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It is important to remark that at  equilibrium the population 
of any state of A is independent of the path molecules A take. 
For example, if the in plane reaction is forbidden, it does not 
change any of our results. Only the kinetics would be modi- 
fied. 

Added in Proof 

Parry et al. (1976). 
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The Electrochemical Proton Gradient in Escherichia coli Membrane 
Vesicles? 

Sofia Ramos*J and H. Ronald Kaback 

ABSTRACT: Membrane vesicles isolated from Escherichia 
coli grown under various conditions generate a transmembrane 
pH gradient (ApH) of about 2 pH units (interior alkaline) 
under appropriate conditions when assayed by flow dialysis. 
Using the distribution of weak acids to measure ApH and the 
distribution of the lipophilic cation triphenylmethylphospho- 
nium to measure the electrical potential (A@) across the 
membrane, the vesicles are demonstrated to develop an elec- 
trochemical proton gradient ( A j i ~ + )  of almost -200 mV (in- 
terior negative and alkaline) at  pH 5.5 in the presence of re- 
duced phenazine methosulfate or D-lactate, the major com- 
ponent of which is a ApH of about - 120 mV. As external pH 

M e m b r a n e  vesicles isolated from Escherichia coli retain 
the same polarity as the membrane in the intact cell and cat- 
alyze active transport of various solutes by a respiration-de- 
pendent mechanism that does not involve the generation or 
utilization of ATP or other high-energy phosphate interme- 
diates (Kaback, 1972,1973,1974b; Kaback and Hong, 1973; 
Stroobant and Kaback, 1975). Although the precise means by 
which energy released from the oxidation of D-lactate or re- 
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Spain. 

is increased, ApH decreases, reaching 0 at about pH 7.5 and 
above, while A@ remains at  about -75 mV and internal pH 
remains at  pH 7.5-7.8. The variations in ApH correlate with 
changes in the oxidation of reduced phenazine methosulfate 
or D-lactslte, both of which vary with external pH in a manner 
similar to that described for ApH. Finally, ApH and A@ can 
be varied reciprocally in the presence of valinomycin and 
nigericin with little change in A ~ H +  and no change in respi- 
ratory activity. These data and those presented in the following 
paper (Ramos and Kaback, 1976) provide strong support for 
the role of chemiosmotic phenomena in active transport and 
extend certain aspects of the chemiosmotic hypothesis. 

duced phenazine methosulfate (PMS)] is coupled to transport 
in this system are unknown, an increasing accumulation of 
evidence indicates that chemiosmotic phenomena play a central 
role in the process (Hirata et al., 1973; Altendorf et al., 1975; 
Kaback, 1974b; Schuldiner and Kaback, 1975; Pate1 et al., 
1975). As visualized by the Mitchell hypothesis (Mitchell, 

I Abbreviations used: A~ZH+. the electrochemical gradient of protons; 
ApH, the proton gradient across the membrahe; AY, the electrical po- 
tential across the membrane; PMS, phenazine methosulfate; DMO, 
5,5-dimethyloxazolidine-2,4-dione; TPMP+, triphenylmethylphosphonium 
(bromide salt); CCCP, carbonyl cyanide m-chlorophenylhydrazone; 
glucose-6-P, glucose 6-phosphate; Tris, tris(hydroxymethy1)amino- 
methane. 
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1961, 1966, 1973, 1976; Greville, 1971; Harold, 1972; Ham- 
ilton, 1975), oxidation of electron donors is accompanied by 
the expulsion of protons into the external medium, leading to 
an electrochemical gradient of protons ( A j l ~ + )  which is com- 
posed of an electrical and a chemical parameter according to 
the following relationship: 

where A* represents the electrical potential across the mem- 
brane, and ApH is the chemical difference in proton concen- 
trations across the membrane ((2.3RT)lF is equal to 58.8 mV 
at room temperature). Moreover, according to this hypothesis, 
it is the electrochemical gradient of protons or one of its com- 
ponents which is postulated to be the immediate driving force 
for the inward movement of transport substrates. 

Using lipophilic cations and rubidium (in the presence of 
valinomycin), it has been demonstrated that E.  coli membrane 
vesicles generate a A* (interior negative) of approximately 
-75 mV in the presence of reduced PMS or D-lactate (Hirata 
et al., 1973; Altendorf et al., 1975; Schuldiner and Kaback, 
1975). Furthermore, it has been shown that the potential 
causes the appearance of high affinity binding sites for dansyl 
and azidophenyl galactosides on the surface of the vesicle 
membrane (Reeves et al., 1973; Kaback, 1974b; Schuldiner 
et al., 1975a-c, 1976a,b; Rudnick et al., 1975a,b), and that the 
potential is partially dissipated as a result of lactose accumu- 
lation (Schuldiner and Kaback, 1975). Although these findings 
support the chemiosmotic concept, it is apparent that A* in 
itself is insufficient to account for the magnitude of solute 
accumulation by the vesicles if it is assumed that the stoichi- 
ometry between protons and solute is 1:l (Schuldiner and 
Kaback, 1975). This deficiency, in addition to the apparent 
absence of a transmembrane pH gradient, left reasonable 
doubt as to the quantitative relationship between A/~H+ and 
solute accumulation. Recent experiments (Ramos et al., 1976) 
demonstrate, however, that E.  coli vesicles generate a large 
ApH under appropriate conditions, and that this component 
of Aj . i~+  (but not A*) varies dramatically with external pH. 
With this demonstration, it became apparent that, under 
certain conditions, Ai&+ is sufficient thermodynamically to 
account for the magnitude of solute accumulation by the ves- 
icles. Furthermore, it was shown that A* and ApH can be 
varied reciprocally through the use of appropriate ionophores, 
thus providing a framework within which to test other more 
specific aspects of the chemiosmotic hypothesis. 

