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The membrane potential and pH gradient developed across the plasma mem-
branes of whole cells ofStaphylococcus aureus and spheroplasts ofEscherichia
coli were estimated. The distributions of potassium ions in the presence of
valinomycin and the pH gradient across the membrane were determined from
the changes in pK and pH observed in the external medium during transition
from the energized respiring state to the de-energized resting condition. The
protonmotive force in respiring cells was estimated at 211 mV for S. aureus and
230 mV for E. coli at external pH values of approximately 6.5. The adequacy of
these protonmotive forces as a driving force for substrate accumulation or
adenosine 5'-triphosphate synthesis is discussed.

The chemiosmotic hypothesis (15) states that
during bacterial respiration, protons are
pumped out of the cell to give an electrochemi-
cal gradient across the cell membrane. This
protonmotive force has electrical and chemical
components such that: Ap = At/ - ZApH, where
Ap is the protonmotive force in millivolts, A* is
the membrane potential (inside negative), also
in millivolts, and -ApH is the pH gradient
(inside alkaline). Z equals 59 at 25 C and is a
constant converting the pH gradient to milli-
volts. The protonmotive force is envisaged as
being capable of driving adenosine 5'-triphos-
phate (ATP) synthesis through the membrane-
bound proton-transiocating adenosine triphos-
phatase, and the transport of neutral and ionic
nutrients through a series of proton symport
and uniport carriers (5, 7, 16). Under anaerobic
conditions, transport may be driven by the pro-
tonmotive force developed by the action of the
proton-translocating ATPase on the glycolyti-
cally produced ATP of the cell.

In accordance with this chemiosmotic trans-
port model, we have demonstrated (21, 22) that
the membrane potential and pH gradient devel-
oped in resting cells is adequate to account for
the accumulation of lysine and glutamate, re-
spectively, that can be demonstrated under
these conditions. In the next paper in this series
(2), we discuss our own findings and those of
other authors, with regard to the symport of
protons by cells transporting a range of sugars,
organic acids, and amino acids. The purpose of
the experiments reported in this communica-
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tion was to obtain a measure of the magnitude
of the protonmotive force that is developed
across the cytoplasmic membrane of respiring
Staphylococcus aureus and Escherichia coli. In
fxture studies, the concentration gradients
achieved in nutrient accumulation assays will
be compared with the values of the membrane
potential and pH gradient recorded here.
Against the background ofthe mechanisms dis-
cussed in the succeeding paper, the adequacy of
the protonmotive force to drive transport in
actively metabolizing cells also will be as-
sessed.

Several groups of workers have demon-
strated that respiring bacteria do in fact ex-
trude protons (11, 14, 24). Griniuviene and his
co-workers (3, 4), utilizing the distribution of
cationic penetrants, have demonstrated a mem-
brane potential of 140 mV developed by respira-
tion in E. coli, but no estimate of the pH gra-
dient was made in these experiments. In photo-
synthetic bacterial cells and chromatophores
energized by illumination, estimates of the pro-
tonmotive force have been obtained which
range from 200 mV to as high as 400 mV (1, 25).
A protonmotive force is also developed from
ATP hydrolysis by anaerobic streptococci. Har-
old et al. (8) obtained values from Streptococcus
faecalis for a potential of 150 to 190 mV, and, in
a separate experiment, for a pH gradient of 0.8
to 1.0 (9). Laris and Pershadsingh (13), using a
fluorescent-probe technique, obtained a similar
value of 140 mV for the membrane potential
developed in S. faecalis. However, when Kash-
ket and Wilson (12) applied this technique to S.
lactis, they estimated the total protonmotive
force to be as low as 80 mV, with the potential a
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mere 36 mV. It seems, though, that these dif-
ferences are more likely a result ofthe different
methods used for extrapolating the values for
the membrane potential from the observed
changes in fluorescence, rather than a conse-
quence of any real difference in the potentials
developed in these two closely related orga-
nisms.

