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The membrane potential across the cytoplasmic membrane of EDTA-treated cells of a K + transport-negative 
mutant of Escher lch ia  coi l  K-12 was estimated from the equilibrium distribution of different lipid-soluble 

+ 
cations. With glucose as a substrate and at low Kou t, the membrane potential calculated from the distribution 
ratio of S6Rb+ in the presence of valinomycin (A~knb+) was considerably higher than that indicated by the 
[3H]tetraphenylphosphonium cation (A~Tpp+). The lipid-soluble anion phenyldicarbaundecaborane ( P C B - )  
increased A~kTpp÷ close to A~knb+. To investigate whether these results were due to different binding of the 
cations to cellular components, residual Rb + and T P P  + uptake was measured in cells permeabilized with 5% 
n-butanol (by volume). In those cells the distribution ratios of Rb ÷, K + and Na ÷ approached a value of 4, 
indicating that the uptake of all three ions was driven by a residual negative surface potential or 
transmembrane Donnan potential (internally negative). The distribution ratio of T P P  ÷ was 3-4- t imes higher 
than that of other cations and up to 10 mM TPP~t  was almost independent of the added T P P  + 
concentration. This extra uptake presumably represents binding of T P P  + to the cellular membranes. Thus, at 
pH 7.5, A~knb+ was about 180-200 mV, whereas after correction for binding A~kTpp+ was 110-150 and 
150-170 mV in the absence and presence of P C B - ,  respectively. It  is proposed that T P P  ÷ indicates too low 
a potential, because by its strong binding it decreases the negative sudace  potential of the cytoplasmic 
membrane, and thereb E inhibits its own further uptake. This is taken to mean that T P P  ÷ distribution can be 
used as a qualitative probe only for the bacterial membrane potential. 

Abbreviations: Aces, N-(2-acetamido)-2-aminoethanesuifonic 
acid; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl- 
hydrazone; Hepes, N.2-hydroxyethylpiperazJne-N'-2-ethane- 
sulfonic acid; Mes, 2-(N-morpholino)ethane sulfonic acid; 
Taps,3-tris(hydroxymethyl)methylaminopropanesul fonic acid; 
TPP + , tetraphenylphosphonium cation; TPMP + , triphenyl- 
methylphosphonium cation; PCB-, phenyldicarbaunde- 
caborane anion; A~k, membrane potential (out minus in); 
m~cation, apparent membrane potential indicated by cation; 
A pH, transmembrane pH gradient (pHou t minus pH in); A~ H +' 
transmembrane electrochemical proton gradient, or proton-mo- 
tive force (out minus in; A/2H+ = A~k -58 ApH). 
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Introduction 

According to Mitchell's chemiosmotic hypothe- 
sis, the t ransmembrane electrochemical gradient of 
H + (A/2H÷) plays a central role in energy trans- 
duction and transport processes in mitochondria, 
chloroplasts and bacteria [1-4]. Therefore, much 
interest attaches to the exact determination of 
A/2H+ and its components,  A pH and A~k. Whereas 
independent methods indicate almost equal values 
for ApH in Escherichia coli [5-7], the value of the 



bacterial membrane potential varies with the 
method employed: The caretenoid absorption band 
shift [8] indicates that potentials of the order of 
300-400 mV (negative inside) develop across the 
cytoplasmic membrane of photosynthetic bacteria 
[9]. By contrast, bacteria only seem to develop 
membrane potentials of 100-200 mV, as measured 
by the distribution of lipid-soluble cations (e.g., 
see Refs. 5 and 9-17]. However, even the different 
lipid-soluble cations do not always give the same 
results: Although few data have been published 
from which a direct comparison is possible, in 
some cases 86Rb+ or K + distribution in the pres- 
ence of valinomycin indicated larger potentials 
than did organic phosphonium cations, like 
TPMP + or TPP ÷ [10,15,18], whereas in others the 
two methods gave the same results [16,19,20]. In 
view of this discrepency, I have made a systematic 
study of the membrane potential in EDTA-treated 
cells of E. coli K-12. For this purpose, I have 
compared 86Rb+ uptake in the presence of 
valinomycin [5,21] with that of the most frequently 
employed phosphonium cation, TPP + [22,23]. To 
avoid interference with Rb + uptake through the 
intrinsic K÷-transport  systems of the cells [24], 
most of the experiments were carried out with a 
K+-uptake-negative strain [25]. In addition, to 
correct the apparent accumulation of cations for 
binding to cellular components, the uptake of these 
ions was studied in cells permeabilized by n- 
butanol [26]. My results indicate that after such 
corrections were made, the membrane potential 
indicated by Rb + distribution (A~Rb+) was about 
180-200 mV at pH 7.5, whereas that of TPP ÷ was 
much tower. An explanation for this result may be 
that, due to its strong binding, TPP + decreased 
the negative surface potential of the cytoplasmic 
membrane, which led to an inhibition of further 
TPP + movement across this membrane. The re- 
sults imply that at least in EDTA-treated cells of 
E. coli the membrane potential is underestimated 
when calculated from the TPP + distribution, and 
that, therefore, this distribution can serve as a 
qualitative measure of Aft only. 