The observations presented in this and the following paper 
(Ramos and Kaback, 1977) provide almost unequivocal evi- 
dence for the primary role of chemiosmotic phenomena in the 
process of active transport. 

Experimental Section 

Methods 
Growth of Cells and Preparation of Membrane Vesicles. 

E.  coli ML 308-225 (i-z-y+a+) was grown on minimal me- 
dium A (Davis and Mingioli, 1950) containing 1 .O% disodium 
succinate (hexahydrate) or 1 .O% sodium glucuronate as indi- 
cated, E.  coli ML 30 (i+z+y.a+) on minimal medium A con- 
taining 1 .O% sodium gluconate, and E. coli GN-2 (i-z+y+a+; 
enzyme I-) on medium 63 (Cohen and Rickenberg, 1956) 
containing 0.2% disodium glucose-6-P. Membrane vesicles 
were prepared from these cells as described previously (Ka- 
back, 1971; Short et al., 1975), except that lysozyme and su- 

crose were used at 50 pg/mL and 3096, respectively, for the 
preparation of spheroplasts from E.  coli GN-2. Vesicles were 
suspended in 0.1 M potassium phosphate (pH 6.6) and stored 
in liquid nitrogen. 

For studies at various pH's and with buffers other than po- 
tassium phosphate, membrane suspensions containing about 
4 mg of protein per mL were thawed rapidly at  46 "C, diluted 
at least tenfold with 0.1 M buffer at the desired pH, and in- 
cubated for 10 min at  25 "C. The suspension was centrifuged 
at 40 OOOg for 30 min and the pellet resuspended and washed 
once in a similar volume of the same buffer. The final pellet 
was then resuspended to an appropriate protein concentration 
in 0.1 M buffer at the same pH. 

Transport Assays. Filtration assays (Kaback, 1974a; 
Schuldiner and Kaback, 1975) were carried out using Milli- 
pore Cellotate filters (0.5-pm pore size). Electron donors and 
isotopically labeled solutes were used as indicated. Flow dial- 
ysis was performed as described (Ramos et al., 1976) with the 
upper chamber of the apparatus open to the atmosphere, and 
the reaction mixtures were gassed with oxygen. The upper and 
lower chambers were separated by Spectropor 1 dialysis tubing 
(6000-8000 molecular weight cut-off; Fisher Scientific), and 
both chambers were stirred with magnetic bars. Membrane 
vesicles suspended in 0.05 M buffer at a given pH containing 
0.01 M magnesium sulfate (unless stated otherwise) were 
added to the upper chamber (total volume 0.8 mL), and elec- 
tron donors, isotopically labeled solutes, and ionophores were 
used as indicated. The same buffer (0.05 M at the same pH as 
the upper chamber) was pumped from the lower chamber at 
a rate of 6.0 mL per min using a Pharmacia pump (Model P3). 
Fractions of about 1.7 mL were collected and assayed for ra- 
dioactivity by liquid scintillation spectrometry. 

Determination of ApH. ApH was determined by measuring 
the accumulation of acetate, propionate, or 5,5-dimethyloxa- 
zolidine-2,4-dione (DMO) using flow dialysis (Ramos et al., 
1976). Data were quantitated assuming that dialysis rates 
obtained after addition of nigericin represent 0 ApH. 

Determination of A*. A\k was determined by measuring 
the accumulation of [3H]triphenylmethylphosphonium 
(TPMP+) using filtration (Schuldiner and Kaback, 1975) or 
flow dialysis (Ramos et al., 1976). As shown previously 
(Ramos et al., 1976), similar results are obtained with both 
techniques. 

Calculations. Concentration gradients for solutes taken up 
by the vesicles were calculated using a value of 2.2 pL of ul- 
travesicular volume per mg of membrane protein (Kaback and 
Barnes, 197 1). Internal pH was determined by difference. In 
this regard, it is important that the pH of the external medium 
becomes significantly alkaline during oxidation of ascorbate- 
PMS (Figure IB), and that this alteration in pH has been taken 
into account in the calculations. Similar considerations are not 
necessary with D-lactate, as no change in external pH is ob- 
served with this electron donor (Figure IB).  The electrical 
potential (A*) was calculated from the Nernst equation ( A 9  
= 58.8 log [TPMP+],,/[TPMP+]..,) using steady-state 
concentration values obtained from TPMP+ uptake experi- 
ments. The proton electrochemical gradient ( A j l ~ + )  was cal- 
culated by substituting values for A\k and ApH into eq l .  

