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Summary. An electrochemical potential difference for H" was es- 
tablished across the plasma membrane of the anaerobe Streptococ- 
cus lactis by addition of sulfuric acid to cells suspended in potassi- 
um phosphate at pH 8 along with valinomycin or permeant anions. 
Subsequent acidification of the cell was measured by the distribu- 
tion of salicyclic acid. A comparison between cells treated or un- 
treated with the inhibitor N,N'-dicyclohexylcarbodiimide was used 
to reveal that portion of net proton entry attributable to a direct 
coupling between H + inflow and synthesis of ATP catalyzed by 
the reversible proton-translocating ATPase of this microorganism. 
When the imposed electrochemical proton gradient was below 180- 
190 mV, proton entry was at the rate expected of passive flux, 
for both control cells and cells treated with the ATPase inhibitor. 
However, at higher driving force acidification of control cells was 
markedly accelerated, coincident with ATP synthesis, while acidifi- 
cation of cells treated with the inhibitor continued at the rate 
characteristic of passive inflow. This observed threshold (180- 
190mV) was identified as the reversal potential for this H § 
"pmnp". Parallel measurements showed that the free energy of 
hydrolysis for ATP in these washed cells was 8.4kcal/mole 
(370 mV). The comparison between the reversal (threshold) poten- 
tial and the free energy of hydrolysis for ATP indicates a stoichiom- 
etry of 2 H+/ATP for the coupling of proton movements to ATP 
formation in bacteria. 

Key words chemiosmotic theory �9 stoichiometry . ATP synthe- 
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Introduction 

The membranes of bacteria contain a proton-translo- 
cating ATPase (BFoFt) that operates in one of two 
modes under physiological conditions - to either es- 
tablish and maintain an electrochemical proton gra- 
dient at the expense of ATP hydrolysis, or to catalyze 
ATP formation subsequent to the generation of an 
electrochemical proton gradient by other reactions 
(for recent reviews, consult Harold, 1977; Rosen & 
Kashket, 1978; Mitchell, 1979; Maloney, 1982). In 
the latter case, this enzyme carries out the terminal 
step in oxidative or photosynthetic phosphorylations, 
as do its counterparts in mitochondria and chloro- 
plasts. It is presumed that the mechanism of coupling 

between proton movements and ATP synthesis (hy- 
drolysis) is the same in the prokaryotic and eukaryotic 
systems, for these enzymes share three important 
characteristics: (0 there is a similar, rather complex 
physical structure, incorporating at least 8 different 
polypeptide subunits; (ii) the coupling between ion 
movement and ATP synthesis (hydrolysis) requires 
participation of both integral (Fo) and periferal (F1) 
membrane proteins; and (iii) there is no covalent in- 
teraction between reactants and protein during the 
catalytic cycle. These features distinguish this class 
of ion " p u m p s "  from all others so far studied, in 
which only a relatively few, integral membrane pro- 
teins are required, at least one of which is likely to 
be phosphorylated during the overall reaction (see 
Guidotti, 1979). 

Several bacterial systems have proven useful to 
the study of this proton-translocating ATPase. While 
genetic and biochemical studies have been especially 
fruitful using Escherichia coli (Downie, Gibson & 
Cox, 1979; Futai & Kanazawa, 1980; Fillingame, 
1981) or PS3, a thermophilic bacterium (Kagawa, 
1978), questions concerning the operation of  this en- 
zyme within its native membrane have been more 
conveniently addressed using the Streptococci. Thus, 
work with Streptococcus faecalis (Harold, Pavlasova 
& Baarda, 1970; Harold & Papineau, 1972) was the 
first to identify this enzyme as the link between ATP 
hydrolysis and generation of both the membrane po- 
tential and pH gradient of metabolizing cells (see also 
Kashket, 1981), and studies of S. lactis have provided 
convincing evidence that this ATPase activity can be 
reversed to yield net ATP synthesis when the appro- 
priate electrical or chemical (pH) gradients are im- 
posed (Maloney, Kashket & Wilson, 1974; Maloney 
& Wilson, 1975). 

Work using S. lactis has also been important in 
documenting the obligatory nature of the coupling 
between proton movements and ATP formation (Ma- 
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loney,  1977). Bu t  in t ha t  ear l ie r  work ,  it was  poss ib le  

to  s tudy  this  c o u p l i n g  o n l y  u n d e r  c o n d i t i o n s  w h e r e  

an  i m p o s e d  m e m b r a n e  p o t e n t i a l  ( inside nega t ive )  

d o m i n a t e d  the  e l e c t r o c h e m i c a l  p r o t o n  g rad ien t .  T h e  

e x p e r i m e n t s  r e p o r t e d  he re  p r o v i d e  the  necessa ry  c o m -  

p a n i o n  s tudy,  in w h i c h  a p H  g r a d i e n t  d r ives  the  cou-  

p led  reac t ion .  As  wel l  as c o n f i r m i n g  c o n c l u s i o n s  

r e a c h e d  in the  ear l ie r  work ,  the  resul ts  p r e s e n t e d  here  

p r o v i d e  s t r o n g  s u p p o r t  fo r  t w o  a d d i t i o n a l  p r o p o s a l s :  

(a) t ha t  the  s t o i c h i o m e t r y  o f  the  r eac t i on  is 2 H + /  

A T P ;  a n d  (b) t ha t  t he  ra te  o f  the  r eac t i on  ( m e a s u r e d  

as p r o t o n  entry)  is i nd i f f e ren t  to the  r e l a t ive  p r o p o r -  

t ion  o f  m e m b r a n e  p o t e n t i a l  a n d  p H  g r a d i e n t  (see also 
M a l o n e y  & Scha t t s chne ide r ,  1980). These  f ind ings  are  

cons i s t en t  w i th  p r e d i c t i o n s  m a d e  by a m o d e l  t ha t  

supposes  a d i rec t  i n t e r a c t i o n  b e t w e e n  all  r eac t an t s  

(H +, p h o s p h a t e  a n d  A D P )  d u r i n g  the  synthes is  o f  

A T P  (Mi tche l l ,  1974). 

Materials and Methods 

Bacterial Strain and Growth Conditions 

Streptococcus lactis (ATCC 7962) was grown as described earlier 
(Maloney & Wilson, 1975; Maloney, I977). In most experiments 
cells were twice washed and finally resuspended using 0.1 M potassi- 
um phosphate, pH 8. The cell density of this concentrated stock 
was about 8000 Klett Units (No. 42 filter), corresponding to 25 ~tl 
of intracellular water/ml suspension (see below) or 16.5 mg dry 
weight/ml (Kashket & Wilson, 1972). All experiments were done 
at 21 22 ~ 

Measurement of Intracellular Water 

Intracellular water was determined from the distribution of tritiated 
water (2 laCi/ml) after a 1-min centrifugation through silicone oil 
(specific gravity of about 1.05) using a Beckman Microfuge B. 
[x4C]-Inutin (0.8 gCi/ml; 0.4 mg/ml) was used to monitor the extra- 
cellular space. The silicone oil was a 3 : 1 (vol/vol) mixture of Dow 
Coming Silicone Fluids Nos. 550 and 510, respectively. Provided 
that a minimum cell mass was used (equivalent to 0.6 Ixl cell water), 
internal and external water spaces were directly proportional to 
total cell mass and independent of the volume used for centrifuga- 
tion. Calculated internal water space was 0.31 +0.01 (SZM, 6 experi- 
ments) for 1 ml of a suspension at 100 Klett Units; extracellular 
water represented 42+_ 1% of total pellet water. These internal 
and external water spaces did not change after addition of valino- 
mycin to 10 p.M. 