Materials and Methods 

Bacterial strains and growth conditions 
Most of the experiments were carried out with 
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cells of the E. coli K-12-derived strain TK  2242 
( F - ,  trkD1, trkA405, kdp42, nagA, lacZ, rha, thi) 
[27]. The cells were grown on the minimal salt 
medium K 115 with glucose as a carbon and 
energy source [28]. Under those conditions, the 
synthesis was repressed of the (already mutated) 
Kdp K+-uptake system, and the cells contained 
the very sluggish TrkF K+-uptake system only 
[25]. Some of the experiments were carried out 
with the K+-transport-positive strain TK 1001 
( F - ,  trkD1, kdpABCS, lacZ, rha, thi, gal), that 
contained the high-rate K + -transport system TrkA, 
which is constitutive [25,28]. Cells of this strain 
were grown on medium K 5 in the presence of 
glucose [25]. All of the cells were harvested in the 
late exponential phase of growth. 

EDTA and valinomycin treatment 
The outer membrane of the cells was disrupted 

by treatment with 1 mM EDTA [5,29,30]. For this 
purpose, the harvested cells were washed once with 
120 mM Tris-HC1, pH 8.0, resuspended at 10 mg 
dry weight of cells/ml of the same medium, and 
incubated at 37°C. After addition of 1 mM EDTA 
the cells were incubated for 10 min more, during 
which the suspension was occasionally shaken by 
hand. If the cells were treated with valinomycin, 
this ionophore was added to the suspension 4 min 
after the addition of EDTA. After the 10 min 
incubation period, the cells were harvested by 
centrifugation, washed twice with 200 mM Na- 
Hepes buffer, pH 7.5, resuspended at 10-20 m g / m l  
of the same medium, and shaken at 20°C at 220 
rpm in a gyratory shaker bath. After a 100-fold 
dilution of the suspension with distilled water, 
more than 90% of the EDTA-treated cells were 
sensitive to lysozyme treatment. The residual K + 
content of the cells was about 50 nmol K + / m g  
dry weight for cells not treated with valinomycin, 
and about 80 nmol K + / m g  dry weight for cells 
treated with 10 nmol val inomycin/mg dry weight 
of cells. The EDTA-treated cells were used for the 
experiments within 4 h after their isolation. 

Cation-distribution studies 
The EDTA-treated cells were diluted to 1 mg 

dry weight /ml of the 200 mM Na-Hepes buffer 
(pH 7.5) in the presence of 10 mM glucose, and 
shaken at 220 rpm at 20°C. At zero time, 86Rb+ 
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was added at 100-200 #M (about 20 nCi/ml). If 
[3H]TPP+ uptake was measured simultaneously, 
[3H]TPP+ was added at a concentration of 10 ~M 
(20-50 nCi/ml) at zero time as well; if present, 
PCB- was added shortly before zero time. The 
uptake of the labelled compounds by the cells was 
determined as a function of time, by separating 
the cells from the medium by centrifugation 
through silicone oil in a Beckman B Minifuge [13]. 
Previous experiments have shown that under the 
experimental conditions employed here, the rate of 
02 uptake by the cells is so slow that anaerobiosis 
during the incubation and subsequent centrifuga- 
tion is unlikely to occur [30,31]. The whole pellet 
and part of the supernatant of each fraction were 
treated with 1 ml of 0.2M NaOH and 4 ml 
Quickszint 212 as described previously [30]. Ra- 
dioactivity was determined in Packard B 460 
liquid-scintillation counter at a setting suitable for 
simultaneous 3H+ and 86Rb+ counting. A steady 
state of cation uptake was reached within 30-40 
min after the beginning of the experiment. Data 
are presented as the steady state-distribution ratio, 
[cation]in/[cation]out, or as the apparent mem- 
brane potential, Aq~catio, = 58 log([cation]in/ 
[cation]ont). For those calculations the intracellular 
water space of the cells was taken to be 1.45 
/~l/mg dry weight of cells [30]. Unless stated 
otherwise, neither A~Tpp+ nor A~Rb+ , as pre- 
sented, were corrected for binding of these cations 
to cellular components. 