Oxygen Uptake. Rates of oxygen uptake were measured 
with the Clark electrode of a YSI Model 53 oxygen monitor 
(Yellow Springs Instrument Co., Yellow Springs, Ohio) as 
described previously (Barnes and Kaback, 197 1). 

Protein Determinations. Protein was measured as described 
by Lowry et al. (1 95 1) using bovine serum albumin as a stan- 
dard. 
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I ' l ( i l , K ~ .  I : ( A )  Flow dialysis deterininations of acetate, propionate. and 
DMO uptake by membrane vesicles prepared from E. coli ML 308- 225 
grown on succinate. The assays shown were carried out with membrane 
vesicles (about 2.5 mg of protein per mL) suspended in 0.05 M potassiuni 
phosphate at pH 5.5 as described previously (Ramos et al.. 1976) and in  
Methods. Sodium [ l-l"C]acetate (54 mCi/mmol), sodium [ I-"C]pro- 
pionate (53 mCi/mmol), or [ 2 - T ] D M O  ( I  1 mCi/mmol) was used as 
indicated at  final concentrations of 37.5, 37.5, and 200 pM. respectivlq. 
As shown by the arrows, sodium ascorbate and phenazine methosulfate 
(ASC/PMS) ,  valinomycin ( V A L ) ,  and nigericin (NIG)  were added to 
the upper chamber at final concentrations of 20 mM, 0.1 mM, I pM, and 
0. I p M ,  respectively (closed symbols). Open symbols were obtained from 
an identical experiment carried out in the absence of ascorbate and PMS. 
Although the three curves are displayed in decreasing order, the levels of 
radioactivity obtained initially in the dialysate (fraction 8 )  were similar 
in each case (ix., I2 000 cpm for acetate, I 1 000 cpm for propionate, and 
12 300 cpm for DMO). ( B )  Change in external pH during oxidation of 
ascorbate-PMS. The tracings shown are recordings of the pH of the upper 
chamber of the flow dialysis apparatus containing ML 308-225 membrane 
vesicles (about 2.5 mg of protein per ml.) suspended in 0.05 M potassium 
phosphate. Potassium phosphate (0.05 Vl) a t  the hame pH as the initial 
pH of the upper chamber was pumped through the lower chamber as dc- 
scribed previously (Ramos et al., 1976) and in Methods. At the time i n -  
dicated by the arrow, sodium ascorbate (20 mM)  and PMS (0.1 n l M )  or 
lithium 13-lactate (20 mM) were added to the upper chamber. and the pH 
was recorded continuously f i t h  a Radiometer 2321 C pH electrode con- 
nected to a Radiometer pH meter (Model PHM64). The signal was I'C- 

corded wi th  a double-channel Corning recorder (Model 845). The pH 
values given represent the initial pH of the suspension prior to addition 
of ascorbate-PMS or D-lactate. 

Materials 
[3H]Triphenylmethylphosphonium bromide was prepared 

by the Isotope Synthesis Group a t  Hoffmann-LaRoche, Inc., 
under the direction of Dr. Arnold Liebman as described 
(Schuldiner and Kaback, 1975). Other isotopically labeled 
materials were purchased from New England Nuclear and 
Amersham/Searle. Valinomycin and carbonyl cyanide m- 
chlorophenylhydrazone (CCCP) were obtained from Cal- 
biochem. Nigericin was the generous gift of Dr. J. Berger of 
Hoffmann-La Roche, Inc. 

Results 
Determination of ApH.  The data presented in Figure 1A 

illustrate typical flow dialysis experiments carried out in 0.05 
M potassium phosphate buffer a t  pH 5.5 with acetate, propi- 
onate, and DMO, three weak acids which are not metabolized 
by the vesicles (Ramos et al., 1976). Shortly after addition of 

a given isotopically labeled weak acid to the upper chamber 
containing membrane vesicles, radioactivity appears in the 
dialysate, increases linearly for about 2-3 min (not shown), 
and reaches a maximum which then decreases a t  a slow rate 
(open symbols). When ascorbate and PMS [closed symbols) 
or [>-lactate (not shown) are added, the vesicles accumulate 
each weak acid, and the concentration in the dialysate de- 
creases relative to the level observed in the absence of electron 
donor. Addition of valinomycin, an ionophore which specifi- 
cally increases the potassium permeability of the membrane 
(Harold, 1970), causes the vesicles to accumulate more of each 
weak acid, and the concentrations in the dialysate decrease still 
further. The effect of valinomycin is dependent upon the 
presence of potassium [data not shown). Thus, vesicles pre- 
pared in Tris or choline phosphate buffer at pH 5.5 take up 
similar amounts of acetate, propionate, or DMO i n  the pres- 
ence of ascorbate-PMS, but no increase in accumulation is 
observed on addition of valinomycin unless potassium is also 
added to the reaction mixtures. Finally, when nigericin is added 
[Figure 1 A), the acids are released from the vesicles and the 
external concentrations return to the control levels, an obser- 
vation which is consistent with the notion that nigericin cata- 
lyzes an electrically neutral exchange of potassium for protons 
and, thus, collapses ApH (Ashton and Steinrauf, 1970). 