Determination of Intracellular Potassium 

Two techniques gave the same results. In one case cells suspended 
in 0.1 g potassium phosphate, pH 8, were filtered (0.65 bt pore 
size), and then washed once with an equal volume of 0.1 M sodium 
phosphate (pH 8) to remove residual external potassium. Alterna- 
tively, cells suspended in potassium phosphate were centrifuged 
through silicone oil, as described above, and the known external 
water space was used to account for contaminating extracelIular 
potassium in the pellets. In either case, total potassium on filters 
or in pellets was measured by flame photometry. The results of 
seven experiments indicated internal potassium of 380_+30 mu 
(SEM), in agreement with other work (Maloney, 1977). 

Assays of Intracellular Phosphate 

For these measurements cells were washed and resuspended using 
0.1 M potassium sulfate maintained at pH 8 with 20 mM potassium- 
morpholinopropane sulfonate. In routine experiments aliquots con- 
taining about 2.5 gl cell water were extracted on ice with 0.5 N 
perchloric acid for 20-30 rain before neutralization with potassium 
hydroxide. After the extracts were clarified by centrifugation, inor- 
ganic phosphate was determined using a method described by Ames 
(1966). In several experiments this method was compared with 
a procedure (Martin, Berberich, Ames, Davis, Goldberger & Your- 
no, 1971) designed to eliminate contributions from acid labile com- 
pounds such as pyrophosphate. The two assays gave identical re- 
suits. Measurements from eight separate experiments indicated an 
inorganic phosphate pool of 53 + 3 mM (SEM). This represents about 
one-third of the total organic and inorganic phosphate measurable 
(Ames, 1966) after acid extraction. Control experiments showed 
that all (>95%) inorganic phosphate measured in this way was 
contained within cells, and that there was no significant (< 20%) 
increase of internal phosphate after a 1-hr incubation of cells in 
the phosphate-based medium used for other work. No (<5%) 
release of phosphate into the medium was found after ceils were 
subjected to a pH jump (pH 8 to pH 3.5) in the presence of valino- 
mycin. 

Determination of Thiocyanate Distribution 

in some experiments the presence of a membrane potential (inside 
positive) was inferred from the distribution of the thiocyanate an- 
ion. In such cases, cells were suspended at a density of about 
1100 Klett Units in 0.1 M potassium phosphate, pH 8, along with 
potassium [3ss]-thiocyanate (0.3 gCilml; 151x~a final concen- 
tration). No valinomycin was present. After 10 rain, duplicate 
0.2 ml samples (0.68 Ixl cell water) were centrifuged through silicone 
oil. Sulfuric acid was then added to lower external pH to 3.5, 
and further samples removed for centrifugation 1 and 10 rain later. 
Calculations of the distribution of thiocyanate assumed the external 
and internal water spaces measured in other experiments (see 
above). The membrane potential in equilibrium with this distribu- 
tion was determined using the Nernst relationship, assuming no 
nonspecific binding of the anion to cells. The concentration of 
thiocyanate used was without effect on the ATP synthesis that 
occurred when valinomycin was also present. However, higher lev- 
els (100 gM or above) were inhibitory (tested in cases where cell 
density was reduced 15-fold). It is not clear whether this inhibi- 
tion reflects a direct toxic effect of the anion, or an indirect effect 
due to association of the anion with the potassium-valinomycin 
complex (Blok, Gier & Deenan, 1974). 

Measurement of Intracellular p H  

Two procedures were used. To estimate internal pH of valinomy- 
cin-treated cells suspended in 0.1 M potassium phosphate at pH 8, 
aliquots containing about 2.5 btl cell water incubated with either 
tritiated water (2 laCi/ml) and [14C]-methylamine (0.4 gCi/ml; 
15 btM final concentration) or tritiated water (2 gCi/ml) and [x4C]- 
inulin (0.8 gCi/ml; 0.4 mg/ml). The pellets obtained after eentrifu- 
gation through silicone oil had the same total water spaces, and 
a comparison of the inulin and methylamine contents allowed cal- 
culations of the distribution of the weak base. In three separate 
experiments, the calculated ratio of internal to external methyl- 
amine was 2.3+0.1 (SEM), indicating a mean value for internal 
pH of 7.6 (Maloney, Kashket & Wilson, 1975). 

Other experiments required assays of the kinetics of change 
of internal pH after external pH had been lowered by addition 
of an acid to the medium. In these cases internal pH was estimated 
(Maloney et al., 1975) from the distribution of salicylic acid (pK = 
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3.0). Unless otherwise stated, the following general procedure was 
used. Cells were suspended at a density of 75-150 Klett Units 
in 0.1 M potassium phosphate, pH 8, along with [14C]-salicylic acid 
(0.1 gCi/ml; 1.5~M final concentration) and (when required) 
valinomycin (10 gM final concentration). During the 5- to 10-min 
preincubation period, duplicate samples were removed to estimate 
nonspecific binding of salicylate and to measure zero time levels 
of ATP (see below). A small volume of 1 Y acid (usually sulfuric) 
was then added to lower external pH to the desired value. Subse- 
quently, 0.2-ml samples (0.05-0.10 IzI cell water) were filtered on 
prewetted, prechilled (4 ~ Millipore filters (0.65 g pore size). This 
was followed by a brief wash with 4 ml of iced 0.1 M potassium 
phosphate that had been similarly acidified (to within +0.2 pH 
units). Time from filtration to completion of the wash was about 
5 sec. Duplicate samples removed before addition of acid gave 
an estimate of nonspecific binding to both filters and cells; these 
blank values (100-150 cpm) were subtacted from sample values 
(typically 300-3,000 cpm) before calculation of internal pH. In 
such experiments, the weak acid was accumulated maximally to 
an internal level of about 5 mM when large pH gradients were 
imposed. Measurements of internal buffering power (Maloney, 
1979) lead one to expect that of itself such accumulation would 
not lower internal pH by more than 0.2 pH units (from 7.6 to 
7.4). 

In a control experiment, cells were subjected to a pH jump 
(pH 8 to pH 3.5, using sulfuric acid) that resulted in a several 
thousandfold accumulation of radioactivity. The material accumu- 
lated within cells was extractable (98%) with ethanol and was 
identified as unaltered salicylic acid by cochromatography with 
the unlabeled compound on silica gel, using hexane/acetic acid/ 
chloroform (85:15:10; vol/vol). In one other experiment, after 
external pH had been lowered to pH 3.5, samples were removed 
at 45-sec intervals and cells separated from the medium, alternately, 
using either filtration and washing or a centrifugati0n through 
silicone oil. The two methods gave identical results for the decay 
of internal pH during the first 3-4 rain after the pH jump, although 
at later times the centrifugation method indicated a more alkaline 
internal pH (by as much as 0.5 pH unit after 10 rain). Several 
additional findings also suggest that the filtration method provided 
adequate estimates of the initial changes of internal pH : (0 When 
large pH gradients were imposed (3.5-4.5 pH units) a several thou- 
sandfold accumulation of the anion occurred within 20 sec, indicat- 
ing that the later and less rapid changes of internal pH could 
be accurately tracked by the probe. (i0 Although external pH 
was routinely lowered by 2-4.5 pH units, extrapolated zero time 
internal pH was usually pH 6.8-7.2, reasonably close to the ex- 
pected range (pH 7.4~7.6, depending on the size of the pH jump; 
note that since internal buffering power increases as pH falls (Ma- 
loney, 1979), extrapolations to zero time may underestimate initial 
internal pH). (iii) The rates of acidification observed for cells treat- 
ed with both valinomycin and N,N'-dicyclohexylcarbodiimide 
(DCCD) were used to calculate net membrane conductance to 
H + (see Discussion). This calculation agreed well with values ob- 
tained by entirely different methods (see Maloney, 1982). The major 
deficiency of this assay is a quantitative uncertainty when internal 
pH is only t-1.5 pH units above outside pH, since sample counts 
are only 2-3 times higher than the assay blank. This was of particu- 
lar concern when outside pH was near the pK of the probe. Thus, 
when outside pH was 3-3.5, no quantitative arguments were based 
on values for internal pH of 5 or below. 