Uptake studies in n-butanol-treated cells 
EDTA-treated cells were permeabilized with 5% 

(v/v) n-butanol [26] and uptake of [3H]TPP + and 
86Rb+ by these cells was measured under the 
conditions specified above, except that glucose was 
absent. The gradients of K + and Na t across the 
cytoplasmic membrane of the cells were de- 
termined by flame photometry, as described in 
Ref. 30. The pH gradient (ApH) was either mea- 
sured by [laC]benzoic acid distribution [13] or by 
[14 C]ethanolamine distribution [32] in the presence 
of 3HzO [33]. For experimental details, see Ref. 
30. 

Reagents and radioisotopes. The buffers Mes, 
Aces, Hepes and Taps were from Sigma Chemie 
GmbH, Taufkirchen, F.R.G. Valinomycin was 
either from Sigma or a gift from Professor Z/~hner, 

University of Ttibingen, F.R.G. The two prepara- 
tions gave identical results. TPP+Br - was a gift 
from Dr. Michael Eisenbach, The Weizmann In- 
stitute of Science, Rehovot, Israel. It gave results 
identical to TPP+C1 - from Fluka, Neu-Ulm 
F.R.G. FCCP was a gift from Dr. P.G. Heytler, 
Dupont de Nemours, Wilmington, DE., U.S.A. 
PCB- was from Dr. F.M. Harold, National Jewish 
Hospital and Research Center, Denver, CO, U.S.A. 
The radioisotopes 86Rb+ and 3H20 were from 
Amersham-Buchler, Brunswick, F.R.G. [14C]Ben- 
zoic acid was from New England Nuclear, Boston, 
U.S.A., and [3H]TPP÷Br - was from the Nuclear 
Research Center, Negev, Israel. Thin-layer chro- 
matography on aluminium oxide or silica gel plates 
(Merck, Darmstadt, F.R.G.) with isopropanol/ 
HzO (7:3, v/v) as a solvent showed that the 
[3H]TPP + used was at least 95% pure at the time 
of the experiments. All other reagents were of the 
highest purity available commercially. 

Results 

86Rb + uptake in the presence of valinomycin 
Rahoads et al. [34] have shown that Rb + is 

accepted by the constitutive E. coli K÷-transport 
systems. To circumvent interference with these 
systems, 86Rb+ uptake was studied in strain TK 
2242 [27], under conditions where it only con- 
tained the very sluggish TrkF K÷-uptake system 
(Ref. 25; see Materials and Methods). With glu- 
cose as a substrate and in the absence of 
valinomycin, EDTA-treated cells of this strain in- 
deed hardly took up any 86Rb÷ (Fig. 1). Panel A 
of this figure also shows that the ionophore up to 
concentrations of 30 nmol/mg (30/~M) was rather 
ineffective when added immediately before the 
beginning of the experiment. Therefore, I resorted 
to adding valinomycin during the EDTA treat- 
ment (see Materials and Methods). Thus, the cells 
were preincubated with the ionophore for at least 
90 min before the start of the experiment. Fig. 1B 
shows that with this pretreatment 10 ng 
valinomycin/mg cells caused a rapid and, in ex- 
tent, saturating uptake of 86Rb+ by the cells. 