Using the equilibrium concentration of each weak acid in 
the dialysate subsequent to the addition of ascorbate-PMS 
( i t ,  fraction 25 or 7 min), the amount of each weak acid taken 
up by the vesicles can be calculated (in nmol per mg of mem- 
brane protein, 3.9 for acetate; 3.5 for propionate; and 6.9 for 
DMO). With these values, together with the external con- 
centration of each acid and its pK value (acetate, 4.75; propi- 
onate, 4.87; and DMO, 6.30) and the intravesicular volume 
of 2.2 pL per mg of membrane protein, it can be calculated 
(Schuldiner et al., 1972; Rottenberg, 1975) that the intra- 
vesicular pH with all three acids is 7.8. Similarly, using the 
equilibrium concentrations recovered in the dialysate after 
addition of valinomycin (i.e., fraction 25 or 8.5 min), it can be 
calculated that the intravesicular pH is 8.3 in all three cases. 
Given the external pH values at the analogous times (Figure 
1 B), the ApH obtained after addition of ascorbate-PMS is 
about 2.0 pH units (7.8 inside minus 5.8 outside), corre- 
sponding to - 1 18 mV, and the ApH obtained after addition 
of ascorbateePMS and valinomycin is about 2.2 pH units (8.3 
inside minus 6.1 outside), corresponding to - 130 mV. Similar 
results were obtained with butyrate (Ramos et al., 1976). 

Effect of Externul pH on A p H ,  A*, Internal p H ,  -1111 + ,  

und Respiration. As reported initially with whole cells (Padan 
et a].,  1976) and subsequently with ML 308-225 membrane 
vesicles (Ramos et al., 1976), ApH varies markedly with ex- 
ternal pH. With ascorbate-PMS (Figure 2A), ApH remains 
almost constant at - I  15 to - 120 mV from pH 5.0 to pH 5.5. 
decreases drastically above pH 5.5, and is negligible a t  p H  7.5 
and above. Significantly, despite marked variation in ApH as 
a function of external pH. internal pH and A* remain essen- 
tially constant at pH 7.8 and -75 mV, respectively. As a result 
of the variation in ApH, A j i ~  i- exhibits a maximal value of 
about -195 mV a t  pH 5.5 (-120 mV ApH + -75 mV A*) 
and a minimal value of about -75 mV a t  pH 7.5 and above ( 0  
ApH + -75 mV A*). When the rate of oxidation of reduced 
PMS is studied as a function of external pH, a relationship 
similar to that observed for ApH and & H +  is obtained. The 
rate of reduced PMS oxidation is relatively high a t  pH 5.0. 
increases to a maximum a t  pH 5.5, decreases sharply above 
pH 5.5, and remains constant at about 35% of maximal activity 
from pH 7.5 to pH 8.3. 
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F I G U R E  2: Effect of external pH on internal pH, ApH, A*, AiiI{+. and 
oxidation of reduced PMS (A) and D-lactate (B). The experiments shown 
were carried out as described in Figure 1 and in Methods using vesicles 
prepared from E .  coli ML 308-225 grown on succinate. Internal pH 
(v-V) was calculated from flow dialysis experiments with [ I-lJC]acetate 
performed at  each pH given using sodium ascorbate and PMS (A)  or 
lithium D-lactate (B) at final concentrations of 20, 0.1, and 20 mM, re- 
spectively. ApH values (0-0) were calculated as described in Methods 
after correcting the external pH for the change induced by ascorbate-PMS 
oxidation (see Figure I B). No  correction was necessary when D-lactate 
was used as electron donor. The external pH values given in panel A rep- 
resent the initial pH prior to addition of ascorbate-PMS. A* values 
(0 -0 )  were calculated from filtration assays carried out wi th  
['H]TPMP+ (1.33 Ci/mmol) at  a final concentration of 24 pM (Schul- 
diner and Kaback, 1975; Ramos et al., 1976). Assays were carried out after 
IO-min incubations using ascorbate and PMS (A)  or D-lactate (B) as 
electron donors. A i i ~ +  values ( A - A )  were calculated from ApH and A+ 
as described in  Methods. Rates of oxidation of reduced PMS (A, 0-0) 
and D-lactate (B, 0-0) were determined as described previously (Barnes 
and Kaback. 1971; Konings et al., 1971) and in Methods using sodium 
ascorbate and PMS or lithium D-lactate at final concentrations of 20 and 
0. I or 20 mM, respectively. Values given for reduced PMS oxidation were 
corrected for nonenzymatic oxidation of reduced PMS by subtracting 
control values obtained at  each pH in the absence of membrane vesicles. 
The maximum rate (100% observed at  pH 5.5) was about 480 ng-atoms 
of oxygen taken up per min per mg of membrane protein. Similar cor- 
rections for D-lactate oxidation were not necessary since there was no 
significant nonenzymatic oxidation of this electron donor, and the maxi- 
mum rate of oxidation (100% observed at pH 6.6) was about 200 ng-atoms 
of oxygen taken up per min per mg of membrane protein. 

