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Membrane Potential and Active Transport in Membrane 
Vesicles from Escherichia coli? 

Shimon Schuldiner and H.  Ronald Kaback* 

ABSTRACT: Membrane vesicles isolated from Escherichia 
coli ML 308-225 accumulate triphenylmethylphosphonium 
and safranine 0 in the presence of appropriate electron do- 
nors. Moreover, these cations are accumulated when a po- 
tassium diffusion gradient is imposed across the vesicle 
membrane ([K+]in > [K+]..,), and the vesicles exhibit the 
same steady-state levels of accumulation for triphenyl- 
methylphosphonium, dimethyldibenzylammonium (in the 
presence of tetraphenylboron), and rubidium (in the pres- 
ence of valinomycin). Triphenylmethylphosphonium accu- 
mulation by the vesicles is not dependent on the presence of 
ionophores or lipophilic anions, occurs with vesicles pre- 
pared and assayed in either potassium- or sodium-contain- 
ing media, and does not exhibit certain properties associ- 
ated with carrier-mediated transport systems. These results 
provide strong evidence in support of the hypothesis that ox- 
idation of D-lactate or reduced phenazine methosulfate by 
the vesicles generates an electrical potential, interior nega- 
tive, across the vesicles membrane. Accumulation of tri- 
phenylmethylphosphonium by the vesicles is relatively spe- 
cific for D-lactate or reduced phenazine methosulfate as 
electron donors. L-Lactate, succinate, and NADH are oxi- 
dized more rapidly than D-lactate, but L-lactate and succi- 
nate do not support triphenylmethylphosphonium uptake as 
well as D-lactate, and NADH is ineffective. These and 
other observations suggest that there is an energy-coupling 
site located primarily between D-lactate dehydrogenase and 

c y t o p l a s m i c  membrane vesicles isolated from a variety 
of bacterial cells catalyze active transport of many different 
solutes by a respiration-dependent mechanism that does not 
involve the generation or utilization of ATP or other high- 
energy phosphate compounds (Kaback, 1972, 1973, 197413; 
Kaback and Hong, 1973). In Escherichia coli and Salmo- 
nella typhimurium vesicles, most of these transport systems 
are coupled primarily to the oxidation of D-lactate or re- 
duced phenazine methosulfate via a membrane-bound res- 
piratory chain with oxygen or, under appropriate conditions 
(Konings and Kaback, 1973; Boonstra et al., 1975), fuma- 
rate or nitrate as terminal electron acceptor. Recent experi- 
ments demonstrate that essentially all of the vesicles isolat- 
ed from E.  coli ML 308-225 catalyze active transport 
(Short et al., 1974). Moreover, using antibodies against D- 
lactate dehydrogenase and calcium, magnesium-stimulated 
ATPase, it has been shown that both of these enzymes are 
located on the inner surface of the vesicle membrane (Short 
et al., 1975a, b). These and other findings (Kaback, 1972, 
1973, 1974b; Kaback and Hong, 1973; Altendorf and Stae- 
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cytochrome bl which is responsible for the generation of the 
membrane potential. Anoxia, various electron transfer in- 
hibitors, and proton conductors block D-lactate dependent 
triphenylmethylphosphonium accumulation and proton ex- 
trusion. However, only proton conductors and electron 
transfer inhibitors which block electron flow after the en- 
ergy-coupling site produce efflux of previously accumulated 
triphenylmethylphosphonium or collapse the proton gradi- 
ent established as a result of D-lactate oxidation. The obser- 
vations suggest that the membrane potential may be in 
equilibrium with the redox state of the respiratory chain at 
the site of energy coupling. Evidence is also presented which 
demonstrates that a membrane potential, interior negative, 
is intimately associated with the ability of the vesicles to 
catalyze active transport. Steady-state levels of lactose, pro- 
line, tyrosine, glutamic acid, and glycine accumulation are 
directly related to the steady-state level of triphenylmethyl- 
phosphonium accumulation. Moreover, addition of lactose 
to vesicles containing the b-galactoside transport system 
partially inhibits the uptake of proline and triphenylmethyl- 
phosphonium. The effects are not observed in vesicles de- 
void of the b-galactoside transport system. Although most 
of the data support a chemiosmotic mechanism for active 
transport, evidence is presented which indicates that the 
membrane potential in itself may not be sufficient to ac- 
count for the totality of active transport. Possible explana- 
tions for these inconsistencies are discussed. 

helin, 1974; Konings et al., 1973) demonstrate that essen- 
tially none of the vesicles is inverted. It seems apparent 
therefore that the inability of certain electron donors to 
drive transport in the vesicle system cannot be attributed to 
the presence of inverted vesicles in the preparations. These 
and other observations (Kaback, 1972, 1973, 1974b; Ka- 
back and Hong, 1973; Barnes and Kaback, 1971; Kaback 
and Barnes, 1971; Stroobant and Kaback, 1975) support 
the contention that the energy-coupling site for transport is 
located in a relatively specific segment of the respiratory 
chain between D-lactate dehydrogenase and cytochrome b I .  

Although it is not known how energy released from the 
oxidation of D-lactate or other electron donors is coupled to 
transport, recent experiments (Kaback, 1974b; Hirata et 
al., 1973; Altendorf et al., 1974, 1975; Schuldiner et al., 
1975; Rudnick et al., 1975a,b; Pate1 et al., 1975) have dem- 
onstrated that chemiosmotic phenomena, as postulated by 
Mitchell (1966, 1973; Harold, 1972), play an important 
role in respiration-linked active transport. As visualized by 
this mechanism, oxidation of electron donors is accompa- 
nied by expulsion of protons into the external medium, lead- 
ing to a pH gradient and/or electrical potential across the 
membrane. This electrochemical gradient is postulated to 
be the driving force for the inward movement of transport 
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substrates by means of passive diffusion in the case of lipo- 
philic cations, by facilitated diffusion in the case of positive- 
ly charged substrates such as lysine or potassium, or by cou- 
pled movement of protons with a neutral substrate such as 
lactose or proline (i.e., “symport”). In instances where sodi- 
um efflux is observed (Altendorf et al., 1975; Lombardi et 
al., 1973), the chemiosmotic model invokes sodium-proton 
“antiport”, a mechanism which is thought to catalyze elec- 
troneutral exchange of internal sodium with external pro- 
tons (West and Mitchell, 1974). Moreover, the inhibitory 
effects of uncoupling agents on transport are attributed to 
the ability of these compounds to conduct protons across the 
membrane, thus short-circuiting the “proton-motive force” 
that drives transport (Mitchell, 1966, 1973; Harold, 1972; 
Mitchell and Moyle, 1967). 

One of the most compelling lines of evidence in favor of 
the chemiosmotic hypothesis in E. coli membrane vesicles 
stems from the use of lipophilic cations (Bakeeva et al., 
1970) to measure the putative membrane potential generat- 
ed as a result of D-lactate oxidation. Thus, Hirata et al. 
(1973) and Altendorf et al. (1975) have demonstrated that 
dimethyldibenzylammonium, under certain conditions, is 
accumulated by E. coli M L  308-225 membrane vesicles. 
However, many of the properties of this cation are equivo- 
cal with respect to the contention that it merely passively 
equilibrates with the membrane potential (Lombardi et al., 
1973, 1974). For this reason, we have undertaken the study 
of other lipophilic cations in the bacterial membrane vesicle 
system. 

The results presented in this paper provide strong support 
for the hypothesis that D-lactate and reduced phenazine 
methosulfate oxidation by E .  coli M L  308-225 membrane 
vesicles leads to the generation of a membrane potential, in- 
terior negative, and that this potential provides a t  least part 
of the driving force for active transport. In addition, evi- 
dence is presented which suggests that the membrane po- 
tential may be in equilibrium with a segment of the respira- 
tory chain between D-lactate dehydrogenase and cyto- 
chrome b 1 .  