In Fig. 2 the effect of valinomycin on 86Rb 
gradients in strain TK 2242 is compared with that 
in strain TK 1001, which rapidly transports Rb ÷ 
via its TrkA system [25,34]. In the presence of 
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Fig. 1. Effect of preincubation with valinomycin on 86Rb+ 
uptake by E. coli TK 2242. (A) Valinomycin waS added im- 
mediately before the experiment; (B) valinomycin was added 
during the EDTA treatment (see Materials and Methos). For 
the experiment the EDTA-treated cells were resuspended at 1 
mg dry weigh/ml in a medium containing 10 mM glucose, 200 
#M 86RbC1, 200 mM Na-Hepes, pH 7.5, and valinomycin at 
the following concentrations (in nmol/mg):  (© ©) 0, 
(0  O) O.l, ( [ ~  E3) l, ( 0 ~  I )  3, 
(~ ,~) lO, (~ ,~) 30. 

saturating amounts of ionophore (10 n m o l / m g  or 
greater) the steady-state distribution of 86Rb+ in 
both strains converged to the same value. This 
indicates that under those conditions the TrkA 
system did not influence 86Rb + distribution. Since 
at a valinomycin concentration of 10 nmo l /mg  
binding of 86Rb + to cellular components is negh- 
gible (see below), this implies that in the presence 
of this amount of valinomycin the membrane 
potential is equal to m~Rb+, both in K÷-uptake  - 
negative and -positive mutants of E. coli. 

Comparison with [ 3H]TPP ÷ distribution 
The results of Figs. 1 and 2 indicated that at 

pH 7.5 E. coli developed a membrane potential of 
about 200 mV. Since this value was much higher 
than the potential of 140-160 mV calculated from 
[3H]TPP + distribution under similar conditions 
[30], I carried out some experiments in which the 
two methods were compared directly. Fig. 3 shows 
a double-label experiment in which the steady-state 
dis t r ibut ion of 8 6 R b +  and [3H]TPP + in 
valinomycin-treated cells was measured as a func- 
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Fig. 2. Comparison of steady-state 86 Rb + uptake by strains TK 
1001 and TK 2242 as a function of the valinomycin concentra- 
tion. EDTA cells were treated as described in the legend to Fig. 
lB. (© ..... ©) Strain TK 2242 (trkA - ), ( 0  0 )  strain 
TK 1001 (trkA+).  

tion of the TPP + concentration. Remarkably, at 
low concentrations the distribution ratio of TPP + 
increased with TPP + concentration, and optimal 
TPP + accumulation was reached at about 10/xM 
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Fig. 3. Effect of [TPP + ] on Aq~-ri,p+ and Aff~b+ in E. coli TK 
2242. Cells were treated with EDTA and l0 nmol valinomy- 
cit~/mg dry weight of cells, as described in the legend to Fig. 
lB. Experimental details as in Fig. 1, except that [3H]TPPBr 
was present at the concentration indicated. (O O) s6 Rb + 
( 0  O) [~ HITPP + • 
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(see also Refs. 14 and 16). However, this con- 
centration of TPP + already decreased m ~ R b +  by 
about 10 mV (Fig. 3). Conversely, the presence of 
valinomycin plus 200 #M Rb + also slightly de- 
creased A ~ T p p +  (not shown). Both effects may be 
due to a small interconversion of A~b into ApH 
caused by electrogenic uptake of the two cations 
by the cells [30]. 

The uptake of both Rb + and TPP + by the cells 
was rapidly reversed by the addition of 10 #M 
FCCP (not shown) to levels comparable with that 
in cells preincubated with this protonophore (see 
below). This indicates that neither of the two 
cations bound irreversibly to cellular components. 

Fig. 4 shows a comparison between the distribu- 
tions of Rb + and TPP + in metabolizing cells that 
were depolarized by increasing concentrations of 
Ko+~t [5,35]. As expected, the distribution of Rb + 
closely followed that of K + . By contrast, the 
distribution of TPP + varied much less with that of 
K + . Assuming that K + and Rb + distributions 
measure A~ k correctly (see above), these results 
indicate that TPP + distribution underestimates A~p 
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Fig. 4. The gradients of SfRb+ and [3H]TPP + as a function of 
that of K + in E. coli TK  2242. Experimental details as in 
Fig. 3, except that [TPPBr] was 10 /~M and that  different 
concentrations of K + were added, ranging from 0.1 to 100 
mM. One set of incubations received [3H]TPPBr and SfRbCI, 
and was used to determine the gradient of these cations across 
the membrane.  A parallel set of incubations received only 
nonradioactive TPPBr and RbCI and was used for the de- 
termination of the K + gradient. The data shown are the 
combined results with three different preparations of cells. 
(O O) [TPP+] in / [TPP+]out  as a function of [K + 
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Fig. 5. pH dependence of A~Rb+ and A ~ T p p +  in E. coli TK 
2243. EDTA- and valinomycin-treated cells were washed and 
resuspended at 1 m g / m l  in either one of the following buffers: 
200 m M  Na-Mes,  pH 6.1; 200 m M  Na-Aces, pH 6.7; 200 m M  
Na-Hepes,  pH 7.5; 200 mM-Taps,  pH 8.4. To all incubations 
glucose (10 mM), [3H]TPPBr (10-/~M) and S6RbC1 (200 #M) 
were added. ( 0  0 )  AI~Rb+ (/x, ~.) A~Tpp+ " 

at high potentials, indicates about the right value 
at A~k = 80-100 mV, and overestimates Aq~ below 
this value. 

