ubiquinone-1 on amino-acid transport by E.

coli ML 308-225 membrane vesicles in the presence of NADH. As-
says were carried out as described in the legend of Fig. 1, using the
amino acids indicated at specific activities and final concentrations
given in Methods. A, NADH; 0, NADH plus ubiquinone-1; 0, D-

lactate.

apparent from these data that the increased ability of
NADH in particular, but also succinate or L-lactate, to
drive transport in the presence of ubiquinone-1 cannot be
attributed simply to increased rates of oxidation of these
electron donors. Rather, it is clear that the quinone increases
the efficiency of the system with respect to these electron
donors.

Effect of ubiquinone-1 on the ability of membrane
vesicles to generate an electrical potential (interior
negative) in the presence of NADH

Recent experiments (4, 34-36)t demonstrate that oxidation
of D-lactate by isolated membrane vesicles results in the gen-
eration of a membrane potential (interior negative), and that
this potential is intimately involved in the mechanism of ac-

tive transport. Moreover, electron donors such as NADH,
which do not drive active transport, also do not generate a

membrane potentials. As shown previously (4)t and in Fig.
4, in the presence of D-lactate, ML 308-225 vesicles accumu-
late the lipophilic cation TPMP+ rapidly, achieving a steady
state within 1-2 min. In contrast, the vesicles do not accu-

mulate TPMP+ in the presence of NADH or NADPH. On
addition of ubiquinone-1, however, NADH stimulates
TPMP+ uptake as well as D-lactate, indicating that under
these conditions, NADH oxidation results in the generation
of a membrane potential (interior negative). It is also note-
worthy that in the presence of ubiquinone-1, NADPH also
stimulates TPMP+ uptake, but only about 20% as well as

NADH. Although not shown, similar results were obtained
with lactose and amino-acid transport. The significance of
this observation will be discussed below.
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FIG. 3. Effect of increasing concentrations of ubiquinone-1
(Q-1) on NADH-dependent proline uptake by E. coli ML 308-225
membrane vesicles. Assays were carried out in the presence of 5
mM NADH and ubiquinone-1 at the designated concentrations as
described in the legend of Fig. 1. At each ubiquinone-1 concentra-
tion, proline uptake was determined at 0.25, 0.5, 0.75, and 1 min,
and initial rates were determined from these data.

Nature of ubiquinone-1 stimulation of active transport
Since it is well known that certain artificial electron carriers,
such as phenazine methosulfate (31, 37) or pyocyanine (31),
are able to drive active transport in the presence of appro-
priate reducing agents, the effects of ubiquinone-1 present-
ed thus far might be trivial. That is, it is possible that ubiqui-
none-i is reduced nonenzymatically by NADH in the bulk
phase, and that the reduced quinone then donates electrons
to the respiratory chain in a manner similar to that of the
aforementioned electron carriers. The following experi-
ments demonstrate that this is not the case.
The artificial electron carrier pyocyanine is able to drive

active transport in the vesicles system with either NADH or
NADPH as reductant. This is expected since both reduced
nicotinamide coenzymes have essentially the same redox po-
tential (38). On the other hand, stimulation of TPMP+ up-
take (Fig. 4) or lactose and amino-acid transport (not shown)
by NADPH in the presence of ubiquinone-1 is only about
20% of that observed in the presence of NADH and the qui-
none, an activity which correlates reasonably well with the
ability of the vesicles to oxidize NADPH relative to NADH
(Table 1). Thus, stimulation of transport by NADH in the
presence of ubiquinone-1 cannot be due to nonenzymatic re-

Table 1. Effect of ubiquinone-1 on oxidase activities of
E. coli ML 308-225 membrane vesicles

Oxygen consumption
(ng atoms O2/min per

mg protein)

No +80 MM %
Substrate* additions ubiquinone-1 Increase

NADH 188 238 27
D-Lactate 122 143 17
Succinate 244 254 4.1
L-Lactate 81.4 103 27
NADPH 19.0 24.5 29

Oxygen consumption was measured with a Clark-type oxygen
electrode as described (10), using a membrane protein concentra-
tion of 1.1 mg/ml. The reaction mixtures also contained 0.1%
ethanol in all cases.
* Substrates were used at the following final concentrations: sodi-
um NADH, 5 mM; lithium D-lactate, 20 mM; sodium succinate,
20 mM; lithium L-lactate, 20 mM; and sodium NADPH, 5 mM.

Proc. Nat. Acad. Sci. USA 72 (1975)
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FIG. 4. Effect of ubiquinone-1 on NADH-dependent TPMP+
uptake byE. coli ML 308-225 membrane vesicles. The assays were
carried out as described in the legend of Fig. 1, except that
[3HJTPMP+ (114 mCi/mmol) was used at a filnal concentration of
0.4 mM in place of [1 -14C]lactose and Millipore Cellotate filters
were used to assay the samplest. Where indicated, D-lactate,
NADH, NADPH, and ubiquinone-1 were used at final concentra-
tions of 20 mM, 5 mM, 5 mM, and 80 MlM, respectively. 0, D-Lac-
tate; 0, NADH plus ubiquinone-1; A, NADPH plus ubiquinone-1;
0, NADH; A, NADPH.

duction of the quinone by reduced nicotinamide coenzyme
in the bulk phase. It is also noteworthy in this regard that
nonenzymatic reduction of ubiquinone-1 by NADH or
NADPH is not observed by direct spectrophotometric mea-
surements (data not shown).