It should be pointed out that it is not really
possible to get a meaningful estimate of the
protonmotive force simply by summing values
obtained for the membrane potential and pH
gradient in separate experiments, and possibly
even by different laboratories. Mitchell and
Moyle (17) have shown that although the total
protonmotive force may be relatively constant,
at least with mitochondrial systems, the rela-
tive contributions of the potential and pH gra-
dient may vary markedly with experimental
conditions. It was the specific ion electrode
method developed by Mitchell and Moyle (17)
that we used in the studies reported here on our
simultaneous measurements of the membrane
potentials and pH gradients developed by res-
piring S. aureus and E. coli. A preliminary
report of some of this work has already ap-
peared (10).

MATERIALS AND METHODS
Organisms and media. S. aureus was grown at

30 C with shaking in a medium containing 1%
tryptone, 0.5% Lab-Lemco beef extract (Oxoid),
0.1% yeast extract, 0.5% Na2HPO4, and adjusted to
pH 6.5 with HCI.
A deoxycholate-sensitive strain E. coli K-12 Doc

S (i-z+y+ pro- trp- his- met-) was the generous gift
of B. A. Haddock, University of Dundee. This par-
ticular strain was used in these studies, as it is
sensitive to lysozyme and valinomycin without the
necessity of pretreatment with EDTA (ethylenedia-
minetetraacetic acid). The organism was grown at
37 C with shaking in a medium containing 0.4%
peptone, 0.2% yeast extract, 1% K2HPO4, and ad-
justed to pH 6.8 with H2SO4.

Overnight cultures of both organisms were di-
luted 1 in 4 in fresh medium and re-incubated until
the cell density had doubled. The cells were then
harvested at 4 C, washed once in 150 mM KCI and
twice in 250 mM sucrose-30 mM choline chloride
before final resuspension in the sucrose-choline
chloride solution to a density of approximately 10
mg of cells (dry weight) per ml and stored at 4 C up
to a maximum period of 5 h.

Spheroplasts of E. coli. Spheroplasts rather than
whole cells of E. coli were used, to allow rapid and
complete lysis on the addition of detergent at the
end ofthe experiment. Cells were diluted to approxi-
mately 5 mg/ml in sucrose-choline chloride and in-
cubated at 37 C without shaking for 30 min in the
presence of 1 mg of lysozyme per ml. Essentially,
this procedure results in quantitative conversion of
the cells to spheroplasts; no whole cells could be

detected under the microscope after the addition of
Triton X-100 (to 0.1%) to a sample ofthe suspension.
A trace of deoxyribonuclease was added to the sus-
pension, which was centrifuged, and the sphero-
plasts were then resuspended in sucrose-choline
chloride at 4 C at a density equivalent to 10 mg of
whole cells (dry weight) per ml.

Ion fluxes. The theoretical rationale for these
experiments is described in detail by Mitchell and
Moyle (17).
The fluxes of protons and potassium ions were

measured using ion-specific electrodes. Suspensions
were contained in a glass reaction vessel of approxi-
mately 50 ml capacity, surrounded by a tempera-
ture-controlled waterjacket at 25 C; and sealed with
a rubber bung through which were introduced the
electrodes and sampling ports. Changes in pH were
recorded with a Beckman glass electrode (part no. S
41263) and Research pH meter (model 101901). The
reference calomel electrode was electrically coupled
to the reaction medium through a remote liquid
junction in a three-way ground-glass tap. Changes
in pK were recorded with a Beckman cationic elec-
trode (part no. 39137) connected to a second pH
meter and using the same calomel electrode as a
reference. The outputs from both meters were re-
corded simultaneously on a Rikadenki multichannel
pen recorder (model B341). Suspensions (25-ml total
volume) of S. aureus cells or E. coli spheroplasts at
0.5 to 1.0 mg/ml in the sucrose-choline chloride solu-
tion were used, with the addition of choline base-
neutralized iodoacetic acid (1 mM) to inhibit glycol-
ysis, and carbonic anhydrase (20 ,lg/ml) to catalyze
carbonic acid/CO2 equilibration (23).