Assays of A TP and ADP 

For routine experiments, 0.4-ml aliquots (containing 0.09-0.18 gl 
cell water) were mixed with 0.1 ml iced 1 N perchloric acid, and 
maintained in an ice bath for at least 20 rain before neutralization 
with 0.3 ml 3 y potassium hydroxide. The supernatant was assayed 

for ATP using the firefly assay, essentially as described earlier 
(Maloney & Wilson, 1975), except that photon counting was per- 
formed with a Nuclear Chicago Mark II Liquid Scintillation 
Counter in which both coincidence and dead time circuitries were 
disconnected. The mean of at least three trials was used to estimate 
the ATP content of a sample. In cases where both ATP and ADP 
were measured, cell density was increased fivefold to ensure accu- 
rate assay of the low basal level for ATP. ADP was measured 
after its conversion to ATP in the presence of pyruvate kinase 
and excess phospho(enol)pyruvate (Maloney, 1977). 

Chemicals 

Sigma Chemical Co. was the source of adenosine 5'-triphosphate 
(ATP), adenosine 5'-diphosphate (ADP), phospho(enol)pyrnvate, 
pyruvate kinase (Type II), valinomycin, and the luciferin-luciferase 
preparation (FLE-50) used in the assay of ATP. N,N'-dicyclohexyl- 
carbodiimide (DCCD) was purchased from Schwarz/Mann Co. 
and sodium tetraphenylborate from Fisher Chemical Co. Dr. P.L. 
Pedersen (The Johns Hopkins Univerisity School of Medicine) 
generously provided carbonylcyanide-p-trifluoromethoxyphenyl- 
hydrazone. The radioactive materials, all used without further puri- 
fication, were from the New England Nuclear Corp.: carboxyl 
[14C]-salicylic acid; [l~C]-methylamine; [14C]_inuli n ; potassium 
[3sS]-thiocyanate; and tritiated water. 

Valinomycin was routinely used at i0 gM final concentration, 
DCCD at 1 mM. The valinomycin, DCCD, and labeled salicylic 
acid or methylamine were added to cells from concentrated stocks 
of ethanolic solutions. Final ethanol concentrations did not exceed 
0.3%. 

Calculation of  Thermodynamic Quantities 

The difference in electrochemical potential for H § (A~H-/Y) was 
expressed in electrical units (mV) and was calculated according 
to the expression: 

AfiHt/F=A~-(2.3 RT/F)ApH (1) 

where R, T and F have their usual meanings, and where A r indi- 
cates the value of the membrane potential and ApH gives the 
difference between internal and external pH. The membrane poten- 
tial was calculated by assuming an equilibrium distribution for 
potassium in the presence of valinomycin. In cases where calcula- 
tion of AfiH-/F was appropriate, cells were initially suspended 
in 0.i M potassimn phosphate, pH 8, along with valinomycin. 
Under these conditions measurements of internal potassium and 
internal pH (see above) indicated that H + was distributed at or 
near equilibrium (AYtH+/F= +6 mV). This small apparent disequi- 
librium was neglected in calculation of imposed driving force, since 
the value of AytH+/F after additions of sulfuric acid was large 
(see for example, Fig. 5). Moreover, with tl{is assumption, the value 
of AfiH+/F established by addition of acid at zero time could 
be calculated directly from the measured deflections in outside 
pH, along with known changes (if any) of external potassium. 
External pH was measured in each sample using Radiometer pH 
meter (PHM64) equipped with a combined electrode (GK232tC), 
after aliquots for assay of internal pH and intracellular ATP had 
been removed. Cell density was sufficiently low so that internal 
buffering power would not significantly alter outside pH as a result 
of K+/H + exchange. 

In other experiments, the free energy for hydrolysis of ATP 
(AG',~p) was calculated for cells suspended in 0.1 M potassium 
phosphate, pH 8, in the presence of valinomycin. Calculations were 
made from the following relationship: 

A G'ATp = A G~ R T In [ATPJ/[ADP] [Pi], (2) 

where AG~ indicates the standard free energy for hydrolysis, 
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Fig. 1. ATP synthesis and proton entry after addition of sulfuric 
acid. Stock cells were diluted to a final density of 100 Kiett Units 
in 0.1 M potassium phosphate, pH 8, along with labeled salicylic 
acid and either 10 ~.M valinomycin (o) or the equivalent volume 
of ethanol (/,). For pretreatment with N,N'-dicyclohexylcarbodii- 
mide (DCCD), stock cells were incubated with the inhibitor (1 mM) 
for 60 min at 21 ~ before dilution into phosphate buffer and 
addition of the ionophore and salicyclic acid (c~). At zero time 
1 N sulfuric acid (about one-tenth volume) was added to lower 
external pH to 3.5. Samples were then removed for assay of either 
internal pH (A) or intracellular ATP (B) 

and where terms in brackets give the molar concentrations of nu- 
cleotides (ATP, ADP) and phosphate (Pi). Division by Faraday's 
constant was used to express this calculated "phosphate potential" 
in equivalent electrical units. 

Results 

Factors Affecting A TP Synthesis and Proton Entry 
After Imposition of  a pH Gradient 

The basic experimental design is illustrated in Fig. 1. 
In that experiment washed cells were first suspended 
at pH 8 in 0.1 M potassium phosphate, conditions that 
yield an internal pH of 7.6 (see Materials and Meth- 
ods). Sulfuric acid was then added to lower outside 
pH to 3.5, imposing an initial pH gradient of 4.1 pH 
units across the cell membrane. At later times aliquots 
were removed to estimate changes of both internal 
pH (Fig. 1 A) and intracellular ATP (Fig. 1 B) for each 
of three samples: cells to which acid alone was added 
(triangles); cells also made permeable to potassium 
by use of valinomycin, the potassium ionophore (cir- 
cles) ; and potassium permeable cells having an inacti- 
vated BFoFI because of prior treatment with N,N'- 
dicyclohexylcarbodiimide (DCCD) (squares) (Fill- 
ingame, 1981). As expected from earlier work (Malon- 
ey & Wilson, 1975), ATP synthesis occurred by rever- 

sal of BFoF1 when acid was added to ceils also ex- 
posed to valinomycin. There was in addition a prompt 
net acidification of these cells, at an initial rate of 
about 3 pH units/min. In this case a portion of the 
observed proton entry might be attributed to a cou- 
pling with ATP formation, since there was partial 
reduction (to 0.7 pH units/min) of this rapid initial 
acidification when ATP synthesis was blocked by the 
carbodiimide inhibitor. But other factors must also 
significantly affect both ATP formation and net pro- 
ton entry, for ATP synthesis did not occur when acid 
alone was added, despite the persistence of a pH gra- 
dient sufficient to reverse BFoF1 in valinomycin-treat- 
ed cells. Moreover, net acidification of the cell was 
substantially slowed, to only 0.15 pH units/min. 