With D-lactate as electron donor (Figure 2B), similar 
variations in ApH, Ai&+, and oxidation rates are observed with 
two important differences. Although ApH and, as a result, 
A j i ~ +  exhibit maximal values of about - 1 15 and - 170 mV, 
respectively, a t  pH 5 . 5  and minimal values of 0 and - 5 5  mV, 
respectively, a t  pH 7.5 and above, no ApH is observed at pH 
5.0 and A ~ H +  consists entirely of a A 9  component of about 
-55  mV. This variation is consistent with the relatively low 
rate of D-lactate oxidation observed at pH 5.0 (in addition, see 
Kohn and Kaback, 1973). Moreover, D-lactate oxidation ex- 
hibits a maximum at about pH 6.6, approximately one pH unit 
higher than the optimum for ApH and A ~ H + .  

Although data will not be presented, the shape of the ApH 
curve, in particular the point a t  which ApH reaches zero, can 
be modified to some extent by varying the pK of the buffer in 
which the vesicles are suspended. With reduced PMS as 
electron donor and vesicles prepared in 0.05 M tris(hydroxy- 
methy1)aminomethane hydrochloride (pK = 8.1) or 0.05 M 
potassium 2-(N-morpholino)ethanesulfonate (pK = 6. l ) ,  ApH 
achieves a value of zero at pH 8.0 and pH 7.0, respectively, 
while the optimum for ApH remains at  pH 5.0-6.0 under all 
conditions tested. 

Effect of Valinomycin and Nigericin on ApH, AP,  A j i ~ + ,  
and Oxidation of Reduced PMS and D-Lactate. The experi- 
ments presented in Figure 3 were carried out with vesicles 
prepared from E .  coli ML 308-225 grown on succinate (sec- 
tion I )  and E. coli GN-2 grown on glucose-6-P (section 11). 

0 0.05 0.1 0 2.5 5 
[ V A L I N O M Y C I N ]  ( p M )  [N IGERICIN]  (pM) 

tlG1,'RE 3: Effect of valinomycin (panels A) and nigericin (panels B) on 
ApH, A*, and Aiit++ i n  membrane vesicles prepared from E. coli M L  
308-225 grown on succinate ( I )  and E. coli GN-2 grown on glucose-6-P 
(11). ApH was determined by flow dialysis in the presence of [ I  -13C]acetate 
(0-n), [I-'4C]propionate (0- - -0). and [2-I4C]DMO (m-m) and 
ascorbate-PMS at an initial pH of 5.5 (i.e., prior to addition of ascor- 
bate-PMS) as described in Figure 1 and Methods. Values calculated in 
millivolts (see insets) were corrected for the change in external pH induced 
by reduced PMS oxidation (see Figure 1 B). Where indicated, given con- 
centrations of valinomycin (panels A) or nigericin (panels B) were added 
to the upper chamber containing membrane vesicles. Steady-state levels 
of TPMP+ accumulation (A*) were determined at  pH 5.5 (V-V) and 
pH 7.5 ( A - A )  in the presence of given concentrations of valinomycin 
and nigericin as described in Figure 2. The effect of the ionophores on 
A j i ~ +  at  pH 5.5 (0-0)  was calculated from ApH and A* values ob- 
tained at each ionophore concentration. The percentage of .&+ remaining 
at  each ionophore concentration is the percentage of A/*tr+ measured in  
the absence of ionophores. The following control values (100%) were ob- 
tained in the absence of ionophores (nmol per mg of membrane protein). 
( I )  Acetate uptake, 3.9; propionate uptake, 3.5; DMO uptake, 7.7; TPMP+ 
uptake, 0.80 (at pH 5 . 5 ) ,  0.91 (at pH 7.5). ( 1 1 )  Acetate uptake, 1.6; pro- 
pionate uptake, 1.5: DMO uptake, 2.7: TPMP+ uptake, 0.26 (at pH 5.5), 
2.5 (at pH 7.5). The millivolt (mV) values plotted in the insets were cal- 
culated from the experimental values presented. 

Similar experiments were also carried out with vesicles pre- 
pared from E. coli ML 308-225 grown on glucuronate and E.  
coli ML 30 grown on gluconate (not shown) in order to in- 
vestigate the range of variability of the parameters determined 
in different vesicle preparations and because certain important 
correlations between active solute accumulation and ApHt, 
A%, and ApH in these vesicles will be discussed in the following 
paper (Ramos and Kaback, 1977). The results (Figure 3) are 
presented in millivolts (see insets) and, in addition, as a per- 
centage of control values obtained in the absence of ionophores 
so that the full magnitude of the experimental variations in- 
duced by the ionophores can be visualized. 