Buffering power. For the determination of buffer-
ing power, KCI was added to these suspensions to
150 mM. For assay of BT, the total extracellular and
intracellular buffering, valinomycin and the proton-
translocating uncoupler tetrachlorosalicylanilide
(TCS) were added to 2 jAg/ml. The suspensions were
bubbled with water-saturated, oxygen-free nitrogen
and stirred magnetically, and buffering powers were
estimated from changes in pH observed on the addi-
tion of aliquots of 5 mM HCI that had also been
rendered anaerobic by bubbling with oxygen-free
nitrogen. Since buffering varies with each batch of
cells, it must be determined each time.

Respiratory ion movements. For the determina-
tion of ion movements associated with respiration,
suspensions contained 0.1 mM KCI and 2 ,ug of
valinomycin per ml, and were buffered with either
0.2 mM N-tris(hydroxymethyl)methyl-2-amino-
ethane-sulfonic acid (TES) (for S. aureus) or 0.2 mM
glycylglycine (for E. coli). Then, 2 ,ul of C100 cata-
lase suspension was added, and the suspension was
bubbled with oxygen-free nitrogen until the pH was
steady at a final value of 6.8 to 7.2, which was
attained by adding HCI or choline hydroxide during
this preliminary incubation. The bubbler was then
raised so that a stream of nitrogen passed across the
surface of the suspension, thereby preserving anaer-
obic conditions, and the buffering power of the ex-
ternal-phase Bo and the calibration of the recording
system for potassium were determined by the addi-
tion of small aliauots of anaerobic 5 mM HCI or 10
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mM KCl.
Oxygen was added as hydrogen peroxide. One

hundred microliters of 2-volume solution was suffi-
cient to maintain a finite oxygen concentration for 5
to 10 min under the conditions ofthese experiments;
further additions ofhydrogen peroxide were made as
necessary during the course ofexperiments oflonger
duration. At the end of each experiment, after the
suspension had become anaerobic and returned to a
steady pH value, the cells were lysed by the addition
of n-butanol (S. aureus) to a final concentration of
5%, or Triton X-100 (E. coli) to 0.1%.

Full details ofthe theory and method of the calcu-
latidns are to be found in the analysis of Mitchell
and Moyle (17). The symbols used have the following
meanings. Subscripts 0, I, and T refer to the extra-
cellular, intracellular, and total extracellular plus
intracellular phases, respectively. Superscripts o
and w refer to de-energized and energized (respir-
ing) cells, respectively. The symbol A is used to
denote a difference across the cell membrane,
whereas 8 denotes a difference with altered condi-
tions in a single phase. The symbol d has the usual
mathematical meaning of an infinitesimally small
change.
The change in pH resulting from lysis was used to

estimate the value of ApH0, the transmembrane pH
gradient under de-energized conditions. ApH@, the
,pH gradient under energized conditions, was then
calculated from ApHO using bpH0, the change in ex-
ternal pH on exhaustion of oxygen to determine
the movement of protons and the experimental
curve for B1, the internal buffering capacity, to esti-
mate the change in internal pH of the cells.

A*0, the membrane potential under de-energized
conditions, was calculated from the assumption that
under de-energized conditions at equilibrium Apo =
0, and therefore Aoo = ZApH0. From the knowledge
of the external concentration of potassium, applica-
tion of the Nernst equation gave the internal potas-
sium concentration under de-energized conditions. 8
[K+],, the change in internal potassium concentra-
tion, was calculated from the movement of potas-
sium ions and the estimated total internal water
space of the cells. A+" was then obtained from the
ratio of internal to external potassium concentra-
tions under energized conditions.