Experimental Section 

Methods 
Growth of Bacteria and Preparation of Membrane Ves- 

icles. E .  coli M L  308-225 (i-z-y+a+) and ML 30 
(i+z+y+a+) were grown in minimal medium A containing 
1 .O% sodium succinate (hexahydrate) as the sole source of 
carbon (Kaback, 197 1). Membrane vesicles were prepared 
from lysozyme-EDTA spheroplasts as described previously 
(Kaback, 1971) with the exception that the vesicles were 
not vigorously homogenized with a Teflon-glass homoge- 
nizer (Short et al., 1975b). Where indicated, potassium 
phosphate was replaced with sodium or choline phosphate 
as described earlier (Lombardi et al., 1973). 

When triphenylmethylphosphonium uptake was mea- 
sured in whole cells the cells were treated with EDTA 
(Griniuviene et al., 1974) as follows: E .  coli M L  308-225 
grown as described above were centrifuged, washed twice in 
0.1 M Tris-HC1 (pH 8.0), and resuspended to a concentra- 
tion of 10-20 mg dry weight per ml. The suspension was in- 
cubated a t  37’ for about 5 min, and potassium ethylenedi- 
aminetetraacetic acid (pH 7.0) was added to a final concen- 
tration of 10 mM. Incubation was continued a t  37’ for 2 
min, and the cells were then centrifuged, washed once in 0.1 

M potassium phosphate (pH 6.6), and resuspended to about 
3 mg of protein/ml in the same buffer. 

Transport Assays. Uptake of radioactive solutes by 
membrane vesicles and whole cells was determined as de- 
scribed elsewhere (Kaback, 1974a) with one important dif- 
ference. Triphenylmethylphosphonium, dimethyldibenzyl- 
ammonium, and, to a lesser extent, rubidium bind to cellu- 
lose nitrate filters (Millipore H A  or Schleicher and Schuell 
Selectron filters) to such an  extent that uptake by the mem- 
brane vesicles can be completely obscured. This effect prob- 
ably accounts for the high background radioactivity re- 
ported previously (Hirata et al., 1973; Altendorf et al., 
1974, 1975) with [3H]dimethyldibenzylamm~nium. In any 
case, the problem is alleviated almost completely with the 
use of cellulose acetate filters (Millipore Cellotate filters). 
Thus, in all of the experiments reported here, Millipore fil- 
ters type EH (0.5 p pore size) were used. Apparent con- 
centration gradients for substrates taken up by the vesicles 
were caladated using a value of 2.2 HI of intravesicular 
fluid/mg of membrane protein (Kaback and Barnes, 1971). 

Oxygen Consumption. Rates of oxygen uptake were mea- 
sured with a Clark electrode (YSI Model 53 oxygen moni- 
tor) as described previously (Barnes and Kaback, 197 1) .  

Fluorescence Measurements. Fluorescence was measured 
a t  an angle of 90’ with an Aminco Bowman spectrofluo- 
rometer using 1 X 1 cm cuvettes as described previously 
(Reeves et al., 1973b). The sample chamber was main- 
tained a t  25’ with a circulating water bath. Light bandpass 
for excitation and emission was 6 nm. Additions to the cu- 
vette were made with Hamilton microsyringes and mixing 
was accomplished within 3-5 sec using a small plastic stick. 

Materials 

Tritiation of Triphenylmethylphosphonium. Triphenyl- 
methylphosphonium was tritiated by The Isotope Synthesis 
Group of Hoffman-La Roche, Inc., under the direction of 
Dr. Arnold Liebman. A mixture of 10 mg of triphenyl- 
methylphosphonium bromide and 50 p1 of dimethylform- 
amide was frozen to -190°, evacuated to less than 1 p, 
thawed, and again evacuated to less than 1 p.  By vacuum 
transfer, 100 pl of TzO ( 10 Ci) and 10 pI of acetic acid were 
added. The resulting mixture was then stirred a t  70’ for 
140 hr. At that time, all volatile material was removed by 
vacuum transfer. Labile tritium was removed by treating 
the residue three times each with 2.0 ml of methanol which 
was removed by vacuum transfer after equilibrium had 
taken place. The residue was chromatographed on 20 g of 
silica gel (E. Merck 7734) packed in methanol containing 
0.4% acetic acid, using the same solvent for elution. The 
procedure was carried out in a 50-ml buret. Fractions con- 
taining pure product as determined by thin-layer chroma- 
tography on silica gel (carbon tetrachloride-methanol-ace- 
tic acid; 30:70:2.5, v/v) were pooled and concentrated to a 
residue of 7 mg having a specific activity of approximately 
I14 Ci/mol. The final product exhibited an absorption 
spectrum which was identical with authentic triphenyl- 
methylphosphonium bromide. 

Tritiation of Tetraphenylarsonium. Tetraphenylarson- 
ium chloride was labeled with tritium as described above 
for triphenylmethylphosphonium. The final product which 
had a specific activity of 58.8 Ci/mol was a t  least 99% pure 
as judged by thin-layer chromatography (see above) and ul- 
traviolet absorption. 

Other Lipophilic Cations. [methyl-l4C]Dimethy1diben- 
zylammonium chloride (6 Ci/mol) and [ m e t h ~ l - ~ H ] d i -  
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FIGURE 1: (A) Time course of triphenylmethylphosphonium uptake 
by E. coli ML'308-225 membrane vesicles in the presence of various 
electron donors. Triphenylmethylphosphonium uptake was determined 
in the presence of the designated electron donor as described previously 
(Kaback, 1971, 1974a) and in Methods. Sodium ascorbate and phena- 
zine methosulfate were added at  final concentrations of 20 and 0.1 
mM, respectively, and the other electron donors were added at final 
concentrations of 20 m M .  The reaction mixtures (50 11,  final volume) 
contained 0.05 M potassium phosphate (pH 6 . 6 ) ,  0.01 M magnesium 
sulfate, 0.1 mg of membrane protein, and 0.4 mM [3H]triphenyl- 
methylphosphonium bromide (1 14 Ci/mol). (B) Time course of lactose 
uptake by E .  coli ML 308-225 membrane vesicles in the presence of 
various electron donors. Lactose uptake was determined exactly as de- 
scribed above with the exception that [l-14C]lactose (22 Ci/mol) was 
used at  a final concentration of 0.4 mM in place of triphenylmethyl- 
phosphonium. (0)  Ascorbate-phenazine methosulfate; (A) D-lactate; 
(V) L-lactate; (0) succinate; (A) NADH; and (0) no added electron 
donor. 

methyldibenzylammonium chloride (1 40 Ci/mol) were syn- 
thesized by methods described previously (Lombardi et al., 
1973). Safranine 0 was, obtained from Fisher Scientific 
Company. Triphenylmethylphosphonium bromide, tetra- 
phenylarsonium chloride, dimethyldibenzylammonium 
chloride, and sodium tetraphenylboron were obtained from 
K & K Laboratories (Plainville, N.Y.). Sodium phenyldi- 
carbaundecaborane was generously supplied by Dr. Eugene 
M. Barnes, Jr., of Baylor College of Medicine. 

Rubidium-86 chloride was obtained from New England 
Nuclear Corp. as an aqueous solution in 0.5 N HCl. Stock 
solutions of rubidium-86 chloride (10-30 Ci/ mol) were 
prepared by neutralizing the commercial product with ru- 
bidium hydroxide, and diluting the specific activity with ap- 
propriate addition of rubidium chloride. Radioactive amino 
acids were also obtained from New England Nuclear Corp. 
[ l-14C]Lactose (22 Ci/mol) was obtained from Amersham- 
Searle Co. Valinomycin was purchased from Calbiochem. 

All other materials were of reagent grade obtained from 
commercial sources. 