It seemed likely that the differing responses of 
cells untreated and treated with valinomycin reflected 
an effect of the ionophore on the membrane potential. 
Thus, when sulfuric acid is added to otherwise un- 
treated cells, the electric gradient may be significantly 
influenced by the chemical gradient for H § (OH-), 
so that the membrane potential would move towards 
the H § equilibrium potential (inside positive). If this 
does occur, one might expect results of the sort illus- 
trated by Fig. 1. For example, earlier work (Maloney 
& Wilson, 1975 ; Maloney, 1977) showed that reversal 
of BFoF1 in S. lactis required an imposed electro- 
chemical proton gradient of at least 175-215 inV. For 
the experiment shown in Fig. 1, inward driving force 
contributed by the pH gradient corresponded to 
about 240 mV, so that a membrane potential, inside 
positive, of only 25-65 mV would reduce net inward 
driving force on H + to below the required threshold 
value. However, if valinomycin were also present, in- 
creased membrane permeability to K § should ensure 
that the membrane potential rests near the potassium 
equilibrium potential ( - 1 7  mV at zero time), and 
the imposed electrochemical proton gradient would 
exceed threshold. In a qualitative sense, such reason- 
ing would also predict the valinomycin dependence 
of net proton entry that was observed (Fig. 1, com- 
pare circles and triangles). Without the ionophore 
net acidification may be limited by the (relatively) 
slow entry of external anions (phosphate, sulfate) or 
efflux of internal cations (largely potassium). Conse- 
quently, one expects an acceleration of net proton 
entry when the membrane is made permeable to po- 
tassium with valinomycin. Several experiments were 
performed to test the arguments given above, for if 
they are correct, the use of valinomycin would greatly 
simplify an analysis of the relationship between ATP 
formation and proton movements under these condi- 
tions. 

In one series of experiments the distribution of 
thiocyanate was used to monitor the appearance of 
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Table 1. Distribution of thiocyanate before and after addition of 
sulfuric acid" 

Time Observed ratio Derived membrane potential 
(rain) In/out (mV) 

0 1,9_+0.2 + 16 
l 23.9_+ 1.3 +81 

10 31.5_+2.8 +88 

Accumulation of thiocyanate was determined as described in 
Materials and Methods. Addition of sulfuric acid lowered external 
pH from 8 to 3.5 in each of 3 separate experiments. Mean values 
along with standard errors are shown. 

a membrane potential (inside positive) after addition 
of sulfuric acid (Table 1). Those studies showed that 
before addition of acid there was an apparent 1.9-fold 
accumulation of the anion, corresponding to a small 
positive potential (+ 16 mV). However, after acid was 
added, the striking increase of intracellular thiocya- 
nate indicated a large positive potential [+81 to 
+ 88 mV), of size sufficient to lower the electrochemi- 
cal proton gradient below the threshold needed for 
ATP synthesis. 

A second series of experiments examined the ef- 
fects of permeant anions on ATP formation after 
addition of sulfuric acid (Fig. 2). In these cases a 
parallel inflow of the permeant anion was expected 
to limit the size of the positive potential that would 
form as H + moves inward, down the chemical gra- 

dient. Thus, a variety of permeant anions (as valino- 
mycin) should be permissive to the observation of 
ATP synthesis driven by an imposed pH gradient 
(see also Maloney, 1978). Figure 2A shows the exam- 
ple in which cells were treated with acid in the pres- 
ence of 0.1 M halide anion. In that experiment the 
negative control (sulfate alone added) showed little 
ATP formation (an initial rate of 0.04 mmoI ATP/min 
liter cell water), whereas significantly increased rates 
of synthesis were observed for cells also exposed to 
chloride, bromide, dodide or valinomycin (0.16, 0.25, 
0.98 and 6 mmol ATP/min liter cell water, respective- 
ly). Other trials employed either 3-100 mM nitrate 
(Fig. 2B) or 1-10 ~ [  tetraphenylborate (Fig. 2B) as 
permeant anions; in each instance, increasing levels 
of the anion were associated with increasing initial 
rates of ATP appearance (with the exception of tetra- 
phenylborate at >10 gM; see legend to Fig. 2C). 
Other work (data not given) showed that ATP synthe- 
sis rescued by these permeant anions was sensitive 
to a proton conductor (carbonylcyanide-p-trifluoro- 
methroxyphenylhydrazone, 1 gM) and was absent 
when cells were pretreated with DCCD, the inhibitor 
of BFoF1. Thus, under these conditions a productive 
reversal of the proton-translocating ATPase is recov- 
ered by external anions with an effectiveness that par- 
allels their lipid solubility: tetraphenylborate > ni- 
trate > iodide > bromide > chloride. 

Two additional studies compared proton entry 

f A c IODIDE,BROMIDE,  CHLORIDE N I T R A T E  T E T R A P H E N Y L B O R A T E  
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Fig. 2. Effect of permeant anions on ATP synthesis driven by a pH gradient. ResuIts of three separate experiments are shown: (A) 
Stock cells at 7400 Klett Units in 0.1 N potassium phosphate, pH 8, were diluted 50-fold into this same buffer acidified to pH 3.3 
with sulfuric acid. The dilution buffer also contained either 0.1 M potassium iodide (o), bromide (E~) or chloride (zx), or 0.05 .'u potassium 
sulfate (o, o); for the positive control, cells were treated with 10 ~tg valinomycin before dilution (o). (B) The experiment was performed 
as in part A, except that cells were diluted into buffer acidified (pH 3.3) with varying amounts of nitric and sulfuric acids, along 
with potassium sulfate to maintain 0.i M sulfate in all samples. Final nitrate concentrations (mM) are shown on the graph. (C) Cells 
were placed at 75 Klett Units in 0.I M potassium phosphate, pH 8, along with the indicated levels (gM) of sodium tetraphenylborate, 
before addition of sulfuric acid brought external pH to 3.1; when valinomycin was present (e), no tetraphenylborate was added. 
During the preincubation at pH 8, a potassium-tetraphenylborate precipitation occurred when the anion was at 30 ~tM; the free anion 
level in this sample may have been considerably less than the stated value 
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Fig. 3. Proton entry after addition of acid in the presence of valinomycin or a permeant anion. Results of two separate experiments 
are shown: (A) Experimental details are as described in the legend to Fig. 1, except that addition of either sulfuric (o, e) or nitric 
([], s) acids lowered outside pH to 3.4-3.5. Other data (not given) showed ATP synthesis in the control cells (o, n) but not in 
the DCCD-treated samples (e, s). Initial rates of proton entry for DCCD-treated cells were calculated as the slope of a line connecting 
the 20-, 40- and 60-sec time points: 0.83 and 0.78 pH units/min, respectively, for cells exposed to valinomycin or nitrate. For control 
cells, initial rates of proton entry were estimated using the zero time vatue for internal pH calculated from the paired sample treated 
with DCCD (6.75 for both DCCD-treated samples in this experiment) and the subsequent time point(s) where internal pH was 5.5 
or higher: initial rates were 2.6 or 1.3 pH units/min, respectively, for control cells exposed to valinomycin or nitrate. Inset: "ATPase-specific 
A pH" is given as the difference between internal pH of control and DCCD-treated cells, exposed to either valinomycin (0) or nitrate 
(~). (B) Experimental details are as described in the legends to Figs. 1 and 2 C. Tetraphenylborate was used at 3.5 IxM final concentration, 
and sulfuric acid lowered outside pH to 3.0-3.2 in all samples. Initial rates of proton entry, calculated as described in part A, were 
0.75 or 0.55 pH units/rain for DCCD-treated cells exposed to valinomycin (e) or the anion (m), respectively. In control celIs, proton 
entry was estimated as 3.0 or 0.95 pH units/min for samples exposed to the ionophore (o) or anion (rq). Inset: As described in part A 