Estimation of intracellular water space. The in-
ternal volume ofS. aureus was taken as 1.55 ,ul per
mg of cells (dry weight) (19). The internal volume of
E. coli spheroplasts was determined in each experi-
ment by adding [3H]water at 50 nCi/ml and
['4C]hydroxymethyl inulin at 25 nCi/ml to a sample
of the stock spheroplast suspension. After 10 min of
incubation, three 200-,ul samples were taken and
filtered through a cellulose nitrate membrane filter,
which was sucked dry, but not washed, and added to
a vial with 1 ml of water and 10 ml of a scintillation
fluid containing: toluene, 667 ml; Triton X-100, 333
ml; 2,5-diphenyloxazole, 4 g; p-bis-2-(5-phenyloxa-
zolyl)-benzene, 100 mg. Also at 10 min, three 50-,ul
samples of the suspension were taken directly to
vials containing 10 ml of the toluene-Triton scintil-
lation fluid, 1 ml of water, and a cellulose nitrate
filter. The vials were stored at ambient temperature

overnight, which allowed the establishment of a
stable gel with the radioactivity evenly distributed.
Radioactivity was counted on an ICN Coru/matic
200 liquid scintillation spectrometer. Since hydroxy-
methyl inulin does not enter the cells, the 14C activ-
ity represents the extracellular water trapped on the
filter, and the 3H activity represents the intracellu-
lar plus extracellular water. Then V,, the intracellu-
lar volume on the filter is given by V, = 50[(3Hf3H,;)
- (14CS14Cj] where 3Hf and f4Cf represent the 3H and
14C counts on the filter, and 3HI; and 14CQ represent
the counts in the 50-,ul sample. The cell volume ofan
untreated E. coli whole-cell suspension estimated by
this method was approximately 2.4 ul of cells (dry
weight) per mg, which is in reasonably good agree-
ment with the value of 2.7 ul/mg estimated by
Winkler and Wilson (27), which we have used else-
where (2).

Chemicals and stock solutions. Analytical-grade
chemicals were used whenever possible. TES was
obtained from British Drug Houses (Poole, Eng-
land). Valinomycin, carbonic anhydrase, lysozyme,
and catalase (C100 suspension) were obtained from
Sigma Chemical Co. (London, England). Radi-
ochemicals were obtained from the Radiochemical
Centre (Amersham, England). 2,5-Diphenyloxazole
and p-bis-2-(5-phenyloxazolyl)-benzene were pur-
chased from Nuclear Enterprises Ltd. (Edinburgh,
Scotland). Cellulose nitrate membrane filters (Sar-
torius 11306, 0.45 Am) were obtained from V. A.
Howe (London, England). Bacteriological media
were obtained from Oxoid Ltd. (London, England).
Stock solutions of valinomycin and TCS were made
up to 2 mg/ml in ethanol and stored at -20 C.

RESULTS
Buffering power. Figure 1 shows typical ex-

perimental curves of the buffering power (dH+/
dpH) of a suspension of cells of S. aureus ex-
pressed as nanogram-ions ofH+ perpH unit per
milligram of cells (dry weight). B0,, the buffering
power of the outer phase, was estimated from
the instantaneous change in pH on addition of
50 Al of anaerobic HCl to the unbuffered sus-
pension of cells. BT is the total buffering power
of the inner and outer phases estimated by
addition of 100-,M1 aliquots of HCI to the cells
rendered proton-permeable by the addition of
valinomycin and TCS. B1, the buffering power
of the intracellular phase, is the difference be-
tween BT and Bo. In fact, this value of B, is an
approximation, the true value being given by
(17): BT - BO = B1 [1 - (dApH"/dpHK)]. How-
ever, determination of dApHo/dpH,) by lysis of
cells (or spheroplasts), under the conditions
used for the determination of BT, showed that
this function was always in the range 0 to -0.1,
making a difference ofnot more than 10% in the
estimated value of B1. This in turn makes a
difference of not more than 0.1 pH unit in the
estimate of ApHw, or 6 mV in the final estimate
of Aps.