Results 
Uptake of Triphenylmethylphosphonium. The effect of 

various electron donors on triphenylmethylphosphonium 
uptake by membrane vesicles isolated from E.  coli M L  
308-225 is shown in Figure 1A. Ascorbate plus phenazine 
methosulfate stimulate the initial rate of uptake approxi- 
mately 15-fold over controls incubated in the absence of 
electron donor. In the presence of this electron donor sys- 
tem, the vesicles accumulate triphenylmethylphosphonium 
to an apparent steady-state concentration which is approxi- 
mately 20 times higher than that of the external medium. 
The initial rate of triphenylmethylphosphonium uptake is 
stimulated approximately tenfold by D-lactate, and the ves- 

TIME (min) 

FIGURE 2: Effect of potassium diffusion potentials on triphenyl- 
methylphosphonium (A) and lactose (B) uptake. An aliquot (2 p l )  of 
E. coli ML 308-225 membrane vesicles (40 mg of protein/ml) contain- 
ing 0.1 M potassium phosphate (pH 6.6)  and valinomycin (1 nmol/mg 
of membrane protein) was diluted as indicated into 50 or 200 pl of ei- 
ther 0.1 M sodium phosphate (pH 6 .6 )  (0 and 0, respectively) or 0.1 
M potassium phosphate (pH 6 .6 )  (A) containing [3H] triphenylmethyl- 
phosphonium (114 Ci/mol) [A] or [l-14C]lactose (22 Ci/mol) [B] a t  
final concentrations of 0.4 m M .  Both the vesicle suspension and the di- 
luting medium were equilibrated to 25" prior to the start of the experi- 
ment. At the times shown, the reactions were terminated and the sam- 
ples assayed as described previously (Kaback, 1971, 1974a). 

icles accumulate the cation to an intravesicular concentra- 
tion approximately 16 times higher than that of the external 
medium. As demonstrated previously for a number of other 
solutes (Barnes and Kaback, 1971; Lombardi et al., 1973; 
Lombardi and Kaback, 1972; Reeves et al., 1972), L-lactate 
and succinate also stimulate triphenylmethylphosphonium 
uptake, but these electron donors are less effective than as- 
corbate-phenazine methosulfate or D-lactate. NADH pro- 
duces no significant stimulation of either the initial rate or 
extent of triphenylmethylphosphonium uptake. Previous 
studies also demonstrated that there is no direct relation- 
ship between the ability of the vesicles to oxidize these elec- 
tron donors and their ability to stimulate transport. Similar- 
ly, the vesicles used in these experiments exhibit the fol- 
lowing oxidase activities toward D-lactate, L-lactate, succi- 
nate, and NADH: 200, 224, 240, and 267 ng-atoms of oxy- 
gen per mg of membrane protein per minute, respectively 
(the results represent the average of four independent deter- 
minations). 

When lactose uptake is measured in the presence of the 
same electron donors under identical conditions (Figure 
1 B), there is a reasonably good qualitative correlation be- 
tween the relative effects of the various electron donors on 
the initial rates and steady-state levels of lactose and tri- 
phenylmethylphosphonium accumulation. Quantitative dif- 
ferences are apparent however, the most obvious of which is 
that lactose is taken up approximately three to five times 
better than triphenylmethylphosphonium. Moreover, al- 
though ascorbate-phenazine methosulfate stimulates up- 
take best in both cases, this electron donor system stimu- 
lates lactose uptake approximately three times better than 
D-lactate (Figure 1 B) while it stimulates triphenylmethyl- 
phosphonium uptake only about 30-40% better than D-lac- 
tate (Figure 1A). 

The experiments presented in Figure 2A provide an indi- 
cation that triphenylmethylphosphonium is taken up in re- 
sponse to a membrane potential, interior negative. Thus, 
when potassium-loaded vesicles containing valinomycin are 
diluted 25-fold or 100-fold into sodium phosphate buffer, 
triphenylmethylphosphonium is rapidly taken up, achieving 
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F I G U R E  3: Time course of cation uptake by E. coli ML 308-225 mem- 
brane vesicles. Membrane vesicles prepared from E. coli ML 308-225 
were washed and resuspended in 0.1 M sodium phosphate (pH 6.6) as 
described previously (Lombardi et al., 1973). Uptake of triphenyl- 
methylphosphonium, dimethyldibenzylammonium, and rubidium was 
determined in the presence (0) and absence (0)  of 20 mM lithium D- 
lactate as described previously (Lombardi et al., 1973; Kaback, 1971, 
1974a) and in Methods. The reaction mixtures (50 MI,  total volume) 
contained 0.05 M sodium phosphate (pH 6.6),  0.01 M magnesium sul- 
fate, and 0.1 mg of membrane protein. Where indicated [3H]triphenyl- 
methylphosphonium (1 14 Ci/mol), [3H]dimethyldibenzylammonium 
(140 Ci/mol), or rubidium-86 (14 Ci/mol) were present a t  final con- 
centrations of 0.4 mM. When dimethyldibenzylammonium and rubidi- 
um uptake were assayed, sodium tetraphenylboron ( I O  p M ,  final con- 
centration) and valinomycin (5 p M ,  final concentration) were present 
in the reaction mixtures, respectively. 

maximum values of approximately 11 and 17 nmol per mg 
of membrane protein, respectively. The sharp decrease in 
triphenylmethylphosphonium uptake observed after 3 min 
under conditions where the vesicles are diluted 100-fold is 
probably related to the transient nature of the potassium 
diffusion gradient. In any case, when the vesicles are diluted 
into media containing an  equal concentration of potassium, 
no triphenylmethylphosphonium uptake is observed. Data 
for lactose uptake under the same conditions are also pre- 
sented for comparison (Figure 2B). As shown, lactose is 
rapidly taken up in response to a 100-fold potassium diffu- 
sion gradient, and very little uptake is observed when there 
is no diffusion gradient. It should be noted that a maximum 
of only 7-8 nmol of lactose per mg of membrane protein are 
taken up under conditions where approximately 15 nmol of 
triphenylmethylphosphonium per mg of membrane protein 
are accumulated. 

Since the rationale behind the use of lipophilic cations is 
that of passive equilibration with an  electrical potential 
across the membrane (Bakeeva et al., 1970), the steady- 
state level of accumulation established with this class of 
compounds should depend solely on the membrane potential 
and not on the nature of the cation. As shown in Figure 3, 
this is apparently the case for three different permeant cat- 
ions-triphenylmethylphosphonium, dimethylbenzylammo- 
nium (in the presence of tetraphenylboron), and rubidium 
(in the presence of valinomycin). Although the initial rates 
of uptake differ slightly, it is clear that each of these cations 
is accumulated to essentially the same steady-state level in 
the presence of D-lactate. Qualitatively similar results were 
obtained with ascorbate-phenazine methosulfate as elec- 
tron donor (data not shown). Variations in the initial rate of 
uptake of these cations are not surprising since the initial 
rate should reflect the permeability of the individual cation 
under investigation. In this respect, it should be emphasized 
that triphenylmethylphosphonium uptake does not require 
the addition of an ionophore (Le., valinomycin) [Lombardi 
et al., 1973; Bhattacharyya et al., 19711 or a lipophilic 
anion (Le., tetraphenylboron or phenyldicarbaundecabo- 
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4: TriDhenvlmethvlDhosohonium uotake bv E. coli ML 308- . .  . 
225 membrane vesicies prepared and assayed in potassium (A) or sodi- 
um ( B ) .  (A) Membrane vesicles were prepared in potassium phosphate 
as described previously (Kaback, 1971, 1974a) and in Methods. Up- 
take was determined in the presence (0) and absence (.) of 20 mM 
lithium D-laCtate as described in Figure 1A except that [3H]triphenyl- 
methylphosphonium (1 14 Ci/mol) was used at a final concentration of 
1.0 mM. (B) The experiment shown was carried out exactly as de- 
scribed in A, except that the vesicles were prepared in  sodium phos- 
phate as described previously (Lombardi et at., 1973) and the reaction 
mixture contained 0.1 M sodium phosphate (pH 6.6) in place of potas- 
sium phosphate. 

rane) [Hirata et al., 1974; Altendorf et al., 1974, 1975; 
Lombardi et al., 1973, 19741. 