into cells treated with valinomycin or exposed to a 
permeant anion, either 0.1 M nitrate or 3.5 gM tetra- 
phenylborate. In the same work, the effect of DCCD 
was also examined, to provide the basis for determin- 
ing whether ATP synthesis rescued by the anions was 
accompanied by an accelerated net proton entry, as 
noted earlier (e.g., Fig. 1). Data in Fig. 3A show re- 
sults for cells treated with nitrate or valinomycin. 
In that experiment proton entry was relatively slow 
when only sulfuric acid was added, proceeding from 
an apparent zero time internal pH of 6.9 at a rate 
of 0.19 pH units/min (data not shown in the Figure). 
But when either nitrate or valinomycin were present, 
acidification of the cell was clearly accelerated, by 
four- to 10-fold, depending on whether prior treat- 
ment with DCCD had occurred (legend to Fig. 3A). 
Acceleration of proton entry was also found when 
tetraphenylborate replaced nitrate (Fig. 3B). More- 
over, when either anion was used, ATP synthesis in 
the control cells was paralleled by an enhanced initial 
rate of acidification compared to the DCCD-treated 

cells in which reversal of BFoF1 had been prevented. 
Thus, valinomycin and permeant anions have qualita- 
tively similar effects on proton entry : both accelerate 
acidification in the absence of ATP synthesis (DCCD- 
treated cells), and each may be used to reveal net 
proton movements that are presumed to reflect an 
influx by way of the ATPase during its reversal 
(Fig. 3, insets). 

Taken together, work summarized by Table 1 
and Figs. 2 and 3 strongly supports the idea that 
an inside positive membrane potential is established 
as H § moves towards equilibrium after addition of 
sulfuric acid to the outside phase. The net effect of 
this "back potential" is to lower the inward driving 
force on H +, with understable consequences for both 
ATP synthesis and proton movements. Therefore, as 
argued before (Fig. 1 and accompanying text) the ef- 
fect of valinomycin on each of these is most simply 
interpreted by assuming that the ionophore allows 
an experimental control over the size and polarity 
of the membrane potential. It has been important 
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Fig. 4. Proton entry coupled to ATP synthesis. Unless otherwise 
specified, experimental details for measurement of internal pH 
(panel A) and intracellular ATP (panel B) are as given in the 
legends to Figs. I and 3. Solid symbols indicate a pretreatment 
with 1 mM DCCD, as described in Fig. 1. In three cases, cells 
were suspended in 0.1 M potassium phosphate, pH 8, with valino- 
mycin before addition of sulfuric acid brought outside pH to 4.9 
(zx), 4.0 (~) or 3.9 (i) .  In two instances (e, �9 stock cells in 
0.1 M potassium phosphate, pH 8, were diluted into 0.09 M choline 
plus 0.01 ~I potassium phosphate (pH 8) before addition of the 
acid lowered pH to 5.0; valinomycin was added 15 sec before 
the acid. Panel C shows "ATPase-specific A pH" (legend to Fig. 3) 
for the paired samples in which increased driving force above 
threshold for ATP formation was due to an increased pH gradient 
(~) or membrane potential (0). Rates of proton entry during the 
first 60 sec, calculated as described for data in Fig. 3, were (in 
pH units/rain): 0.43 (zx), 0.46 (e), 0.75 (m), 1.5 (o) and 1.7 ([]) 

to support this conclusion using a variety of ap- 
proaches, since the experiments summarized below 
have taken advantage of this ionophore to analyze 
the coupling between proton entry and ATP synthesis. 

Proton Entry Coupled to Synthesis of ATP 

In work described by the preceding section, an exami- 
nation of control and DCCD-treated cells revealed 
an elevated rate of proton entry that correlated with 
a reversal of the proton-translocating ATPase. The 
experiment illustrated in Fig. 4 was performed to pro- 
vide further tests of the idea that this enhanced acidifi- 
cation was mediated by BFoF1 itself. The intent was 
to examine ATP formation and proton entry under 
two conditions: (a) when the imposed electrochemical 
proton gradient was raised from below to above 
threshold for ATP formation; and (b) when a variable 
proportion of membrane potential and pH gradient 
contributed to a total driving force exceeding thresh- 
old. The sample used as the basis for these compari- 

sons is shown by the triangles (Fig. 4). In that case, 
as in the remaining trials, a pH gradient was generated 
by adding sulfuric acid to valinomycin-treated cells. 
For these cells, imposed driving force (about 180 mV) 
did not elicit ATP synthesis, and the initial rate of 
proton entry was relatively slow (about 0.4 pH units/ 
min). These responses were in contrast to those of 
the sample (open squares) in which driving force 
(about 230 mV) was raised above threshold by an 
increased pH gradient; this supported both ATP syn- 
thesis and a fourfold acceleration of proton entry. 
The increment in proton entry was clearly greater 
than predicted by the fractional change of driving 
force, and was greater than that observed in the paired 
sample (closed squares) where driving force was simi- 
larly elevated for cells having nonfunctional BFoF1. 
This experiment also included samples where eleva- 
tions of driving force above threshold were achieved 
by altering the membrane potential, rather than the 
pH gradient. For those samples (open and closed 
circles), outside pH was maintained near pH 5 while 
cells were diluted into media with choline in partial 
replacement of potassium, increasing the potassium 
diffusion potential by about 60 inV. Thus, it was pos- 
sible to compare cases in which net driving force 
was the same (230-240 mV), but represented by differ- 
ent proportions of the electrical and chemical gra- 
dients. In both instances, proton entry that paralleled 
ATP synthesis was relatively rapid (1.5-1.7 pH units/ 
min), and was increased over that found in paired 
samples treated with DCCD (0.5-0.75 pH units/rain). 
The results of this experiment, along with data pre- 
sented in the preceding section (Fig. 3), support the 
conclusion that under such conditions it is possible 
to monitor a H § influx that arises from the coupling 
of proton movements to the synthesis of ATP. A 
qualitative index of this coupling is given by Fig. 4 C 
as the difference between internal pH of control and 
DCCD-treated cells (" ATPase-specific A pH"). 

To provide a quantitative basis for the comparison 
of control and DCCD-treated cells, initial rates of 
proton entry were measured in a number of experi- 
ments of the kind illustrated in Figs. 1 and 4. These 
data are summarized by Fig. 5, which shows initial 
rates of proton entry as a function of the imposed 
electochemical proton gradient. In such work, the 
imposed gradient was determined largely by the size 
of the pH gradient, although in three separate experi- 
ments (identified by the squares) driving force in- 
cluded a 60-mV increment in the membrane potential 
due to an increase in the potassium diffusion potential 
(as in Fig. 4). These results clearly distinguish the 
responses of control and DCCD-treated cells. Thus, 
for cells without functional ATPase, proton entry was 
directly related to driving force in the region 150- 
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Fig. 5. Relationship between initial rates of proton entry and the 
initial value of the electrochemical gradient for H +. The graph 
shows results obtained in nine separate experiments, and includes 
data from Figs. 1, 3 and 4, as we!.l as other results from those 
experiments not given in the earlier Figures. Calculations of the 
initial value of the imposed electrochemical gradient were per- 
formed as described in Materials and Methods; initial rates of 
proton entry were determined from the observed changes of inter- 
nal pH during the first 60 sec, as outlined in the legend to Fig. 3. 
In 20 of the paired comparisons of control (o) and DCCD-treated 
(o) cells, the imposed electrochemical proton gradient was varied 
by addition of varying amounts of sulfuric acid. Three separate 
experiments also contained one pair in which control (m) and 
DCCD-treated ([]) cells were examined when driving force included 
a 60-mV increment in membrane potential, as described in the 
legend to Fig. 4. For all paired comparisons, the mean difference 
of final external pH was 0.04 pH units (range: 0~.3 pH units). 
The regression line drawn for control cells considers only cases 
where driving force was 200 mV or greater, and shows a slope 
of 0.0276 pH units/min x mV with an abscissa intercept of 174 mV ; 
the standard deviation of the vertical scatter corresponds to + 10 
mV on the horizontal scale. For DCCD-treated cells, the slope 
of the line drawn is 0.0021 pH units/rain x inV. This line assumes 
an ordinate intercept of 0 mV, and at 200 mV passes through a 
point representing the mean (least-squares) value for data where 
driving force was less than 260 mV (see Discussion). The lines 
given in the Figure reflect measured rates of acidification. This 
method of relating proton entry to driving force was preferred 
to the alternative in which a single (20-sec) time point was used 
to calculate net proton entry. Nevertheless, the two methods were 
in good agreement. For example, in the latter method proton entry 
was derived using known internal buffering power (Maloney, 1979) 
and the difference between initial internal pH (pH 7.6) and internal 
pH 20 sec after addition of acid: for control ceils ( > 200 mV driving 
force) the least-squares regression had a slope of 3.6 Ixmol H+/ 
minxmVxg dry weight, and an ordinate intercept of 183 mV; 
for DCCD-treated cells (<260 mV), the least squares line had 
a slope of 0.45 ~tmol H+/min x mV x g dry weight, and an ordinate 
intercept of 10 inV. The intersection of the two lines occurred 
at 208 mV 