Figure 2 shows similar curves for the deter-
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pH

FIG. 1. Buffering powers of extracellular (B,,; A),
intracellular (BA, *), and total space (BT, ), of a
suspension of S. aureus. Cells were harvested in
exponential phase and allowed to equilibrate at a cell
density of 0.83 mg/ml in sucrose-choline chloride-
potassium chloride buffer as described in Materials
and Methods. B,, was determined from the instanta-
neous change in pH on addition ofanaerobic HC1. BT
was determined from the change in pH on addition of
HCl to cells treated with valinomycin and TCS (2 p.g/
ml each). B, is the difference between B0 and BT.

mination of Bo, BT, and B, for suspensions of
spheroplasts ofE. coli. Since dry weights of the
spheroplast suspension could not be simply de-
termined, cell volume was estimated in each
experiment as a fraction of the total suspension
volume, and the results in this case were ex-
pressed as nanogram-ions ofH+ per pH unit per
milliliter of spheroplast suspension. The intra-
cellular spheroplast volume in this particular
case was 50 ,ul in the total volume of 25 ml.

Respiratory ion movements. The effect of
adding oxygen to cells of S. aureus is shown in
Fig. 3. The external pH fell, initially quite
sharply. There was a corresponding rise in the
external pK as potassium entered the cells in
response to the increasing membrane potential.
The actual values of the changes in pH and pK
represent approximately equivalent amounts of
protons and potassium ions, respectively, leav-
ing and entering the cells. The rate ofchange in
the external pH declined as the protonmotive
force approached its steady value, but in the
case of S. aureus, the pH never reached a con-
stant minimum value during the course of the
oxygen pulse, presumably because the products

of oxidative metabolism are more acidic than
the endogenous reserves from which they were
generated. When oxygen was exhausted just
after 21 min, the protonmotive force collapsed
as protons diffused back into the cells. There
was a corresponding decrease in the extracellu-
lar pK as potassium left the cells in response to
the declining membrane potential. A new equi-
librium was finally reached at a pH rather
more acid than at the beginning of the experi-
ment. The attainment of the final equilibration
could be catalyzed by the addition of TCS
shortly after the oxygen was exhausted. From
the values of 8pH() and bpK() on de-energiza-
tion, i.e., from the differences between the val-
ues immediately preceding oxygen exhaustion
and at final equilibrium, the total quantities of
protons and potassium ions entering and leav-
ing the cells were estimated at 1,800 ng-ions of
H+ and 1,670 ng-ions of K+. Correction of the
estimated potassium movement was made to
allow for the slight response of the cationic
electrode to protons. The value of ApH', esti-
mated from the subsequent lysis of the cells
with n-butanol, was + 0.3. Now since at equilib-

320" ~~~~BT320

X
U

a,\
% 240 -

o
\

a. B
0. A

:160 -

I \o. \
CL

a \3 A

.2 80

c,mC

pH

FIG. 2. Buffering powers ofextracellular (B0; A),
intracellular (B,; *), and total space (BT; U) of a
suspension of spheroplasts of E. coli. Spheroplasts
were prepared as described in Materials and Meth-
ods and allowed to equilibrate in 25 ml of sucrose-
choline chloride-potassium chloride. Total sphero-
plast intracellular volume was 50 pi. BO, BT, and B,
determined as in Fig. 1.
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rium ApV = 0, then Aqfr = ZApH", or ApK" =
ApHII. The extracellular potassium concentra-
tion of [K+]I, was 0.44 mM, and the intracellu-
lar concentration [K+1], was therefore approxi-
mately 0.9 mM. The total cell volume was 31
,ul, and thus the change in intracellular potas-
sium concentration on de-energization was
1.67/31 = 54 mM. The value of [K+], was there-
fore 55 mM. The extracellular concentration of
potassium under energized conditions [K+]"

was 0.37 mM. Therefore, ApKo = log10 ([K+]r)/
([K-]O) = log10 149 = 2.17, and A+@, the mem-
brane potential under energized conditions was
given by ZApKw = 2.17 x 59 = 128 mV.
The external pH under de-energized condi-

tions, pH,, was 6.95. Thus, since ApH'> was 0.3,
pH(, was 6.65. Now the movement of protons
was 1,800 ng-ions, which, using the data in
Fig. 1, allows us to calculate a value for pHO of
7.80 pHM was 6.65, and hence -ApHO = pHI

FIG. 3. Changes in pH and pK observed on addition of hydrogen peroxide to resting potassium-permeable
cells ofS. aureus in the presence ofcatalase. Cells (0.83 mg/ml) were allowed to equilibrate in sucrose-choline
chloride as described in Materials and Methods. Hydrogen peroxide (100 pi of2 volume) was added at points
indicated by arrows.