Fig. 5 shows that between pH 6.1 and 8.4 A~kRb÷ 
was always much larger than A~Tpp÷. The pH 
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profiles obtained for the two cations support the 
notion that the membrane potential in E. coli 
increases with pH [5,30,36-38]. Note, however, 
that this dependence may not be as steep as as- 
sumed, since A~Rb+ was much less pH dependent 
than A ~ T p p +  (Fig. 5, see also Ref. 39). 

Effect of PCB- 
Grinius et al. [22] have shown that addition of 

catalytic amounts of lipid-soluble anions increases 
the permeability of black-lipid membranes for 
phosphonium ions. Subsequently, Harold and co- 
workers showed in their pioneering studies on A~k 
in bacteria that T P B -  or PCB-  increased the 
extent of uptake of lipid-soluble cations by both 
bacteria [10] and bacterial membrane vesicles [40]. 
Therefore, I tested the effect of PCB-  on A~Tpp+ 
and A~bRb÷. Fig. 6 shows that PCB-  greatly en- 
hanced A~T1,P÷ , but hardly affected A~bRb+. Thus, 
at 10 /~M TPP +, 5 #M PCB-  decreased the 
difference between A~Tpp+ and A~bRb÷ f r o m  55 t o  

20 mV (Fig. 6). At 30 #M TPP +, l0 #M P C P -  
even decreased this difference from 30 to 8 mV 
(not shown). I will come back to this point in the 
Discussion. 

Uptake of TPP ÷ and Rb ÷ by permeabilized cells 
To assess the binding of TPP + and Rb + to 

cellular components, I measured the uptake of 
these cations in cells that were depolarized by 
different methods (Table I). Residual cation up- 
take was lowest after addition of either 5% (v/v)  
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n-butanol or 100 mM K ÷ to the valinomycin- 
treated cells. In the presence of 0.5% (v /v)  toluene 
[41] uptake of TPP ÷ and Rb ÷ was slightly higher, 
but FCCP [16,19,20,36], added at either 3 or 10 
/xM, induced uptake of the two cations 3-times as 
high as that in n-butanol-treated cells. Under those 
conditions, FCCP did not depolarize the cells 
completely, since FCCP plus n-butanol treatment 
caused the same low level of cation uptake as did 
n-butanol alone (not shown). 

Table I also shows that the cells took up a 
larger fraction of the TPP ÷ added than they did 
for Rb+;  Table II shows that the apparent accu- 
mulation of Rb + by the n-butanol-treated cells 
was similar to that of Na + and K + , whereas that 
of H + was somewhat lower. Since the amounts of 
these cations present in the system differed by 
orders of magnitude, it seems likely that uptake of 
these cations by the n-butanol-treated cells was 
driven by a residual electrical potential. This may 
either be a transmembrane Donnan potential, 
created by the excess polyanions in the cytosol, or 
a surface potential, created by negatively charged 
groups on the membrane surface, or a combina- 
tion of both. 

Presumably, the enhanced uptake of TPP ÷ by 
the butanol-treated cells in comparison to that of 
Rb + (Tables I and II) represents mainly binding 
to cellular components. Fig. 7 shows that this bind- 
ing was almost independent of the added TPP + 
concentration, up to 10 mM TPP ÷ added to the 
system, indicating that the cells have at least 150 

TABLE I 

COMPARISON OF DIFFERENT METHODS TO DEPOLARIZE E. COL1 CELLS COMPLETELY 

EDTA- and valinomycin-treated cells of strain TK 2242 were incubated as described in Materials and Methods, except that glucose 
was omitted. [3H]TPPBr was present at 10 p.M and S6RbCI at 200 #M. 