It has been reported (Hirata et al., 1973; Altendorf et al., 
1975; Lombardi et al., 1973, 1974) that dimethyldibenz- 
ylammonium uptake in E .  coli membrane vesicles is depen- 
dent upon the presence of sodium, and that maximal uptake 
is observed only when the vesicles a re  prepared in sodium- 
containing buffers. The suggestion has been made (Alten- 
dorf et al., 1975) that this effect is due to a requirement for 
sodium as a counterion for dimethyldibenzylammonium. 
Were this the case, triphenylmethylphosphonium and ru- 
bidium (in the presence of valinomycin) should behave sim- 
ilarly since they are taken up a t  comparable rates and to the 
same extent as dimethyldibenzylammonium. As shown pre- 
viously (Lombardi et al., 1973), valinomycin-dependent ru- 
bidium uptake is catalyzed effectively by vesicles prepared 
and assayed in choline phosphate buffer. Moreover, as 
shown in Figure 4, M L  308-225 vesicles prepared and as- 
sayed in sodium or potassium phosphate buffers take up tri- 
phenylmethylphosphonium a t  essentially the same rate and 
to the same extent in the presence of D-lactate. It is unlikely 
therefore that there is a general requirement for sodium as 
a counterion for potential-induced cation uptake. 

It was also reported previously (Lombardi et al., 1974) 
that exchange of intravesicular dimethyldibenzylammon- 
ium with dimethyldibenzylammonium in the external medi- 
um is inhibited by p-chloromercuribenzenesulfonate, a find- 
ing which is not consistent with the hypothesis that this 
lipophilic cation simply passively equilibrates with the 
membrane potential. In contrast, when similar experiments 
are carried out with triphenylmethylphosphonium, p-chlo- 
romercuribenzenesulfonate does not inhibit the rate of ex- 
change of external triphenylmethylphosphonium with tri- 
phenylmethylphosphonium in the intravesicular pool (data 
not shown). 

Uptake of Other Lipophilic Cations. Another cation 
taken up by mitochondria in response to energization is saf- 
ranine 0 (Colonna et al.. 1973). When D-lactate is added to 
a suspension of vesicles in the presence of safranine 0, there 
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FlCU R E  5: Energy-dependent changes in safranine 0 fluorescence. 
(A) Lithium D-lactate (20 m M )  was added to a cuvette containing saf- 
ranine 0 (0.1 3 pg/ml), 0.05 M potassium phosphate (pH 6.6), 0.01 M 
magnesium sulfate, and membrane vesicles (0.4 mg of protein/ml) in a 
total volume of 1.5 ml. Fluorescence at  565 nm was recorded (excita- 
tion, 495 nm) as described in Methods. Where indicated, the reaction 
mixtures also contained valinomycin at a final concentration of 7 p M .  
(B) E .  coli ML 308-225 membrane vesicles (40 mg of protein/ml) sus- 
pended in 0.1 M potassium phosphate (pH 6.6) were diluted 150-fold 
into a cuvette containing either 0.1 M sodium phosphate (pH 6.6) or 
potassium phosphate (pH 6.6) ,  as indicated, and safranine 0 (0.13 
pg/ml). The final volume was 1.5 ml. After recording the initial fluo- 
rescence value, valinomycin was added to a final concentration of 10 
p M ,  and recording was resumed as described in Methods as rapidly as 
possible. 

is a rapid increase in fluorescence which achieves a maxi- 
mum within 1-2 min, and subsequently declines to about 
50% of the maximum level (Figure 5A). When valinomycin 
is added, no increase in fluorescence is observed on addition 
of D-lactate. Although the reason for the “overshoot” ob- 
served with D-lactate is not understood, similar enhance- 
ment in safranine 0 fluorescence can be induced by a potas- 
sium diffusion gradient such that an electrical potential (in- 
terior negative) is imposed across the membrane (Figure 
5B). Other experiments (not shown) demonstrate directly 
that the effects of D-lactate on safranine 0 fluorescence ob- 
served in Figure 5A are due primarily to uptake of the cat- 
ion and not to a change in the properties of membrane- 
bound dye. When vesicles are incubated with safranine 0 in 
the presence and absence of D-lactate, and subsequently 
collected by either Millipore filtration or centrifugation fol- 
lowed by extraction of the dye, addition of D-lactate’mark- 
edly increases the absolute amount of safranine 0 recovered 
from the vesicles. 

In  distinct contrast to the cations described thus far, 
[3H] tetraphenylarsonium is not taken up to a significant 
extent by ML 308-225 vesicles in the presence or absence of 
D-lactate or ascorbate-phenazine methosulfate, and the ad- 
dition of tetraphenylboron or phenyldicarbaundecaborane 
has no effect. Moreover, the same negative results were ob- 
tained with vesicles prepared in sodium phosphate buffer. 
This result is puzzling in light of the observation that this 
cation is an effective inhibitor of D-lactate-dependent active 
transport but does not affect D-lactate oxidation (Le,, the 
compound is an effective uncoupling agent) [Lombardi et 
al., 19731. 

Effect of Metabolic Inhibitors on the Rate and Steady- 
State Level of Triphenylmethylphosphonium Accumula- 
tion. The rate and extent of triphenylmethylphosphonium 
uptake in the presence of D-lactate is markedly inhibited by 
anoxia, 2-heptyl-4-hydroxyquinoline N-oxide, p-chloromer- 
curibenzenesulfonate, oxalate, and 2,4-dinitrophenol (Fig- 

TIME ( m i n ~ t e i )  

FIGURE 6:  Effect of metabolic inhibitors on the rate and extent of D- 
lactate-dependent triphenylmethylphosphonium uptake and D-lactate 
oxidation. (A and B) Triphenylmethylphosphonium uptake was deter- 
mined in the presence of 20 mM lithium D-lactate as described in Fig- 
ure 1A. Inhibitors were added either 2 min before D-lactate (A) or 5 
min after addition of D-lactate (B) to give the following final concen- 
trations: sodium oxalate (0 )  20 mM; 2-heptyl-4-hydroxyquinoline N -  
oxide (HOQNO, v), 0.08 mM; p-chloromercuribenzenesulfonate @- 
CMBS, A), 0.1 m M .  Where indicated (V) samples were gassed with 
argon by methods described previously (Kaback and Barnes, 197 I ) .  
(C) Rates of oxygen uptake were measured at  25O as described in  
Methods in 1.0 ml (total volume) containing 0.05 M potassium phos- 
phate (pH 6.6), 0.01 M magnesium sulfate, and 0.4 mg of protein/ml. 
lithium D-lactate (20 mM, final concentration) was added as indicated. 
The inhibitors were added either 2 min prior to addition of D-lactate or 
as indicated by the arrows to give the following final concentrations: 
sodium oxalate, 20 mM: p-chloromercuribenzenesulfonate, 0. I mM. 
Tracings showing the effects of oxalate and p-chloromercuribenzene- 
sulfonate addition after D-lactate were derived from separate experi- 
ments. 

ure 6A). Moreover, as shown previously (Barnes and Ka- 
back, 1971; Reeves et al., 1973a), each of these inhibitors, 
with the exception of dinitrophenol, causes marked inhibi- 
tion of D-lactate oxidation. 2,4-Dinitrophenol has no effect 
on D-lactate oxidation, and is presumed to act by increasing 
the permeability of the membrane to protons (Mitchell, 
1966, 1973; Harold, 1972; Mitchell and Moyle, 1967). The 
sites of inhibition of each of the electron transfer inhibitors 
used here have been described (Barnes and Kaback, 1971; 
Kaback and Barnes, 1971; Cox et a]., 1970). 2-Heptyl-4- 
hydroxyquinoline N-oxide inhibits between cytochromes b I 

and a2, p-chloromercuribenzenesulfonate inhibits between 
the primary dehydrogenases for D-lactate and succinate and 
cytochrome b l ,  and oxalate is a potent competitive inhibitor 
of D-lactate dehydrogenase. These observations indicate 
that the generation of the membrane potential by means of 
D-lactate oxidation requires the passage of electrons from 
D-lactate dehydrogenase to oxygen via the membrane- 
bound respiratory chain, and that cessation of electron flow 
at any level is sufficient to prevent the generation of the po- 
tential. 