Although there are quantitative differences among the 
vesicle preparations, certain important qualitative similarities 
are immediately apparent. As increasing concentrations of 
valinomycin are added at  pH 5.5 and pH 7.5 (panels A), as- 
corbate-PMS-dependent TPMP+ uptake (Le., A P  in the in- 
sets) decreases and, at pH 5.5 ,  there is an increase in the uptake 
of DMO, propionate, and acetate (i.e., ApH in the insets). 
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Discussion 
In addition to providing a framework of comparison for 

findings to be presented in the following paper (Ramos and 
Kaback, 1977), a number of these observations are worthy of 
discussion in their own right. Each weak acid utilized in Figures 
1 and 3 yields the same value for intravesicular pH, and the 
relative uptake of each acid after addition of ascorbate-PMS 
(or D-lactate) varies with its pK value. Acetate which has a pK 
of 4.75 is accumulated best on addition of ascorbate-PMS but 
exhibits the least change on addition of valinomycin (Le., 145% 
of the value obtained after addition of ascorbate-PMS), DMO 
(pK 6.30) exhibits the least accumulation on addition of as- 
corbate-PMS and the most dramatic effect on addition of 
valinomycin (i.e., 210% of the value obtained after addition 
of ascorbate-PMS), and propionate (pK 4.87) exhibits in- 
termediate properties. These differences can be explained by 
theoretical considerations (Waddel and Butler, 1959; 
Rottenberg, 1975). Weak acids equilibrate with a trans- 
membrane pH gradient (interior alkaline) in the following 
manner: The undissociated acid is permeant and enters the 
intramembranal pool in this form. If the intramembranal 
compartment is sufficiently alkaline relative to the pK of the 
weak acid, the acid dissociates, and the anion accumulates in 
the intramembranal pool. It follows, therefore, that the greater 
the differential between the internal pH and the pK of the acid, 
the higher the percentage of the acid in the ionized form in the 
intramembranal pool, and the higher the level of accumulation. 
Thus, at an intramembranal pH of 7.8 (the intramembranal 
pH after addition of ascorbate-PMS), essentially all of the 
acetate and propionate and significantly less DMO will be 
ionized in the intravesicular pool. Therefore, DMO will ac- 
cumulate to a relatively lesser extent than acetate or propio- 
nate. It is also clear that an increase in the intravesicular pH 
(such as occurs on addition of valinomycin) will have a greater 
relative effect on DMO accumulation because it will increase 
the concentration of the anionic form of DMO inside of the 
vesicles to a more significant extent. 

The variation in ApH (and as a result APHt) with external 
pH correlates fairly well with variations in the rates of oxida- 
tion of reduced PMS and D-lactate (Figure 2). Since the rel- 
atively low rates of reduced PMS oxidation observed above pH 
5.5 produce increasingly lower ApH values, but constant A* 
values, it seems reasonable to suggest that relatively low rates 
of electron flow through the energy-coupling site are sufficient 
to generate A*, while relatively high rates of electron flow are 
necessary to support a significant ApH. It is also important to 
realize, however, that in order to generate a significant ApH 
across the vesicle membrane without producing an increase 
in A*, an anion(s) must move with the protons that are ejected 
from the vesicles or alternatively, a cation(s) must move in the 
opposite direction (i.e., into the vesicles). Although these 
possibilities have not been investigated exhaustively, a number 
of observations suggest that the compensatory ion movement(s) 
that must take place at  pH 5.5 are probably not related to the 
movement of a particular ionic species. Thus, the relatively 
high rates of oxidation (Figure 2) and the high rate of proton 
extrusion observed at  relatively acid pH (see Figure 12 in 
Lombardi et al., 1973) may cause an increase in ApH with no 
change in A@ because of compensatory movements of ions in  
both directions across the membrane. It also seems likely that 
ion movements may play an important role in the diminution 
and ultimate loss of ApH at  progressively alkaline pH since 
similar effects of external pH on ApH have been observed in 
intact E .  coli (Padan et al., 1976), Halobacterium halobium 
(Bakker et al., 1976), and in vesicles from Pseudomonas 

TABLE I:  Effect of Valinomycin, Nigericin, and Carbonyl Cyanide 
m-Chlorophenylhydrazone on Oxidation of Reduced P M S  and D- 
Lactate." 

Rel. Rate of Oxygen Uptake 

Concn ASC-PMS D-LaCtate 
ComDd Added (uMI (%) (%) 

Valinomycin 1 .oo 
2.50 
5.00 

Nigericin 0.01 
0.05 
0.10 

CCCPh 0.10 
0.50 
1 .oo 

I20 
115 
120 
90 
90 
85 
90 
90 
85 

95 
90 
85 
85 
85 
86 

100 
98 
91 

Rates of oxygen uptake were measured with membrane vesicles 
prepared from E. coli ML 308-225 grown on succinate as described 
previously (Barnes and Kaback, 1971) and in Methods. Assay mix- 
tures ( I  .O mL) contained 50 m M  potassium phosphate (pH 5.5), I O  
mM magnesium sulfate, membrane protein (0.2 mg), 20 mM sodium 
ascorbate, and 0.1 mM P M S  or 20 mM lithium D-hCtate, and given 
concentrations of valinomycin, nigericin, or CCCP.  Ionophores were 
added as aliquots of ethanolic solutions such that the final concen- 
tration of ethanol was less than 0.4% in the reaction mixtures. At the 
concentrations of ethanol used, there was no effect on respiration. All 
assays were carried out a t  25 "C and rates of oxygen consumption were 
linear with time for a minimum of 5 min. Rates of oxygen uptake are 
expressed as a percentage of the rate of a control sample incubated 
without ionophores. Samples incubated with ascorbate-PMS were 
corrected for nonenzymatic oxidation of reduced P M S  by subtracting 
values obtained in the absence of membrane vesicles. CCCP,  Car-  
bonyl cyanide m-chlorophenylhydrazone. 