280 mV, and  the analysis  given la ter  (see Discussion)  
indicates  tha t  this  p ro ton  entry  for  D C C D - t r e a t e d  
cells reflects a pure ly  passive net  m o v e m e n t  of  H § 
down the e lec t rochemical  gradient .  The  behav ior  o f  
cont ro l  cells, however ,  was more  complex.  W i t h  driv- 

ing force centered a b o u t  180 mV it was no t  possible  
to di f ferent ia te  p r o t o n  entry  into con t ro l  cells f rom 
tha t  found  in D C C D - t r e a t e d  cells. But  as dr iv ing 
force rose  above  200 mV, ac id i f ica t ion  o f  cont ro l  cells 
became more  r ap id  than  expected for  passive flow. 
The a rguments  given earl ier  indicate  tha t  such ele- 
vated p ro ton  ent ry  mus t  include a c o m p o n e n t  reflect- 
ing inflow of  H + by way  o f  the A T P a s e  itself, dur ing 
A T P  synthesis. Accord ing ly ,  the intersect ion of  the 
lines d rawn  (Fig. 5) co r r e sponds  to  an  observed  thresh- 
old  o f  188 + 10 mV for p r o t o n  movemen t s  associa ted  
with  the reversal  of  the A T P a s e  react ion.  As no ted  
in Mate r i a l s  and  Methods ,  ca lcula t ions  o f  imposed  
dr iv ing forces (Fig. 5) a ssumed  an equi l ib r ium distri-  
bu t ion  for H + before  add i t ions  o f  sulfuric acid. But 
at  p H  8 in 0.1 M po ta s s ium p h o s p h a t e  there was a 
small  a p p a r e n t  g rad ien t  o f  6 mV (directed outward) .  
I f  this is t aken  at  face value,  the  observed  threshold  
for A T P a s e - m e d i a t e d  p r o t o n  ent ry  wou ld  co r re spond  
to 182 mV. 

Stoichiometry of  Coupling 
Between H + Entry and A T P  Synthesis 

Net  p r o t o n  entry  coup led  to A T P  fo rma t ion  was ob-  
served only  when the imposed  e lec t rochemica l  p ro ton  
grad ien t  exceeded a th resho ld  value  o f  180-190 inV. 
S imi lar  th resho ld  values (175-215 mV) have been re- 
po r t ed  for  the measurement s  of  A T P  synthesis  in 
washed  cells of  S. lactis (Maloney  & Wilson,  1975; 
Maloney ,  1977) or  a re la ted  o rgan i sm (Drif t ,  Janssen 
& Wezenbeek ,  1978), The  s implest  in t e rp re ta t ion  o f  
these observa t ions  is that  these requi red  thresholds  
identify the  reversal  po ten t ia l  for  the p ro ton - t r a ns lo -  
ca t ing  A T P a s e  under  these condi t ions .  Wi th  this as- 
sumpt ion ,  one m a y  derive the s to ich iomet ry  o f  cou-  
pl ing between p r o t o n  entry  and  A T P  fo rmat ion ,  pro-  
v ided tha t  measurement s  of  the phospha t e  po ten t ia l  
are also avai lable .  

The  da ta  in Table  2 show levels of  ATP ,  A D P  
and  inorganic  p h o s p h a t e  (Pi) measu red  for washed  
cells o f  S. lactis suspended  in 0.1 g po ta s s ium phos-  
phate  at  p H  8. A s s u m i n g  a value of  7.6 kca l /mole  
(Guynn  & Veech, 1973) for  the  s t a n d a r d  free energy 

o f  A T P  hydro lys i s  (A G~ these da ta  have been used 
to calculate  the phospha t e  potent ia l ,  A G"ATP. 

As shown by Table  2, the phospha t e  po ten t ia l  o f  
these rest ing cells is 8.4 kca l /mole ,  or  a b o u t  370 mV 
when expressed in the equivalent  electr ical  units. F o r  
two reasons the p h o s p h a t e  po ten t ia l  of  these cells 
is s ignif icant ly less than  tha t  observed  dur ing  active 
glycolysis (11-11.5 kca l /mole ,  o r  480-500 mV;  M a -  
loney,  unpublished). In the rest ing state the ra t io  A T P /  
A D P  is a b o u t  0.2 (Table  2), whereas  dur ing  glycolysis  
this ra t io  rises to be tween 5 a n d  10 (Mason ,  Ca rbone ,  
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Table 2. The phosphate potential of resting cells" 

[ATP] [ADP] [Pi] A G~ RTln [ATP]/ A G2TP 
[ADP] [Pi] 

(moles/liter cell water x 103) (kcal/mole) 

1.I8_+0.02 0.78_+0.01 53+3 %60 0.84 8.44 

a Values given at the left show the means and standards errors 
of 4 (ATP, ADP) and 8 (Pi) separate experiments. The nucleotide 
and phosphate assays are described in Materials and Methods. 
Calculation of zlG~rp was performed as described in Materials 
and Methods. 

Cushman & Waggoner, 1981 ; Maloney, unpublished). 
In addition, the inorganic phosphate pool is consider- 
ably higher in the resting condition (about 50 mM) 
than in the active state (about 5 raM) (Mason et al. 
1981; Maloney, unpublished). 

The value of the phosphate potential determines 
the minimum free energy which must be made avail- 
able to form ATP under these conditions. Thus, if 
entry of a single proton were coupled to ATP synthe- 
sis, imposed driving force could be no less than 
370 mV. However, for a stoichiometry of 2 H+/ATP 
the reversal potential of the coupled reaction would 
fall to 185 inV. Similarly, for coupling ratios of 3 H +/ 
ATP or higher, one expects both proton entry and 
ATP synthesis when driving force is 125 mV or below. 
Since the ratio of the phosphate potential to the ob- 
served reversal potential is 2.0, the data given in Fig. 5 
and Table 2 indicate a stoichiometry of 2 H+/ATP 
for the proton-translocating ATPase of S. lactis. 

Discussion 

By exploiting several characteristic features of the an- 
aerobe S. lactis it has been possible to document 
the coupling between proton entry and ATP synthesis 
catalyzed by the proton-translocating ATPase of bac- 
teria. Of particular importance to these experiments 
has been the sensitivity of this cell to valinomycin, 
which provides an experimental control over the 
membrane potential, and the high internal potassium 
and high intracellular buffering capacity, which allow 
one to impose electrical and chemical gradients that 
subsist over a time appropriate for manual sampling. 
With this strategy in mind, earlier work had studied 
proton entry when a membrane potential (a potassi- 
um diffusion potential) dominated an externally ap- 
plied driving force, and in that case it proved conve- 
nient to infer proton entry from changes of  external 
pH (Maloney, 1977). The work described here pre- 
sents the parallel study, in which a pH gradient was 
used to drive the coupled reaction, and where the 

measurement of internal pH served to verify proton 
entry. 