When the effect of these inhibitors on the steady-state 
level of triphenylmethylphosphonium accumulation in the 
presence of D-lactate is studied, a striking difference is ob- 
served with the various inhibitors (Figure 6B). In  this ex- 
periment, each inhibitor was added after the vesicles were 
loaded with triphenylmethylphosphonium by previous incu- 
bation in the presence of D-lactate. As shown, anoxia 
(argon) and 2-heptyl-4-hydroxyquinoline N-oxide, each of 
which inhibit electron flow after cytochrome bl ,  and 2,4- 
dinitrophenol cause rapid efflux of triphenylmethylphos- 
phonium. In contrast, oxalate which virtually completely 
and instantaneously inhibits D-lactate oxidation (Figure 
6C) and p-chloromercuribenzenesulfonate which inhibits 
D-lactate oxidation by approximately 85% (Figure 6C) do 
not cause significant efflux of triphenylmethylphosphonium 
from the intravesicular pool. Earlier studies (Kaback and 
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F I G U R E  7: Effect of metabolic inhibitors on the rate and extent of suc- 
cinate-dependent triphenylmethylphosphonium uptake and succinate 
oxidation. (A and B) Triphenylmethylphosphonium uptake was deter- 
mined in the presence of 20 m M  sodium succinate (@) as  described in 
Figure 1A. Sodium malonate (10 mM, final concentration) was added 
either 2 min before succinate (A; 0) or 5 min after addition of succi- 
nate (B; 0). Where indicated (V) samples were gassed with argon by 
methods described previously (Kaback and Barnes, 1971). (C) Rates 
of oxygen uptake were measured as described in  Figure 6C, except that 
sodium succinate was used in place of D-lactate. Sodium malonate ( 1  0 
mM, final concentration) was added either 2 min prior to addition of 
succinate or as indicated by the arrows. 

Barnes, 1971; Lombardi and Kaback, 1972) demonstrate 
that the vesicles exhibit similar properties with respect to a 
number of different physiological transport substrates, in 
addition to rubidium (in the presence of valinomycin) 
[Lombardi et al., 19731 and dimethyldibenzylammonium 
(in the presence of tetraphenylboron) [Altendorf et al., 
19751, and Reeves et al. (1972) have demonstrated that D- 
lactate-dependent quenching of 8-anilino- 1 -naphthalenesul- 
fonate fluorescence exhibits similar properties. These obser- 
vations suggest that inhibition of electron flow after the en- 
ergy-coupling site causes rapid dissipation of the membrane 
potential, while inhibition before this site does not dissipate 
the potential despite almost complete inhibition of D-lactate 
oxidation. 

As shown by the data presented in Figure 7, these effects 
are not peculiar to D-lactate-dependent triphenylmethyl- 
phosphonium accumulation. Thus, succinate-dependent tri- 
phenylmethylphosphonium uptake is markedly inhibited by 
malonate (Figure 7A), a competitive inhibitor of succinate 
dehydrogenase which inhibits succinate oxidation by ap- 
proximately 90% (Figure 7C). However, as shown in Figure 
7B, when the vesicles are allowed to accumulate triphenyl- 
methylphosphonium to a steady state in the presence of suc- 
cinate, followed by addition of malonate, there is little or no 
efflux of accumulated triphenylmethylphosphonium. On 
the other hand, when the reaction mixture is gassed with 
argon, rapid efflux of triphenylmethylphosphonium is ob- 
served. Although not shown, similar data have been ob- 
tained for succinate-dependent lactose uptake. 

Relationship between the Membrane Potential and Ac- 
tiue Transport. I f  the active transport of metabolites such 
as lactose and amino acids is directly and obligatorily cou- 
pled to the membrane potential, and if triphenylmethyl- 
phosphonium accumulation reflects that potential, there 
should be a direct relationship between the accumulation of 
the physiologic transport substrates and the accumulation 
of triphenylmethylphosphonium. Moreover, alteration of 
the membrane potential should be reflected in an appropri- 
ate alteration in active transport regardless of the means 
used to alter the potential. The data presented in Figure 8 
are derived from experiments in which the steady-state level 
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FIGURE 8: Relationship between the membrane potential and lactose 
accumulation. Triphenylmethylphosphonium and lactose uptake were 
assayed at 5 min as described in Figure 1 under the following sets of 
conditions: in  the presence of ascorbate-phenazine methosulfate, D- 
lactate, L-lactate, succinate, NADH, or in the absence of exogenous 
electron donors (v); in the presence of ascorbate-phenazine methosul- 
fate and increasing concentrations of carbonyl cyanide m-chlorophen- 
ylhydrazone (0);  and in the presence of D-hCtate and increasing con- 
centrations of 2-heptyl-4-hydroxyquinoline N-oxide (A).  The log of the 
apparent concentration gradient of triphenylmethylphosphonium is 
plotted as a function of the log of the apparent concentration gradient 
of lactose. 

of lactose and triphenylmethylphosphonium accumulation 
with different electron donors was measured at 5 min in the 
presence and absence of various concentrations of 2-heptyl- 
4-hydroxyquinoline N-oxide or carbonyl cyanide m-chloro- 
phenylhydrazone. The apparent concentration gradients 
achieved with each substrate in the presence of each elec- 
tron donor and at each concentration of inhibitor were cal- 
culated, and the log of the triphenylmethylphosphonium 
concentration gradient was plotted as a function of the log 
of the lactose concentration gradient. It is clear from the 
data that the accumulation of lactose is directly related to 
the magnitude of the membrane potential as determined by 
triphenylmethylphosphonium accumulation under a wide 
variety of conditions. Moreover, it is also clear that within 
experimental error, there is no accumulation of lactose 
under conditions where there is no accumulation of triphen- 
ylmethylphosphonium (i.e., when there is no membrane po- 
tential). Although the data will not be presented, similar re- 
lationships between triphenylmethylphosphonium accumu- 
lation and the accumulation of proline, tyrosine, glutamic 
acid, and glycine are also apparent. It is noteworthy, how- 
ever, that lysine accumulation by the vesicles does not ex- 
hibit a similar relationship to triphenylmethylphosphonium 
accumulation. Under conditions in which the concentration 
gradient for triphenylmethylphosphonium is reduced to ap- 
proximately 2-3, the vesicles are still able to accumulate ly- 
sine against a 28- to 30-fold gradient. It is interesting that 
lysine transport is also less sensitive to inhibition by car- 
bonyl cyanide m-chlorophenylhydrazone relative to other 
amino acids and lactose (Kaback et al., 1974). 

If most of the respiration-linked transport systems in E .  
coli membrane vesicles are tightly coupled to the mem- 
brane potential, as suggested by the experiments presented 
above, it is possible that transport of a solute with a rela- 
tively high maximum velocity might inhibit the uptake of a 
solute which is transported at a much lower rate. In the ex- 
periment shown in Figure 9A, D-lactate-dependent proline 
uptake by M L  308-225 vesicles was assayed in the presence 
and absence of lactose at a concentration approximately 
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20-fold higher than the apparent K ,  of the lac transport 
system for this substrate. As shown, in the presence of lac- 
tose, the rate and extent of proline uptake are inhibited by 
approximately 50%. When the same experiment is carried 
out with vesicles prepared from uninduced E.  coli M L  30 
which do not catalyze lactose transport, proline transport is 
not affected by lactose (Figure 9B). The data presented in 
Figures 9C and D are consistent with the suggestion that 
this effect is mediated via the membrane potential. Thus, 
triphenylmethylphosphonium uptake by M L  308-225 ves- 
icles is inhibited by approximately 30% when the assay is 
carried out in the presence of lactose (Figure 9C), while tri- 
phenylmethylphosphonium uptake by uninduced M L  30 
vesicles is unaffected by lactose (Figure 9D). 