Addition TPP~una [ TPP+ ]in/[  TPP+ ]out b + a a Rb~oun,~ [ Rb+ ]in/[ Rb+ ]out b 
(pmol /mg)  (pmol /mg)  

5% (v/v)  n-butanol 170 12 600 4.0 
0.5% (v/v)  toluene 280 19 550 3.8 

3 ixM FCCP 550 38 1400 10 
10 #M FCCP 540 37 1200 8 

100 mM KCi 230 16 430 3 

a Assuming that all cations taken up were bound to cellular components. 
~' Assuming that all cations taken up accumulated in the cytosol. 
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TABLE II 

CATION DISTRIBUTION IN n - B U T A N O L - T R E A T E D  CELLS 

The cells were treated with EDTA and valinomycin as described in Materials and Methods and were resuspended at 1 m g / m l  in 20 
m M  Na+-Hepes ,  pH 7.5, 10 # M  TPPBr and the different radiochemicals (see Materials and Methods). n.d., not  determined. 

K C l a d d e d  [TPP+]i" [Rb+]'" [K+]i" [Na+]i" [H+]i. a [ H + ] m  b 
[TPP+]o., [Rb+]o., [K+]o., [Na+]o,,, [H+]o., [H+]o., 

- 15.5 5.0 n.d. 4.3 3.4 1.3 
10 m M  14.5 4.5 4.1 4.1 3.1 1.2 

a As determined by [14C]ethanolamine distribution. 
b As determined by [ 14C]benzoic acid distribution. 

nmol of TPP+-binding si tes/mg dry weight of 
cells. Presumably, those binding sites are located 
at the interface of the membranes present in the 
system. Results not shown indicated that this bind- 
ing of TPP ÷ was only slightly pH dependent, in 
that it increased by about 15% from pH 6.1 to pH 
8.4. Similar results on TPP ÷-binding patterns ob- 
tained with somewhat different methods were re- 
cently reported both for EDTA-treated cells of E. 
coli [41] and for Bacillus subtilis cells [16] (see 
Discussion). 
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Fig. 7. Uptake of [ 3 H]TPp+ and 86 Rb ÷ by permeabilized cells 
of E. coli T K  2242. Cells were treated with EDTA and with 10 
nmol  va l inomyc in /mg as described in Materials and Methods. 
5% (v /v)  n-Butanol was added 5 min prior to the addition of 
radioactivity. [SrRbC1] was 200 #M  and [[3H]TPPBr] as indi- 
cated on the abscissa. (O O) SrRb+, (O O) 
[ 3 H]TPP +. For the scale of the left-hand ordinate it is assumed 
that all cations taken up are bound to the cells; for that of the 
r ight-hand ordinate it is assumed that all cations taken up are 
free in the cytosol. 

I also tested the effect of PCB-  on TPP + 
uptake by the n-butanol-treated cells. At 10 #M 
TPP ÷ , the presence of 5 #M PCB-  raised the 
ratio TPP ÷ bou,d/TPPf~+ee from about 0.018 to 
0.023. Under those conditions, PCB-  did not af- 
fect residual 86Rb+ uptake by the cells (cf. Fig. 6). 

Finally, I examined whether residual TPP ÷ up- 
take by the n-butanol-treated cells was completely 
due to binding or also in part driven by the 
residual electrical potential postulated above. For 
this purpose, an experiment was carried out in 
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Fig. 8. Influence of [RbCI] on the uptake of [3H]TPP+ and 
86Rb+ by permeabilized cells. Details and symbols as in Fig. 7, 
except that [3H]TPP+ Br was present at 10 # M  and [86RbCI] 
was as indicated on the abscissa. 



which residual cation uptake was measured as a 
function of the RbC1 concentration (Fig. 8). The 
86 Rb ÷ distribution decreased with increasing Rb + 
concentrations, indicating that the residual poten- 
tial also decreased. High Rb + concentrations 
lowered the TPP ÷ distribution by about the same 
proportion as that of 86Rb+ (Fig. 8). This may 
indicate that TPP ÷ uptake by permeabilized cells 
was in part driven by a residual surface or Donnan 
potential (see Discussion). 

Discussion 

Since intact bacteria are in general too small to 
tolerate microelectrodes, indirect methods have to 
be employed to estimate A~k in these systems. For 
quantitative purposes, the best method is to calcu- 
late A~ from the distribution of lipid-soluble ca- 
tions [33], and two types of such cations are fre- 
quently used: first, K ÷ or Rb + in the presence of 
valinomycin [5,21], and second, organic phos- 
phonium ions like TPMP + and TPP ÷ , first intro- 
duced by Skulachev and co-workers [22]. 