Although data is not presented, it is also noteworthy that val- 
inomycin does not induce the uptake of these permeant acids 
at pH 7.5. As shown here and in Figure 1, the percent increase 
in the uptake of each acid in the presence of valinomycin varies, 
although the same ApH values are obtained with all three acids 
(compare the data presented in the body of Figure 3, IA and 
IIA, with the millivolt values presented in the appropriate in- 
sets). Furthermore, with each vesicle preparation, the effect 
of valinomycin on AFH+ is almost negligible. 

In contrast to the results obtained with valinomycin, nig- 
ericin induces the opposite effects at pH 5.5 (Figure 3, panels 
B). With each preparation, acetate uptake (ApH) decreases 
as nigericin is increased from 0 to 0.1 gM, while TPMP+ up- 
take (A*) increases, and APH+ remains essentially unchanged 
over the same concentration range. It is also apparent that this 
ionophore has no effect on TPMP+ uptake at pH 7.5, a finding 
which is consistent with the absence of ApH at this external 
pH (see Figure 2 and Ramos et al., 1976). 

Although mitochondria and chloroplasts generally exhibit 
an increase in respiration in the presence of ionophores and 
proton conductors, this is not the case with bacterial membrane 
vesicles (Barnes and Kaback, 1971; Lombardi et al., 1973). 
As shown in Table I, valinomycin, nigericin, or CCCP do not 
elicit significent changes in D-lactate or reduced PMS oxida- 
tion at pH 5.5. Although there is a small apparent increase in 
the oxidation of reduced PMS in the presence of valinomycin, 
this effect is unrelated to the increase in ApH observed under 
these conditions, as a similar increase in ApH is observed with 
D-lactate (data not shown) even though valinomycin has es- 
sentially no effect on the oxidation of this electron donor (Table 
I ) .  These compounds also have no significant effect on reduced 
PMS or D-lactate oxidation at pH 7.5 (data not shown). 
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capsulata (Rottenberg, personal communication) without 
corresponding changes in respiration. In this regard, recent 
experiments (Eisenbach et al., 1977; Ramos, Rottenberg, and 
Kaback, unpublished information) suggest the operation of 
a mechanism which catalyzes the exchange of external protons 
for intravesicular sodium or potassium at relatively alkaline 
pH. It seems clear, in any event, that the effect of external pH 
on ApH may be a complicated phenomenon and will require 
further study. 

As shown previously (Ramos et al., 1976) and in Figure 3, 
at  pH 5.5, valinomycin abolishes AKP and simultaneously 
causes an increase in ApH; while nigericin induces the opposite 
effects. Furthermore, the proton conductor CCCP dissipates 
both ApH and A@, providing evidence that protons are the 
electrogenic species (Ramos et al., 1976). It is also apparent 
that the compounds elicit these changes with no significant 
effect on respiration (Table I). The explanation for the vali- 
nomycin effects may be conceptualized by considering a the- 
oretical membrane which is completely impermeable to ions. 
In such a membrane, a small amount of proton extrusion will 
result in a large AKP with an immeasurably small ApH. If such 
a membrane b’ecomes permeable to ions (e.g., potassium after 
addition of valinomycin), the result will be a diminution in A@ 
coincident with the appearance of a measurable ApH. With 
bacterial membrane vesicles at  pH 5.5, as discussed above, 
there should be a finite permeability to ions (regardless of 
whether these pathways are specific or nonspecific) in order 
to account for the ApH that is present at  this external pH. 
Moreover, if this suggestion is correct, the ion permeability of 
the membrane is still limiting for ApH since valinomycin in- 
creases ApH in the presence of potassium. Thus, valinomycin, 
by allowing potassium to move as a counterion to protons, could 
cause an increase in ApH at the expense of A@ without an 
increase in oxidation (Le., proton extrusion). The finding that 
the ionophore does not cause the appearance of ApH at pH 7.5 
may result from relatively low oxidation rates at this pH which 
are not increased when the vesicles are made permeable to 
potassium or other ions (i.e., the vesicles do not exhibit respi- 
ratory control). 