D-Lactate-Dependent Proton Efflux and the Properties 
of the Proton Gradient. Asymmetric proton movement dur- 
ing electron transfer is one of the basic tenets of the chem- 
iosmotic hypothesis (Mitchell, 1966, 1973; Harold, 1972), 
and proton efflux during D-lactate oxidation has been de- 
scribed in E .  coli membrane vesicles (Lombardi et al., 
1973; Reeves, 1971), although its significance has been 
questioned (Lombardi et al., 1973). If the membrane poten- 
tial is generated by proton extrusion during D-lactate oxida- 
tion, the generation and maintenance of a proton gradient 
by the vesicles should exhibit properties analogous to those 
described above for triphenylmethylphosphonium accumu- 
lation. That is, proton conductors and inhibitors of D-lac- 
tate oxidation should inhibit the formation of the proton 
gradient, and only proton conductors and those inhibitors 
which block respiration after the energy-coupling site for 
transport should rapidly dissipate the proton gradient once 
it has been established. These predictions are borne out by 
the experiments presented in Figure 10. As shown in panel 
B, addition of an aliquot OY aerated buffer to a sealed sus- 
pension of ML 308-225 vesicles which has become anaero- 
bic as a result of D-lactate oxidation results in rapid acidifi- 
cation of the medium. Within about 5-10 sec, the pH trace 
achieves a steady state which is maintained until the oxygen 
in the reaction mixture is depleted again at  which time the 
pH returns rapidly to approximately its original value. 
Thus, generation of a proton gradient in the presence of D- 
lactate depends upon electron transfer, and the gradient 
dissipates rapidly when the respiratory chain becomes re- 
duced. In the experiments shown in panels A and C, similar 
pH measurements were carried out under aerobic condi- 
tions. As shown, under these conditions as well, addition of 
D-lactate results in acidification of the medium, but the 
generation of the proton gradient takes longer, and it is 
maintained for a longer period of time (note the difference 
in the time scale in panel B and panels A and C). When 
carbonyl cyanide m-chlorophenylhydrazone is added to the 
reaction mixture (panel C) or when it is gassed with argon 
or 2-heptyl-4-hydroxyquinoline N-oxide is added (data not 
shown), the D-lactate-induced pH change is rapidly re- 
versed. In contrast, however, addition of oxalate a t  a con- 
centration which virtually completely and instantaneously 
blocks D-lactate oxidation (cf. Figure 6C) results in slow 
and incomplete reversal of the D-lactate-induced proton 
gradient (panel A). Similar results, although not shown, 
were also obtained with p-chloromercuribenzenesulfonate. 
It should be emphasized that each of these reagents, oxalate 
and p-chloromercuribenzenesulfonate in particular, inhibit 
D-lactate-induced proton extrusion drastically when added 
before D-lactate. 

Triphenylmethylphosphonium and Lactose Uptake by 

0 I 2 3 4 5 0 1 2 3 4 5  
TIME (min~1.s) 

FIGURE 9: Effect of lactose on proline and triphenylmethylphosphon- 
ium uptake. Proline and triphenylmethylphosphonium uptake were de- 
termined in the presence of 20 mM lithium D-hCtate as described in 
Methods. Reaction mixtures (50 PI, total volume) contained 0.05 M 
potassium phosphate (pH 6.6),  0.01 M magnesium sulfate, and 0.1 mg 
of membrane protein. In panels A and C, E. coli ML 308-225 mem- 
brane vesicles were used; in  panels B and D, membrane vesicles from 
uninduced E. coli ML 30 were used. [U- '4C]Pr~l ine (240 Ci/mol) up- 
take was assayed at  a final concentration of 8.3 fiM; [3H]triphenyl- 
methylphosphonium (114 Ci/mol) uptake was assayed at a final con- 
centration of 0.4 mM. When lactose was present (0).  it was added 2 
min prior to the addition of D-lactate to a final concentration of 10 
mM. (0) Uptake in the absence of lactose. 

Intact Cells. Although triphenylmethylphosphonium up- 
take is not observed with freshly harvested E .  coli ML 
308-225 (data not shown), uptake of the cation can be af- 
fected by treatment of the cells with ethylenediaminetetraa- 
cetic acid (Griniuviene et al., 1974). As shown by the data 
presented in Figure 1 1 A, triphenylmethylphosphonium is 
taken up by appropriately treated cells, and within 20-30 
min, the cells approach a steady-state concentration of ap- 
proximately 17 nmol per mg of cell protein, a value which 
corresponds to an apparent concentration gradient of 8-9 at 
an external concentration of 0.4 mM. When the uncoupling 
agent carbonyl cyanide m-chlorophenylhydrazone is added 
to the reaction mixture, almost all of the accumulated tri- 
phenylmethylphosphonium is lost from the cells within 30 
sec. Similarly, addition of valinomycin also induces rapid 
efflux of triphenylmethylphosphonium, although the extent 
of loss is not so great as that observed with carbonyl cyanide 
m-chlorophenylhydrazone (Figure 1 1A). Although not 
shown, 2,4-dinitrophenol also induces rapid efflux of the 
lipophilic cation. In  contrast to these observations with tri- 
phenylmethylphosphonium, as described above with ves- 
icles, EDTA-treated cells also do not accumulate tetraphen- 
ylarsonium. 

In comparison to triphenylmethylphosphonium, the cells, 
like vesicles, take up lactose more rapidly, achieving a 
steady-state level of about 100 nmol/mg of protein within 
5-10 min (Figure 11B). This value corresponds to an ap- 
parent concentration gradient of about 80 which is slightly 
lower than the estimate of Winkler and Wilson ( 1  966) who 
studied freshly harvested E.  coli ML 308-225. 

Discussion 
The results presented in this paper provide convincing ev- 

idence that oxidation of D-lactate or reduced phenazine 
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f ; IGURE IO:  Effect of metabolic inhibitors on D-lactate-induced proton release by E. coli ML 308-225 membrane vesicles. Membrane vesicles were 
washed twice in 0.066 M potassium chloride containing 2 m M  potassium phosphate (pH 6.6) and resuspended at a membrane protein concentration 
of 20 mg/ml.  Proton extrusion was assayed in 1.4 ml (total volume) containing 0.066 M potassium chloride, 2 mM potassium phosphate (pH 6.6), 
and 2.5 mg of membrane protein/ml. In panels A and C, the experiments were carried out in an open chamber and the reaction was initiated by ad- 
dition of 10 mM lithium o-lactate (final concentration). Where indicated, 10 mM potassium oxalate (panel A) or 10 f iM carbonyl cyanide m-chlo- 
rophenylhydrazone (CCCP) [panel C]  were added. In panel 9, the chamber was sealed with a rubber stopper in  which there was a single small por- 
tal for addition of samples. Lithium D-lactate ( I O  mM, final concentration) was added to the chamber, and the reaction was allowed to continue 
until the system became anaerobic (about 6 min). At this time, 25 fi1 of an oxygen saturated solution of 0.066 M potassium chloride was added. The 
pH changes were calibrated by addition of known amounts of hydrochloric acid, and the pH was monitored with a Radiometer GK 2321C pH elec- 
trode connected to a Radiometer pH meter (Model 26). The signal was amplified and recorded in a double channel Corning recorder (Model 845). 
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F I G U R E  1 1 :  Uptake of triphenylmethylphosphonium and lactose by 
EDTA-treated E. coli ML 308-225. E. coli ML 308-225 were grown 
and treated with EDTA as described in Methods. Uptake was mea- 
sured as described previously (Kaback, 1971, 1974a) and in Methods 
in  50-wl reaction mixtures (total volume) containing 0.05 M potassium 
phosphate (pH 6.6), 0.01 M magnesium sulfate, 0.02 M sodium succi- 
nate, and 0.075 mg of cell protein, [3H]Triphenylmethylphosphonium 
( 1  I4 Ci/mol), [3H]tetraphenylarsonium (58.8 Ci/mol) [A] or [ l -  
lJC]lactose (22 Cijmol) [B] were used at final concentrations of 0.4 
m M .  Where indicated (arrow in  panel A), carbonylcyanide m-chloro- 
phenylhydrazone (0) or valinomycin (0)  were added at final concen- 
trations of I O  and 5 &f, respectively. (0 )  Uptake of triphenylmethyl- 
phosphonium (A) or lactose (B); (A) uptake of tetraphenylarsonium. 
Apparent concentration gradients were calculated using a value of 5.4 
IJI  of intracellular water per mg of cell protein as determined from the 
data of Winkler and Wilson (1966). 