FIG. 4. Changes in pH and pK observed on addition of hydrogen peroxide to potassium-permeable
spheroplasts ofE. coli in the presence ofcatalase. Spheroplasts (50 ,l total intracellular volume) were allowed
to equilibrate in sucrose-choline chloride solution as described in Materials and Methods. Hydrogen peroxide
(100 ,ul of2 volume) was added at points indicated by arrows.
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- pHo - 1.15, or 68 mV. Thus, the total pro-
tonmotive force was 196 mV.
The traces of pH and pK obtained from a

similar experiment, this time carried out on E.
coli spheroplasts, are shown in Fig. 4. The gen-

eral form of the traces is similar to that ob-
tained with S. aureus, again showing the oppo-
site and approximately equal movement of pro-
tons and potassium ions. In this case, however,
the pH reached a minimum and began to rise
again before the oxygen was exhausted. When
the oxygen did run out after 13 min and the
system had re-equilibrated, the final steady pH
was higher than the original value before addi-
tion of hydrogen peroxide. Presumably, the
products of endogenous respiration in E. coli
are less acidic than the substrate. As in the case
of S. aureus, we have assumed that no change
in the buffering ofthe system occurs after respi-
ration ceases and have estimated the magni-
tude of the ion movements across the cell mem-
branes from the values of 8pH,, and 8pK0 occur-

ring on exhaustion of oxygen.
Table 1 shows the data from the two experi-

ments shown in Fig. 3 and 4, giving the actual
values of pHo and [K+]o under energized con-

ditions, together with values of ApH0 estimated
by lysis at the end of the experiments, and the
various other parameters necessary for the cal-
culation of ApHw and A+i" as described above for
S. aureus. The value of Aip+ for E. coli, esti-
mated from the example shown in Fig. 2 and 4,
was 137 mV, and -ApH" was 1.7, or 100 mV,
giving a total protonmotive force of 237 mV.
Table 2 shows averaged values of ApHW, AqbCo,

and Apw for six determinations with each orga-
nism. In each case, the initial external pH was

adjusted so that the pHN, the external pH un-

der energized conditions, was near to 6.5 (ap-
proximately the pH of the medium from which
the cells were harvested). The values of Ap
were 211 + 15 mV for S. aureus and 230 + 15
mV for E. coli.

DISCUSSION
In a recent paper Tedeschi (26) has ques-

tioned the existence of a metabolically induced
membrane potential in mitochondria and, by
implication, bacterial systems. Unfortunately,
he failed to appreciate the significance of the
finding that the influx of potassium ions
against the chemical concentration gradient
occurs only after the energization ofthe system,
with the consequent efflux of protons and the
creation of the potential that is inside negative.
In resting cells, as Tedeschi himself com-

mented, the addition of valinomycin causes the
efflux of potassium and the generation of a
diffusion potential, again inside negative. As
we ourselves have shown (20), this potential is
also capable of driving energy-requiring reac-

tions such as amino acid transport. The crucial
error made by Tedeschi (26) was his failure to
understand that, for a potassium concentration
gradient to exist across a potassium-permeable
membrane without net flux of potassium, it
must be opposed by an equivalent membrane
potential.
The values of the protonmotive force that we

have obtained in these experiments compare
reasonably well with estimates of Ap for state 4
respiration in rat liver mitochondria (17, 18).
This is to be expected, since according to the
chemiosmotic hypothesis, the magnitude of Ap
should depend mainly upon the relative concen-
trations of adenosine diphosphate (ADP) and