Nigericin, on the other hand, catalyzes an electrically silent 
exchange of protons for potassium (Ashton and Steinrauf, 
1970), and it is not immediately obvious why the decrease in 
ApH caused by this ionophore should result in an increase in 
AKP without a commensurate increase in respiration (i.e., 
proton extrusion). Returning to the analogy of the membrane 
which is completely impermeable to ions, it is apparent that 
a small increase in proton extrusion in such a theoretical 
membrane would result in a large increase in AKP. Therefore, 
it seems possible that a small increase in reduced PMS or D- 
lactate oxidation which is within the limits of detection of the 
oxygen electrode could account for the increase in A@ observed 
with nigericin at  pH 5.5.  In any case, regardless of the precise 
explanation of these effects, the data, especially when con- 
sidered in conjunction with the observations to be presented 
in the following paper (Ramos and Kaback, 1977), provide 
direct evidence for the primary importance of chemiosmotic 
phenomena in the mechanism of active transport and, in ad- 
dition, allow an explanation for many earlier observations 
which seemed to contradict the validity of this contention. 
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The Relationship between the Electrochemical Proton Gradient and 
Active Transport in  Escherichia coli Membrane Vesicles' 

Sofia Ramost and H .  Ronald Kaback* 

ABSTRACT: In the previous paper [Ramos, S., and Kaback, 
H R ( 1  977), Biochemistry 16 (preceding paper in this issue)], 
it  was demonstrated that Escherichia coli membrane vesicles 
generate a large electrochemical proton gradient (AiiHt) under 
appropriate conditions, and some of the properties of A i i ~ +  and 
its component forces [i e., the membrane potential (A@) and 
the chemical gradient of protons (ApH)] were described. In  
this paper, the relationship between A i i ~ + .  A*, and ApH and 
the active transport of specific solutes is examined. Addition 
of lactose or glucose 6-phosphate to membrane vesicles con- 
taining the appropriate transport systems results in partial 
cullapse ot ApH, providing direct evidence for the suggestion 
that respiratory energy can drive active transport via the pH 
gradient across the membrane. Titration studies with vali- 
nomycin and nigericin lead to the conclusion that, at pH 5.5, 
tiicre Are two general classes of transport systems: those that 
are driven primarily by A ~ H +  (lactose, proline, serine, glycine, 
tyrosine, glutamate, leucine, lysine, cysteine, and succinate) 

hemiosniotic coupling was initially buggested by Mitchell 
(1966. 1968, 1970a.b; Greville, 1969) as a mechanism for 
oxidative phosphorjlation in mitochondria and photophos- 
phorj iation in chloroplasts and, more recently, has been im- 
plicated in active transport in bacteria (Mitchell, 1973, 1976; 
Harold, 1972; Hamilton, 1975). According to this hypothesis, 
oxidation of electron donors via a membrane-bound respiratory 
chain or hydrolysis of ATP catalyzed by the membraneous 
calcium, magnesium-stimulated ATPase complex is accom- 
panied by electrogenic explusion of protons into the external 
medium, leading to an electrochemical proton gradient (AT;H+) 
which  is composed of electrical and chemical components. 
Transport of organic acids is postulated to be dependent upon 
the chemical gradient of protons (ApH) (Le., the undissociated 
acid is transported through the membrane and is presumed to 
accumulate in the ionized form due to the relative alkalinity 
of the internal milieu), while the transport of positively charged 
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Spain. 

and those that are driven primarily by ApH (glucose 6-phos- 
phate, D-lactate, glucuronate, and gluconate). Importantly, 
however, it is also demonstrated that at pH 7.5, all of these 
transport systems are driven by A* which comprises the only 
component of A ~ H +  at this external pH. In addition, the effect 
of external pH on the steady-state levels of accumulation of 
different solutes is examined, and it is shown that none of the 
pH profiles correspond to those observed for A ~ H + ,  A*, or 
ApH. Moreover, at external pH values above 6.0-6.5, A ~ H +  
is insufficient to account for the concentration gradients es- 
tablished for each substrate unless the stoichiometry between 
protons and accumulated solutes is greater than unity. The 
results confirm many facets of the chemiosmotic hypothesis, 
but they also extend the concept in certain important respects 
and allow explanations for some earlier observations which 
seemed to preclude the involvement of chemiosmotic phe- 
nomena in  active transport. 

compounds such as lysine or potassium is purportedly coupled 
to the electrical component (A@) of A ~ H + .  The uptake of 
neutral substrates such as lactose is thought to be coupled to 
A ~ H +  and to occur via symport with protons (i.e., cotransport). 
Although not explicitly stated, the chemiosmotic hypothesis 
also implies that the macromolecular carriers (Le., porters) 
which mediate the flow of transport substrates across the 
membrane play the relatively passive role of allowing solutes 
to equilibrate with A ~ H +  or one of its components. 

In addition to providing direct support for some of the 
general predictions of the chemiosmotic hypothesis, previous 
work from this laboratory (Ramos et al., 1976; Ramos and 
Kaback, 1977) establishes a powerful experimental framework 
within which to test other more specific aspects of the concept. 
In this paper, the relationship between A"+, ApH, and A@ 
and the accumulation of specific metabolites is examined. 

Experimental Section 

Methods 
Growth of Cells and Preparation of Membrane Vesicles. 

E .  coli ML 308-225 (i-z-y+a+), ML 30 (i+z+y+a+), and 
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