The overall objective of such studies has been to 
classify the routes by which proton entry might occur 
when driving force was artificially imposed. For  this 
reason, it was important to arrange circumstances 
so that net ion movements were restricted to either 
the exchange of H § with some internal cation (e.g., 
K +) or the simultaneous inflow of H + with an exter- 
nal anion. Under such conditions, observed pH 
changes reflect the electrophoretic movement of H § 
rather than merely a transmembrane diffusion of acid 
or base. This requirement was satisfied earlier by 
showing a 1 : 1 exchange of  H § and K § in the presence 
of valinomycin, but for technical reasons, that criteri- 
on was not set in the present study. Instead, it was 
thought sufficient to demonstrate that observed pro- 
ton entry depended strongly on the presence of a 
permeant internal cation (K § when valinomycin was 
present) or any one of several permeant external an- 
ions (Figs. 2 & 3, Table 1). However, it is clear that 
some net proton entry occurs in the absence of an 
added permeant species (Fig. 1, triangles), and it is 
not known whether this represents an electrophoretic 
H § inflow, or the diffusion of a neutral species. For  
example, entry of H3PO4 might have taken place 
when high driving forces were imposed (260 mV or 
more; external pH of 3.5 or less), as outside pH ap- 
proached the pK or the acid. Especially at high im- 
posed driving force when low absolute rates were 
found (DCCD-treated cells), measured acidification 
may overestimate electrophoretic inflow of H +. This 
bias is not expected to be significant in other in- 
stances. 

The results of such studies suggest that protons 
pass across the membrane by only two routes of quan- 
titative significance under these conditions. In the 
present work, a numerical argument is used to identify 
one pathway as a passive or " l e a k "  component. The 
data given in Fig. 5 show that for DCCD-treated cells 
proton entry had a mean value of 0.43 pH units/min 
when driving force was 200 inV. This corresponds 
to about 30 gmol H§ x g dry weight, since the 
bulk of those measurements were made as internal 
pH changed between pH 6 and 7, where buffering 
power is about 70 gmol H § x g dry weight (Ma- 
loney, 1979). This may be compared to the rate pre- 
dicted by the basal membrane conductance to H § 
which has been measured in "acid pulse" experiments 
(Mitchell & Moyle, 1967; Scholes & Mitchell, 1970) 
that used low driving force (0.05-0.10 pH units 3- 
6 mV) to assess the passive properties of this bacterial 
membrane (Maloney, 1979). These latter assays lead 
one to expect a passive proton entry of about 40 ~tmol 
H + / m i n x g  dry weight if driving force were raised 
to 200 mV. It is concluded, therefore, that proton 
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entry into DCCD-treated cells results from a passive 
flow, down the electrochemical gradient. It is also 
of interest to note that a similar absolute rate (about 
24 gmol H+/minxg dry weight) was observed for 
DCCD-treated cells when the inward driving force 
(200 mV, at internal and external pH of about 6) 
was dominated by the membrane potential (Maloney, 
1977). Clearly, these comparisons indicate that net 
passive flow of H § is linearly related to driving force 
over a wide range of both the electrical and chemical 
gradient, but it is relatively insensitive to the absolute 
concentration of H § itself (see also Maloney, 1979). 
One must note, however, that these rate estimates 
are based on measurements of pH and so must reflect 
the balance between H § and OH- fluxes as these 
ions move down their respective gradients. The work 
of Nichols and Deamer (1980) and Nichols, Hill, 
Bangham and Deamer (1980) reports similar observa- 
tions using an artificial system (liposomes) rather than 
a biological membrane, and their analysis accounts 
for the unusual behavior of net H + fluxes by suggest- 
ing that H + and OH- do not move across a mem- 
brane as discrete ionic species. Instead, these authors 
suggest that H § and OH- move by way of a common 
intermediate (H20), during a reassortment of hydro- 
gen bonds within the temporary water-filled pores 
that appear in the lipid phase (see Finkelstein, 1976). 

Other observations suggest that a second major 
route for proton entry is the proton-translocating 
ATPase itself, but only during the synthesis of ATP. 
Evidence strongly supporting this conclusion comes 
from the comparison of control and DCCD-treated 
cells (Fig. 5), which shows that this additional path- 
way is available only to cells containing functional 
ATPase. But work that avoids use of the inhibitor 
is equally convincing. Thus, proton entry in excess 
of that expected for passive flow shows a threshold 
value for driving force (180-190 mV) that is the same 
as that observed for ATP synthesis (175-215 mV) 
(Maloney & Wilson, 1975; Maloney, 1977; Drift et al. 
1978), and this threshold may be exceeded by either 
an increased electrical or chemical gradient (Fig. 4). 
Moreover, with reasonable accuracy initial rates of 
proton entry (in excess of the passive component) 
account for the initial rates of ATP synthesis observed 
in an independent study using identical conditions 
(Maloney & Schattschneider, 1980). In those experi- 
ments rates of 1.5-3 lamol ATP/min x g dry weight 
were obtained at a driving force near threshold 
(200 mV). This would require proton entry of at least 
6-12 gmol H +/minx g dry weight, assuming an excess 
of intracellular adenylate kinase (Maloney, 1977) and 
a stoichiometry of 2 H§ for the vectorial reac- 
tion. For this same driving force the data in Fig. 5 
indicate about 20 gmol H+/minxg dry weight for 

proton entry by way of the ATPase. A similar agree- 
ment is found for driving force well above threshold: 
at 280 mV, rates of ATP synthesis would require 
about 180gmol H+/minxg dry weight, while ob- 
served proton entry was 170 lamol H+/min x g dry 
weight (assuming the inner buffering power used in 
the earlier calculation). These estimates use initial 
rates to illustrate the adequacy of the measured pump 
current to account for ATP synthesis under these 
conditions, but it is not appropriate to derive a stoi- 
chiometry for the vectorial reaction from such com- 
parisons, for the contributions of cytoplasmic ATPase 
activity (including adenylate kinase) has not been ex- 
amined directly. For example, since the sum of ATP, 
ADP and AMP is only about 4 gmol nucleotide/g 
dry weight (Maloney, 1977), it is apparent that the 
absolute deflections of internal pH, expecially at high 
driving force, require turnover of the adenine nucleo- 
tide pool (see Maloney, 1977, 1978). Nevertheless, 
the reasonable match between initial rates of proton 
entry and ATP synthesis suggests that the coupling 
between the two events is an obligatory one: signifi- 
cant proton entry by way of the ATPase does not 
occur unless ATP formation takes place at the same 
time. A thermodynamic argument leads to the same 
conclusion, since the behavior of DCCD-treated cells 
(Fig. 5) demonstrates that imposition of an electro- 
chemical proton gradient above threshold does not 
disrupt the integrity of the cell membrane. Thus, pro- 
ton entry in excess of passive flow requires that H § 
movements be coupled to some energy-consuming re- 
action (ATP synthesis) when the membrane is crossed. 