The experiments presented here show that at 
least in the presence of valinomycin, at membrane 
potentials exceeding 100 mV, A~/~Rb+ significantly 
exceed A~bTpp÷. For instance, at pH 7.5 and low 

÷ 
[Kout] , A~Rb+ was 180-200 mV, whereas  A~Tpp+ 
ranged between 130 and 160 mV (Figs. 1-3 and 
6). I interpret these results to mean that the use of 
TPP + led to an underestimation of the membrane 
potential, and that 86Rb+ distribution indicated 
A~b correctly. This contention is based on the 
following considerations: (i) in the presence of 
saturating amounts of valinomycin, the gradient of 
86Rb+ was equal in the K ÷-transport-positive and 
-negative mutant (Fig. 2). This implies that under 
those conditions the native K ÷-transport systems 
were effectively short-circuited by the electrogenic 
diffusion pathway provided by valinomycin and 
that, consequently, the membrane potential was 
reduced to an Rb ÷ (or K +) diffusion potential 
(Figs. 2 and 4). (ii) 86Rb+ showed negligible back- 
ground binding (Tables I and II, Figs. 7 and 8). 
Even if the residual uptake in the permeabilized 
cells were due to binding rather than to a Donnan 
a n d / o r  surface potential (see Results), calculations 
as in Ref. 16 showed that this would reduce A~Rb÷ 
by maximally l0 mV only. (iii) the uptake of 
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86Rb+ was rapidly reversed by FCCP, indicating 
that the high level of uptake of this cation was not 
due to irreversible binding to cellular components. 

One is left, then, with the conclusion that TPP + 
indicates too low a potential. I have excluded some 
trivial explanations for this result, such as con- 
tamination with chemically degraded TPP + , 
anaerobiosis, or incomplete EDTA treatment (see 
Materials and Methods). Instead, a possible ex- 
planation could be that due to its strong, and 
energy-dependent binding (see below), TPP ÷ de- 
creases the negative surface potential of the cyto- 
plasmic membrane, and thereby effectively in- 
hibits its further equilibration with the membrane 
potential. It should be stressed that this effect 
would be kinetic rather than thermodynamic, and 
can only become important for ions that are not 
very permeant anyway. Studies with artificial 
membranes show that the latter is indeed the 
situation for TPP ÷ [22]. A similar effect of surface 
potential on the apparent permeability towards a 
permeant anion has been reported in bacterio- 
rhodopsin-containing proteoliposomes. In this sys- 
tem, the permeant anion S CN -  has been shown to 
monitor A~k only in vesicles carrying a positive 
surface charge; In negatively charged proteolipo- 
somes no S CN -  uptake was observed, despite the 
fact that also these vesicles were expected to de- 
velop a membrane potential (positive inside) [42]. 

This hypothesis may explain the following ob- 
servations: (i) the effect of PCB-  on TPP + uptake 
(Fig. 6). PCB-  is expected to prevent the decrease 
in surface potential by TPP + , and thereby allow a 
better equilibration of TPP + with A~k. Note that 
PCB-  hardly increased the residual binding of 
TPP ÷ by n-butanol-treated cells (see Results). This 
indicates that the effects of PCB-  on TPP ÷ up- 
take (Fig. 6) were not due to binding of P C B - -  
TPP ÷ complexes to the membrane. (ii) the dif- 
ference between A~Tpp+ and A~bRb+ increased with 
A~ (Fig. 4). At low A~b less TPP + will bind to the 
cells and consequently, TPP + will equilibrate more 
extensively. 

However, this hypothesis does not explain the 
finding that at very low potentials ml~Tpp+ ex- 
ceeded A~Rb÷ (Fig. 4). Most likely, this effect is 
due to the stronger binding of TPP + to cellular 
material (Tables I and II, Figs. 7 and 8). It can 
also not account for the puzzling observation that 
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TPP + stimulated its own uptake at low concentra- 
tions (Fig. 3). A similar phenomenon has been 
reported for other phosphonium cations [14,16]. 
One must assume that, independent of the pos- 
tulated effect of TPP + on the surface potential, 
the permeability of the cytoplasmic membrane in- 
creases with TPP + concentration. 