Extraction of isolated membrane vesicles with chaotropic
agents inactivates transport in a manner that can be com-
pletely reversed by treatment with various carbodiimides
(36). These effects result from specific alterations in the per-
meability of the vesicle membrane to protons. In addition to
effects on proton permeability, extraction of vesicles with
chaotropic agents solubilizes 50-60% of the membrane-
bound D-lactate dehydrogenase. It is especially noteworthy
with respect to these experiments that extraction of the yes-
idles with these reagents also diminishes the ability of the
vesicles to oxidize NADH by 85-90%. As reported previous-
ly (36) and confirmed in Fig. 5, when vesicles are extracted
with 1.0 M guanidine.HGI and subsequently treated with di-
cyclohexylcarbodiimide, high rates of lactose transport are
observed with ascorbate-phenazine methosulfate as the elec-
tron donor system. It is also apparent that NADH and
NADPH drive transport effectively with pyocyanine as elec-
tron carrier. In marked contrast, however, neither NADH
nor NADPH is able to drive lactose transport to a significant
extent with ubiquinone-1. These results demonstrate clearly
that ubiquinone-1 is unable to mediate the flow of electrons
from NADH or NADPH to the membrane-bound respira-
tory chain in the absence of NADH dehydrogenase [NADH-
(acceptor):oxidoreductase; EG 1.6.99.3] activity.

DISCUSSION
The results presented in this paper demonstrate that addi-
tion of ubiquinone-1 to E. ccli ML 308-225 membrane yes-
idles in the presence of NADH results in the generation of a
membrane potential (interior negative) and initial rates and
steady-state levels of lactose and amino-acid transport that
are comparable to those observed with D-lactate. Since the
effects of ubiquinone-1 are dependent upon NADH dehy-
drogenase activity and markedly diminished with NADPH,
a poor substrate for NADH dehydrogenase, it seems appar-
ent that ubiquinone-1 is able to shunt electrons from NADH
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FIG. 5. Lactose uptake by E. coli ML 308-225 membrane ves-

icles depleted of NADH dehydrogenase activity. Membrane ves-
icles were extracted with 1.0 M guanidine.HCl, washed, and subse-
quently treated with 70 MAM dicyclohexylcarbodiimide for 30 min
as described previously (36). Vesicles treated in this fashion oxi-
dized NADH at 10-15% of the rate of appropriately treated control
preparations. Lactose uptake was measured using a final concen-
tration of 0.4 mM [1_-4C]lactose (22 mCi/mmol). Where indicated,
the following additions were made: 0, ascorbate and phenazine
methosulfate at 20 mM and 0.1 mM, respectively; 0, NADH and
pyocyanine perchlorate at 5 mM and 0.1 mM, respectively; 0,
NADPH and pyocyanine perchlorate at 5 mM and 0.1 mM, respec-
tively; A, NADH and ubiquinone-1 at 5 mM and 80 MAM, respec-
tively; and A, NADPH and ubiquinone-1 at 5 mM and 80 MM, re-
spectively.

dehydrogenase to an energy-coupling site that is not located
in the portion of the respiratory chain between NADH de-
hydrogenase and the cytochromes. As such, the observations
support a previous hypothesis (1, 4, 10) that the energy-cou-
pling site (i.e., the site at which the membrane potential is
generatedt) is located in a relatively specific segment of the
respiratory chain between D-lactate dehydrogenase and cy-
tochrome bI.

Since active transport is a vectorial process, it is generally
believed that only vesicles that retain the same orientation as
the membrane in the intact cell can catalyze active trans-
port. If this assumption is valid, the results presented here
demonstrate unequivocally that oxidation of NADH by the
vesicle preparations cannot be due to the presence of invert-
ed vesicles, since NADH oxidation via NADH dehydroge-
nase is able to drive transport and generate a membrane po-
tential as effectively as D-lactate. The findings, especially
when considered in the light of other observations summa-
rized at the beginning of the paper, provide strong support
for the contention that virtually none of the vesicles in these
preparations is inverted.

In addition to their implications with regard to active
transport, the results presented here are interesting with re-
spect to the physical state of the quinones present endoge-
nously in the vesicle membrane. The vesicles used in these
experiments contain approximately 6.0 nmol of ubiquinone-
8 per mg of membrane proteint. Since quinones are electron
carriers that are presumed to be freely diffusible within the

t The quinone content of the vesicles was determined as described
(39, 40). In addition to ubiquinone-8, the vesicles also contain ap-
proximately 2.1 nmol of menaquinone-8 per mg of membrane
protein.

Biochemistry: Stroobant and Kaback
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membrane, it is not immediately obvious why the vesicles
should require exogenous ubiquinone-1 in order for NADH
oxidation to perform work. Furthermore, although data are
not presented in this paper, it has been shown that menaqui-
none-1 does not stimulate active transport in the presence of
NADH in E. coli vesicles, but does so effectively in vesicles
prepared from Staphylococcus aureus, an organism which
contains menaquinone but no ubiquinone (41). In contrast,
ubiquinone-1 has no effect on NADH-dependent active
transport in S. aureus vesicles. These preliminary observa-
tions suggest that the endogenous quinones may not be free-
ly diffusible within the membrane, and that they may func-
tion in a more specific manner than previously thought to be
the case.

We thank Hoffmann-LaRoche, Inc., Basel, for generously pro-
viding ubiquinone-1.
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