TABLE 1. pH gradient (ApHlo), membrane potential (Az), and protonmotive force (Ap'o) under energized
conditionsa

Intracel-H K

Organism lular vol-pH; 0 pHol [K'0o move- movn ApHa ApHa v+"' Apa
ume(IAI) ~ (MM) ment ment

(,ug-ion) (Ag-ion)
S. aureus 31 6.95 6.65 0.363 1.80 1.67 0.30 -1.15 128 196
E. coli 50 7.15 6.45 0.350 3.90 3.70 0.65 -1.7 137 237

a Data from the experiments shown in Fig. 1-4 were used for the calculation of ApH(0, A+@,-, and Apw under
energized conditions

TABLE 2. pH gradient (ApH@J, membrane potential (At9, and protonmotive force (Ap") developed by
respiring S. aureus cells and E. coli spheroplasts"

Organism pHg (range)p ApH- At pA

S. aureus 6.25-6.65 -1.3 ± 0.2 134 ± 10 211 ± 15
E. coli 6.45-6.75 -1.65 + 0.2 132 ± 10 230 ± 15

a Averaged value with estimated random errors; mean of six determinations is given in each case.
b External pH (pHo,') indicated near to 6.5.
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ATP, provided that the proton conductivity of
the plasma membrane (M phase) is adequately
low. Mitchell and Moyle (17) have argued that
the value ofAp required for ATP synthesis with
an ATP to ADP ratio of 1 is approximately 210
mV at 25 C, assuming an intracellular concen-
tration of phosphate at 10 mM. They argued
further that an ATP to ADP ratio of 100, which
is believed to occur in mitochondria during
state 4 respiration, would require a Ap of 270
mV to drive ATP synthesis. Our estimates of
Ap in bacteria fall between these values and
therefore appear to be in reasonable agreement
with the fundamental prediction of the chem-
iosmotic hypothesis.
There are two assumptions in the present

work that might result in a systematic error in
our estimate of Ap. First, we have assumed that
the activity coefficients for potassium ions are
equal inside and outside the cell so that we can
equate our estimate ofApK with the true trans-
membrane concentration gradient of potas-
sium. If this assumption were untrue, it would
be most likely that the activity coefficient in-
side the cell, where the potassium concentra-
tion is higher, should be lower. This would
result in our figures giving a slight overesti-
mate of A+i. The second assumption is that the
presence of valinomycin in the plasma mem-
brane during assay does not affect the proton-
motive force that the cell develops. However,
Casadio et al. (1), using the shift in carotenoid
absorption to measure Aql in chromatophores of
photosynthetic bacteria, found that the pres-
ence of valinomycin reduced Aq+, Ap, and the
phosphate potential by as much as 40%. Ni-
cholls (18), on the other hand, measured phos-
phate potentials of the order of 270 mV in mito-
chondria treated with valinomycin and under
conditions essentially similar to those in which
he measured their protonmotive force.

In other work reported from this laboratory
(6, 20-22), we have concluded that in S. aureus
the cationic amino acid lysine is taken up by a
uniporter in response to the membrane poten-
tial. The anionic amino acid glutamate and the
two neutral amino acids glycine and isoleucine
were found to respond to artifically imposed
gradients of pH and electrical potential in a
manner which indicated that these amino acids
were translocated into the cell by proton sym-
ports, the driving forces being the pH gradient
and the total protonmotive force for the anionic
and neutral amino acids, respectively. Using
the values obtained in the present work and
assuming a fixed 1:1 stoichiometry of protons to
amino acid and the absence of other control or
energy input mechanisms, these driving forces

would be adequate for accumulation ratios of
up to approximately 200-fold for lysine, 20-fold
for glutamate, and 4,000-fold for the neutral
amino acids. We are at present attempting to
measure the equilibrium levels ofaccumulation
of these amino acids in metabolizing cells to
determine whether in fact these driving forces
are adequate to account for the levels of accu-
mulation that can actually be observed.
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