methosulfate by isolated membrane vesicles from E .  coli re- 
sults in the generation of a membrane potential, interior 
negative. Like rubidium (in the presence of valinomycin) 
and diniethyldibenzylammonium (in the presence of tetra- 
phenylboron or phenyldicarbaundecaborane), triphenyl- 
methylphosphonium and safranine 0 are accumulated by 
the vesicles i n  the presence of appropriate electron donors. 
Moreover, triphenylmethylphosphonium and safranine 0 
are accumulated when a potassium diffusion gradient is im- 
posed across the vesicle membrane, and the vesicles exhibit 
the same steady-state level of accumulation of triphenyl- 

methylphosphonium, dimethyldibenzylammonium (in the 
presence of tetraphenylboron), and rubidium (in the pres- 
ence of valinomycin). A note of caution should be added, 
however, with regard to the general use of lipophilic cations 
to determine potentials in systems which are not amenable 
to a direct electrophysiological approach. Tetraphenylarso- 
nium, a lipophilic cation which is an effective uncoupling 
agent in isolated membrane vesicles (Lombardi et al., 
1973), is not taken up to any significant extent by either 
membrane vesicles or EDTA-treated whole cells. Although 
this anomalous behavior may be related to the net charge 
on the lipids in the particular membrane under investigation 
(Haydon and Hladky, 1972), this is probably not the only 
explanation, as Staphylococcus aureus vesicles also do not 
take up this cation despite a high concentration of anionic 
phospholipids relative to E.  coli vesicles (Short and White, 
1971). 

Regarding the basic contention that the accumulation of 
lipophilic cations by isolated membrane vesicles reflects the 
generation of an electrical potential, negative inside, the re- 
sults presented here with triphenylmethylphosphonium and 
safranine 0 are considerably more clear-cut than previous 
studies with rubidium and valinomycin or dimethyldibenz- 
ylammonium and tetraphenylboron (or phenyldicarbaunde- 
caborane). Accumulation of triphenylmethylphosphonium 
and safranine 0 occurs in the absence of ionophores or lipo- 
philic anions, is independent of the cation in which the ves- 
icles are prepared or assayed, and does not exhibit proper- 
ties associated with carrier-mediated transport systems (i.e., 
exchange of triphenylmethylphosphonium is not inhibited 
by p-chloromercuribenzenesulfonate). 

As described previously for a number of solutes including 
rubidium in the presence of valinomycin (Barnes and Ka- 
back, 1971; Lombardi et al., 1973; Lombardi and Kaback, 
1972; Reeves et al., 1972), accumulation of triphenyl- 
methylphosphonium is relatively specific for D-lactate or re- 
duced phenazine methosulfate as electron donors. Since 
there is an accumulating body of evidence (Kaback, 1972, 
1973, 1974a; Kaback and Hong, 1973; Short et al., 1974, 
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1975a,b; Altendorf and Staehelin, 1974; Konings et al., 
1973; Rosen and McClees, 1974) indicating that few, if 
any, of the vesicles in these preparations are inverted, it is 
unlikely that the relative inability of other electron donors 
to drive active transport can be attributed to an artifact of 
this nature (Mitchell, 1973; Harold, 1972; Hare et al., 
1974). Thus, based on previous observations (Kaback and 
Barnes, 1971; Altendorf et al., 1975; Lombardi et al., 1973; 
Lombardi and Kaback, 1972; Reeves et al., 1972; Stroobant 
and Kaback, 1975), as well as those presented in this paper, 
it appears likely that there is a site located relatively specifi- 
cally within the portion of the respiratory chain between D- 
lactate dehydrogenase and cytochrome b 1 which is responsi- 
ble for the generation of the membrane potential. 

Evidence is also presented in this paper which provides a 
strong indication that the generation of a membrane poten- 
tial, interior negative, is intimately related to the ability of 
the vesicles to catalyze active transport of lactose and 
amino acids. Steady-state levels of lactose, proline, tyrosine, 
glutamic acid, and glycine accumulation in the presence of 
D-lactate and ascorbate-phenazine methosulfate are related 
to the steady-state level of triphenylmethylphosphonium ac- 
cumulation measured under identical conditions. Assuming 
that the accumulation of triphenylmethylphosphonium does 
in fact reflect the presence of a membrane potential, interi- 
or negative, these results provide a strong indication that 
D-lactate and reduced phenazine methosulfate oxidation 
are coupled to these transport systems primarily via the 
membrane potential. Further evidence in support of this hy- 
pothesis stems from experiments demonstrating that addi- 
tion of lactose to membrane vesicles containing the lac 
transport system inhibits uptake of both proline and tri- 
phenylmethylphosphonium. A reasonable explanation for 
these observations is that lactose transport partially dissip- 
ates the membrane potential in a manner similar to that de- 
scribed for glucose in Neurospora crassa by Slayman and 
Slayman (1974) who measured the potential directly. How- 
ever, despite the attractiveness of lactose/proton symport as 
a mechanism for explaining these effects, all efforts to dem- 
onstrate this phenomenon directly in isolated membrane 
vesicles have been negative thus far. 

Recent experiments (Schuldiner et al., 1975; Rudnick et 
al., 1975a, 1975b) indicate that the primary event in the ac- 
tive transport of P-galactosides in E.  coli M L  308-225 
membrane vesicles is the generation of a membrane poten- 
tial, exterior positive, which results in the appearance of 
binding sites on the exterior surface of the membrane. To 
account for the observations, it was postulated that a site in 
the lac carrier protein is negatively charged. In order to 
translocate such a negatively charged site back to the inner 
surface of the membrane, the charge would have to be neu- 
tralized. This could be accomplished by binding of protons 
as postulated by Mitchell (1966, 1973) [Harold, 19721 or 
other cations, or by shielding of the charge by binding of li- 
gand. 

The observation that only certain electron transfer inhibi- 
tors induce efflux of solutes accumulated by the vesicles has 
been interpreted as being inconsistent with a chemiosmotic 
mechanism for active transport (Kaback, 1972, 1973, 
1974b; Kaback and Hong, 1973; Lombardi et al., 1973, 
1974) because it is not immediately obvious why only cer- 
tain electron transfer inhibitors should collapse the mem- 
brane potential and/or the pH gradient generated by D-lac- 
tate oxidation. As demonstrated in this paper, similar ef- 
fects are observed with D-lactate- and succinate-dependent 

triphenylmethylphosphonium accumulation, as well as D- 
lactate-dependent proton extrusion. Other observations 
have demonstrated that valinomycin-induced rubidium 
(Lombardi et al., 1973) and tetraphenylboron-dependent 
dimethyldibenzylammonium uptake (Altendorf et al., 1975; 
Lombardi et al., 1974) also exhibit similar properties. As 
shown previously (Barnes and Kaback, 1971; Reeves et al., 
1973a), and again in these studies, the inability of oxalate, 
p-chloromercuribenzenesulfonate, and malonate to cause 
efflux cannot be due to the failure of these compounds to 
block D-lactate or succinate oxidation. Since this phenome- 
non has now been observed with protons and with a number 
of compounds which appear to equilibrate with the mem- 
brane potential, it is not unreasonable to suggest that inhi- 
bition of electron flow in a manner which leads to reduction 
of the energy-coupling site leads to dissipation of the mem- 
brane potential, while inhibition of electron flow in a man- 
ner which leads to oxidation of the energy-coupling site 
does not result in collapse of the potential. In other words, 
one explanation that would account for the data is that the 
membrane per se is relatively impermeable to ions, includ- 
ing protons, and that dissipation of a preexisting potential 
occurs through a proton “translocator” which is either an 
integral part of the respiratory chain or in equilibrium with 
the energy-coupling site. By this means, in the reduced 
form, the translocator would catalyze net flux of protons 
across the membrane, and rapid dissipation of the mem- 
brane potential would occur. On the other hand, in the oxi- 
dized form, the proton translocator would be unable to cat- 
alyze net flux, and dissipation of the potential would occur 
slowly by passive leakage pathways. Assuming that the car- 
riers are in equilibrium with the membrane potential which, 
in turn, is in equilibrium with the energy-coupling site, cer- 
tain aspects of theories which have been looked upon as 
being mutually exclusive would appear to be resolved (Ka- 
back, 1974b). 