As noted earlier, conditions for these assays en- 
sured that measured proton entry represents the elec- 
trophoretic movement of H § Since neither ATP syn- 
thesis nor its associated proton entry were found in 
the absence of permeant ions (Fig. 1), these data dem- 
onstrate directly that the ionic species involved in 
the coupling to ATP synthesis is H § (or its equiva- 
lents in aqueous phases, OH- or 02-). Further- 
more, these data show that the coupled reaction, mea- 
sured as proton entry, has the same rate for driving 
forces of equal thermodynamic weight, without re- 
gard to the precise value of the membrane potential 
or pH gradient (Fig. 4; see also Fig. 5, solid circles 
and squares). The finding is consistent with the results 
obtained when ATP synthesis is studied (Maloney 
& Schattschneider, 1980), but an examination of pro- 
ton movements had not yet been reported. Taken 
together, such observations exclude the possibility 
that the membrane potential and pH gradient have 
different mechanistic targets during the coupled reac- 
tion. In turn, these results are in accord with either 
of two proposals (Mitchell, 1969; 1974; Morowitz, 
1978), each of which predicts equal rate for equal 
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driving force, although for different reasons. Other 
models for coupling are not yet formulated in the 
detail required to assess the relative effects of electri- 
cal and chemical gradients (Boyer, 1975; Kozlov & 
Skulachev, 1977). 

Data collected here show that the threshold for 
ion flow mediated by the proton-translocating 
ATPase is the same as that found for synthesis of 
ATP (see above;and Maloney, 1982). A similar thresh- 
old (175 mV) for proton entry was observed in the 
earlier study (Maloney, 1977) where an imposed mem- 
brane potential was used to drive the reaction. Be- 
cause the same threshold describes appearance of 
both products of the reaction (ATP and internal H § 
it seems reasonable to identify it with the reversal 
potential of the coupled process. With this assump- 
tion, a stoichiometry of 2 H§ was calculated 
after comparing the reversal (threshold) potential with 
the phosphate potential (Table 2 and text). Currently, 
there is some disagreement regarding the stoichiome- 
try of this reaction in mitochondrial systems, where 
values of either 2 H+/ATP or 3 H+/ATP have been 
assigned (see Mitchell, 1979; Lehninger, Reynafarje, 
Alexandre & Villalobo, 1980). Because of this uncer- 
tainty, it is worth noting three general criticisms that 
might be made of the interpretation given to the re- 
sults summarized here. First, the calculations of ther- 
modynamic quantities have neglected the effect of 
high internal ionic strength on the activities of intra- 
cellular ions. This appears to have been a justifiable 
simplification. The initial near equilibrium distribu- 
tion of H + was derived from measurements of mem- 
brane potential (potassium ratios, in the presence of 
valinomycin) and pH gradient (methylamine ratios) 
using probes of similar ionic radii (Kielland, 1937), 
so that errors associated with use of chemical, rather 
than activity, ratios do not affect the final calculation. 
As a result, estimates of the imposed electrochemical 
proton gradient depended only on changes of external 
pH measured with a glass electrode. In addition, while 
intracellular activities of ATP, ADP or phosphate 
may be different from their concentrations, the activi- 
ty (molar) ratio [ATP]/[ADP][Pi] is not much altered 
by ionic strength. A second general criticism focuses 
on the role of intracellular enzymes that hydrolyze 
ATP. Thus, if the true stoichiometry of coupling were 
3 H+/ATP, then an imposed driving force of 200 mV 
should move the resting phosphate potential towards 
a new equilibrium value of 600 mV, with an increase 
in the ratio [ATP]/[ADP][Pi] of nearly 104. Instead, 
under these conditions increases of ATP (Maloney 
& Wilson, 1975; Maloney, 1977) suggest that this 
ratio rises by only about six- to 10-fold, as expected 
if stoichiometry were 2 H§ (the presence of ade- 
nylate kinase does not affect this argument, since the 

equilibrium constant for that reaction is close to 1). 
But measurement of ATP gives only the balance be- 
tween synthetic and hydrolytic events, so that a rapid 
and irreversible hydrolysis of newly made ATP by 
other ATPases might have suppressed the expected 
rise in the phosphate potential, leading to an overesti- 
mate of the reversal potential for ATP formation. 
However, if this were true, such intracellular hydroly- 
sis of ATP would be evident as an equally rapid 
net proton entry. This alternative is now ruled out 
by the work reported here, for no significant proton 
entry over the passive leak is found at driving forces 
below the reversal (threshold) potential for ATP syn- 
thesis. A final criticism is warranted because of the 
design of these experiments. It is known that proton- 
translocating ATPases of the FoF1 category can be 
subject to a kinetic control. For example, regulation 
of the mitochondrial enzyme is realized by a separate 
protein (Gomez-Fernandez & Harris, 1978; Pedersen, 
Schwerzmann & Cintron, 1981). Although the analo- 
gous "inhibitor protein" has not been found in bacte- 
rial systems (Kagawa, 1978), modulation of ATP hy- 
drolysis by the isolated BF1 sector of E. coli is asso- 
ciated with reversible binding of the e subunit (Smith 
& Sternweis, 1977). Despite the more recent findings 
showing that the e does not regulate the reconstituted 
BFoF1 complex (Sternweis & Smith, 1980), the obser- 
vation using isolated BF1 illustrates a general case. 
One might suppose that any observed threshold for 
proton entry and ATP synthesis includes two separate 
elements - a thermodynamic barrier represented by 
the phosphate potential, as well as a kinetic barrier 
associated with the functional dissociation of some 
(poorly described) regulatory process. In this context, 
two comments are appropriate. (/) The threshold ob- 
served here correlates with total driving force, while 
the analysis in chloroplasts (Harris & Crofts, 1978) 
suggests that relief from kinetic control is determined 
only by the membrane potential. (i 0 On the time 
scale of these experiments, no unusual kinetic behav- 
ior was apparent when initial rates of ATP synthesis 
were examined (Maloney & Schattschneider, 1980). 
Thus, it is concluded that the stoichiometry of cou- 
pling between proton movements and ATP synthesis 
is 2 H§ in S. lactis. This conclusion supports 
the earlier suggestion (Maloney & Wilson, 1975) that 
was based only on measurements of ATP synthesis, 
and agrees with other work using that same approach 
(Drift et al. 1978). An extension of this line of reason- 
ing leads to the same conclusion for the ATPase of 
E. coli- in the experiments of Wilson, Alderete, Ma- 
loney and Wilson (1976) the ratio of the phosphate 
potential to the reversal (threshold) potential for ATP 
formation was likely to have been about 2. Since 
entirely different techniques give 2 H§ for the 
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ATPase  of bacterial chromatophores  (Petty & Jack- 
son, 1979), it is probable  that  all bacterial  examples 
of this p ro ton- t rans loca t ing  ATPase  employ a stoichi- 
ometry of  2 H +/ATP. 

Of several models that  describe the coupl ing be- 
tween A T P  synthesis and  p ro ton  movements  (Mitch- 
ell, i969;  Boyer, 1975; Kozlov & Skulachev, 1977; 
Morowitz,  1978), the proposal  of Mitchell  is the most  
strongly supported by data shown here. F r o m  that  
model  one may derive two predict ions:  (0 that  stoichi- 
ometry of the react ion reflects entry of 2 H § per A T P  
made;  and  (ii) that  rate-l imit ing steps in ATP  synthe- 
sis and  net  p ro ton  entry are located a f t e r  the trans-  
m e m b r a n e  electrical field has been trasversed by in- 
coming H +, so that  an increased m e m b r a n e  potent ia l  
should have the same effect on the rate of the react ion 
as an increased pH gradient  of equivalent  thermody-  
namic  weight ( internal  pH remain ing  constant) .  The 

work reported here and  elsewhere (Maloney & Schatt- 
schneider, 1980) verifies each of these predictions for 

the pro ton- t rans loca t ing  ATPase  of bacteria. 

This work was supported by funds from the United States Public 
Health Service (GM 24195). 
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