An extra complication in the calculation of 
A~pTpp+ arises because of binding of TPP + to 
cellular membranes. This has been generally recog- 
nized, and two models have been applied to cor- 
rect for binding: (i) a model in which binding 
saturates at low TPP + concentration; this implies 
that, independent of the total amount taken up, 
TPP + uptake has to be corrected by subtraction of 
a constant amount from it to obtain intracellular 
TPP + concentrations [ 16,19,20,36,39]. (ii) A model 
according to which TPP ÷ binding does not saturate 
[43]. Since the results of Fig. 7, and those of others 
[ 16,41 ] indicated that the number of TPP + -binding 
sites is much larger than the total amount of TPP + 
taken up by energized cells (Figs. 3-6), the latter 
model appears to be more appropriate. In a recent 
refinement of this model, Zaritsky et al. [16] have 
proposed that the amount of TPP + bound is a 
function of both [TPP + ]out and [TPP]i . ('exponen- 
tial mean model'). Thus, energy-dependent changes 
in binding can be taken into account: From (a) the 
uptake of TPP + by energized cells, (b) its uptake 
in permeabilized cells, and (c) a residual electrical 
Donnan or surface potential in those cells (see 
Results), it can then be calculated that an ap- 
parent value for A~Tpp+ of 160 mV (Fig. 3) has to 
be corrected to 147 mV and of 180 mV (in the 
presence of 5 / tM P C B - ,  Fig. 6) to 166 mV. These 
corrected potentials become 130 and 147 mV, re- 
spectively, if conditions c is not taken into account. 

One clear effect of those binding corrections is 
to make the discrepency with the 'real' membrane 
potential (as presumably indicated by A~PRb+) even 
larger. In any case, the underestimation of A~ by 
TPP + distribution can easily amount to about 50 
mV in val inomycin/EDTA-treated cells of E. coli 
at pH 7.5. This has some important consequences 
for quantitative aspects of energy coupling. First, 
with a drop in apparent potential from 200 mV 
(A~bRb+) to 150 mV (A~Tpp+), the stoichiometry 
between A/ill+ and the phosphate potential AGp 
with glucose as a substrate would increase from 

2.6 to 3.3 (taking ApH = 0 [6,30] and AGp = 50 
k J /m o l  (Bakker, E.P., unpublished results). Sec- 
ondly, it has been reported that at high pHout, 
A/in+ is smaller than the lactose gradient main- 
tained across the cytoplasmic membrane of cells or 
membrane vesicles of E. coli [41,44]. This was 
interpreted to mean that under those conditions 
two H + may accompany the influx of one mole- 
cule of lactose into the cell [45]. In most of these 
experiments TPMP + or TPP + was used to mea- 
sure A~ (Refs. 41, 44 and 46; see, however, also 
Ref. 36). In view of the findings reported here it 
would be interesting to repeat those experiments 
with 86Rb + in the presence of valinomycin as a 
probe for A~. Very recently, Ahmed and Booth 
[20,46] reported on such experiments. They ob- 
served that at high A/in+ the stoichiometry be- 
tween H + and lactose transport was always close 
to 1 : 1, and that it only approached a value of 2 : 1 
at low A/i,+. 

Finally, I would like to make the following 
recommendations for the measurement of mem- 
brane potentials in bacteria: At present, the most 
reliable method appears to be to use s6 Rb + 
distribution in the presence of valinomycin. How- 
ever, this method can only be employed at low 

+ + 
[Kout]  , t h e  [Kout] , since at elevated K+-diffusion 

potential will clamp the membrane potential at a 
value lower than that generated by the electrogenic 
H + pumps of the cells in the absence of 
valinomycin. It is important to make sure that the 
valinomycin concentration is high enough to com- 
pletely short-circuit those cellular transport sys- 
tems that accept Rb + . To this end one may have 
to preincubate the cells with relatively high con- 
centrations of the ionophore (Fig. 1). At + [Kout] > 
0.5-1 mM it may be unavoidable to employ TPP ÷ 
distribution as a measure of A6. Again it is im- 
portant to establish the optimal concentration of 
the probe (Fig. 3). It may be advantageous to add 
catalytic amounts of P CB- ,  since this compound 
increased AlpTpp+ considerably under conditions at 
which it hardly affected the binding of TPP + to 
the membrane (Fig. 6 and Results). However, even 
under those conditions A+ may be underestimated, 
be it by maximally 20 mV (Fig. 6). 
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