Despite convincing evidence supporting a chemiosmotic 
mechanism for active transport in isolated membrane ves- 
icles, a few inconsistencies remain which are not readily ex- 
plained by the available data. As showlf in this paper, mem- 
brane vesicles and EDTA-treated whole cells catalyze lac- 
tose accumulation at least three to five times better than tri- 
phenylmethylphosphonium. Based on a mechanism in 
which there is one positive charge (Le., one proton) taken 
up per mole of lactose (West and Mitchell, 1972, 1973), a 
potential of approximately - 120 mV is required to achieve 
a lactose concentration gradient of 100. However, based on 
these studies, the vesicles generate a potential of only about 
-75 mV as determined with triphenylmethylphosphonium, 
dimethyldibenzylammonium (in the presence of tetraphen- 
ylboron), or rubidium (in the presence of valinomycin). 
Thus, it seems apparent that although the vesicles generate 
a membrane potential of the appropriate polarity, the mag- 
nitude of the potential is not sufficient to account for the 
phenomena observed. A similar situation has also been de- 
scribed in mitochondria (Rottenberg, 1970) and in chloro- 
plasts (Schuldiner et al., 1972; Rottenberg et al., 1972). In 
addition, it is apparent that triphenylmethylphosphonium 
accumulation in response to an artificially generated mem- 
brane potential approximates that observed during D-lac- 
tate or reduced phenazine methosulfate oxidation (cf. com- 
pare Figure 1A with Figure 2A), while lactose accumula- 
tion in response to the artificially generated potential is con- 
siderably less than that observed with D-lactate or ascor- 
bate-phenazine methosulfate (compare Figure 1 B with Fig- 
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ure 2B). Insofar as the present studies are concerned, a few 
possibilities should be entertained as explanations for these 
inconsistencies. First, and most obvious, the accumulation 
of lipophilic cations or rubidium (in the presence of vali- 
nomycin) may not represent a truly quantitative estimate of 
the membrane potential. Second, there may be more than 
one positive charge taken up per mole of solute. In this re- 
gard, the data presented in Figure 8 fit best with a mecha- 
nism in which two positive charges are taken up with each 
mole of lactose. Third, there may be another high-energy 
intermediate in addition to the membrane potential. This 
hypothetical intermediate would be generated by D-lactate 
or ascorbate-phenazine methosulfate oxidation, but not be 
an artificially imposed membrane potential. One candidate 
for this intermediate which fulfills these criteria is the 
chemical gradient of protons. However, no significant up- 
take of 5,5-dimethyloxazolidine-2,4-dione [Waddel and 
Butler, 19591 is observed when vesicles are incubated in the 
presence of D-lactate or ascorbate-phenazine methosulfate, 
although uptake of the weak acid can be induced by an arti- 
ficially imposed pH gradient. Hopefully, some of these 
problems will be resolved by more quantitative estimates of 
the membrane potential and by the development of tech- 
niques which allow an assessment of solute/proton symport 
in the vesicle system. 
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Kinetic Light Scattering Studies on the Dissociation 
of Hemoglobin from Lumbricus terrestrisf 

D. J. Goss,* Lawrence J. Parkhunt,* and Helmut Gorischs 

ABSTRACT: The kinetics of the pH-induced dissociation of 
the 3 X lo6 mol wt hemoglobin from Lumbricus terrestris 
(the earthworm) have been studied in a light-scattering 
stopped-flow apparatus. The ligand dependent dissociation 
data were fit well by a simple sequential model. The data 
for CO and oxyhemoglobin are consistent with Hb12 - 
2Hb6 - 12Hb. Methemoglobin a t  p H  7 appears to be hex- 
americ and the dissociation is consistent with the model: 
Hb6 - 6Hb. In a sequential decay scheme for which light- 
scattering changes are monitored, the relative amounts of 
rapid and slow phase are determined by the rate constants 
as well as the molecular weights of intermediate species. 
Assignment of the hexameric intermediate is supported by 
an  investigation of the sensitivity of the theoretical kinetic 
curves to the molecular weights of the intermediates. This 
assignment is further supported by the following: (1) the 

T h e  hemoglobin from the earthworm (Lumbricus terres- 
tr is) ,  one of the largest of the known respiratory proteins, 
has a molecular weight of about 3 X lo6 (Rossi-Fanelli et 
al., 1970) and is reported to contain 192 hemes (Wiechel- 
man and Parkhurst, 1972). It has been shown to be highly 
cooperative in binding oxygen, with a Hill number of 5.4 
(Cosgrove and Schwartz, 1965). Electron microscopy stud- 
ies of this protein reveal a structure consisting of 12 sub- 
units, arranged with two regular hexagons face to face 
(Levin, 1963, Roche, 1965). The molecule has dimensions 
of 265 8, in length (measured between opposite vertices 
within a hexagon), 160 8, in width, and 160 A in thickness 
(Levin, 1963; Roche, 1965). This oxyhemoglobin structure 
dissociates a t  pH 10.2 into the one-twelfth subunits (Levin, 
1963) containing 12- 16 hemes (Wiechelman and Park- 
hurst, 1972; Chiancone et al., 1972), and in some cases fur- 
ther dissociation occurs (Levin, 1963; Roche, 1965). 
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same model will fit the data for oxy- and CO-hemoglobin a t  
all three temperatures (a 24-29-fold variation in rate con- 
stants), (2) evidence from electron microscopy shows hex- 
americ forms, and (3) methemoglobin is apparently stable 
as a hexamer a t  p H  7. When CO replaces 0 2  as the ligand, 
the dissociation rate increases by a factor of four. The met 
dissociation rate is about 20 times faster than the initial ox- 
yhemoglobin dissociation rate, but perhaps more relevant 
for comparing dissociation of the hexamer, the met rate was 
respectively 100 times and 500 times faster than that for 
the assumed hexameric forms of CO- and oxy-hemoglobin. 
The activation energies for the dodecamer to hexamer dis- 
sociation and for the dissociation of the hexamer to smaller 
forms were about 30 kcal/mol for oxy-, CO-, and methemo- 
globin. 

Ligand kinetic studies of this protein were first carried 
out by Salomon (1941) who measured the rate of oxygen 
dissociation at pH 8 and 23O. Later Gibson (1955) reported 
rates for CO combination at p H  6.3 and 9.2 and oxygen dis- 
sociation a t  pH 6.7 and 9.2, all a t  20’. Wiechelman and 
Parkhurst (1 972) have studied oxygen dissociation and CO 
combination as a function of pH and protein concentration 
and also reported that the deoxyhemoglobin was much less 
dissociated a t  p H  10.3 than was the ligand-bound form. 

We wish to report here an extensive investigation of the 
kinetics of the pH-induced dissociation for various ligand 
forms of the protein. 

Experimental Section 

Materials 
The worms were obtained locally from commercial 

sources and the hemoglobin was collected as described by 
Boelts and Parkhurst (1971). The hemoglobin was sedi- 
mented by centrifugation in a Spinco Model L ultracentri- 
fuge a t  85000g for 2.25 hr a t  4OC. The hemoglobin pellet 
was dissolved in 0.001 M potassium phosphate buffer (pH 
7). Dissociation was induced in the light-scattering, 
stopped-flow apparatus by flowing equal volumes of the 
protein in low ionic strength (1 mM) p H  7 potassium phos- 
phate buffer against p H  10.7, 0.05 M borate buffer (“jump 
buffer”) so that the final pH was 10.3. The initial hemoglo- 
bin concentration for dissociation measurements was 120 
pM in heme (0.2%). There were no significant changes in 
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