
Vol. 59, No. 3, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

PROTONMOTIVE FORCE IN FERMENTING STREPTOCOCCUS IACTIS 7962 

IN RELATION TO SUGAR ACCUMU[~TION 

E.R. Kashket and T.}I. Wilson 

Department  of Physiology, Harvard  MedJ.cal School 
Boston, Mass. 0211.5 

Received June 18,1974 

SUM~,~RY: The fLuoreseent p~obe 1,1'-dihexyl-2,2'-oxaca~'bocyanine was 
used to measure the membrane potential in fermenting Streptococcus 
laetis 7962 cells. To ca].Jbrate the Fluorescence changes and the 
memb~'~ne potential, the decrease in Fluorescence of this dye was 
measured in valinomycin-trcatcd cells and related to the membrane 
potential calculated with the Nernst equation at various K + ratios 
:in/ou~. The membrane potential observed when cells Ferment glucose 
or arginJne was determined using such calibration curves. The proton- 
motive force during fermentation was calculated From the membrane 
potential and the pl{ gradient (measured by the distribution of 5~5- 
dimethyl-2~q-oxazolidined~one). The values obtained For the proton- 
mort.re force were Found to correlate directly with the thiomethy]-B- 
galactoside acct~nuJation in glucose- or arginine-energized eel.Is, 
These data are in accordance with the chemiosmotJe view of coupling 
oF metabolic ene~gy to the active transport oF nutrients via e].eetro- 
chemical proto~ g,radients. 

We have show~l previously (]) that in energy depleted Streptococcus 

laetis 7962 an imposed protonmotJve force cons~isting of a membrane 

potential can 8rive the active transport of thiomethyl-~-ga].actoside 

(TMG). Valinomyein, the K+-specific ionophore, was added to cells 

suspended in a K+-free medium and the resulting efflux o[" K + generated 

a la~ge membrane potential which, in turm, resulted in proton entry. 

Under these conditions there was a good quantitative relationship 

between the protonmotive forc'e (membrane potential plus proton 

gradient) and the TMG aecL~mu]_ation, suzgesting an ob]Jzatory coupling 

between proton and sugar uptake in this cell. 

The purpose of the experiments presented in this report was to 

determine whether the protonmotive Force is directly related to the 

aecumulatffon of TMG by S. laetffs 7962_ cells under conditions where the 

energy for transport is supplied by glucose or arg~nine Fermentation (2] 
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The membrane potential ~n these cells was measured w~th the fluorescent 

probe l,l-dihexyl-2,2'-oxacarboeyanine (CC6) which has been shown to 

monitor the membrane potential (3-5). When red cells (3,4) or 

phospho]ipid vesScles (5) were rendered permeable to K + ions by addition 

of val~nomycin~ the degree of fluorescence decrease of CC 6 or related 

dyes was found to be related to the medium K + concentration. When 

gtrep~ocoqc}/~ fgeqal~s cells were mixed w~th the dye CC6, addition of 

valinomycin or of glucose also resulted 5n a @ec~ease 5n fluorescence 

(6). The fluorescent intensity decrease after va~ir~omS'c~n addStSor~ was 

again rel~ted to the K + concentration in the medium. The authors con- 

eluded that a me~)rane po%ent~a]. ~s generated in fermenting S. faecal is 

cells~ as had been shown previously by Harold and Papipeau (7) who 

observed the potential-dependent uptake of The cation dimethyl dSphenyl 

ammonium (DDA+)~ in the case of Ns+-loaded~ K+-depleted cells. 

In order To use the decrease ~n fluorescence as a quantitative 

measure of the membrane potential ~n S. l aetis cells, the fluorescence 

change was first calibrated by varying the membrane potential by 

altering the K + concentration ratios in/out in bacteria treated with 

valinomyein. The membrane potential calibrated by this method, as well 

as the pH gradient, were determined in cells fermenting glucose or 

arginine. The calculated protonmotive force (~p) was compared to the 

TMG accumulation values. 

Streptococcus lactis (ATCC 7962) cells were grown for ii hours to 

early stationary phase as described previously (2), with 4 g KCI per 

liter instead of NaCI, and supplemented with 25 mM arginine. The cells 

were harvested, washed with 20 ml of 0elM sodium phosphate buffer, 

pH 7.0, and resuspended in i0 ml of the same buffer. One Tenth ml 

of saturated (about 5 ~ glucose and 0.i nll of 1 M KCI were added 

and the mixture incubated 30 min at 25 C. This incubation raised the 

internal K + from about 200 mM, typical of stationary phase cells, to 
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about 400 ~M. The cells were centrifuged, washed with 20 ml of buffer, 

and resuspended in approximately 4 ml of buffer. A stock suspension 

was prepared by adding 20 ~i of 3.5 x I0 "3 M CC 6 dissolved in 95% 

ethanol to 4 ml of cells at a density of about 5300 Klett units (2). 

Aliquots of this stock suspension were diluted 1:30 for each 

determination. All manipulations, except for the initial centri- 

fugations at 4 C, were carried out at 25 Co The buffer used throughout 

was 0.i M sodium phosphate, pH 7.0° 

When S. lactis 7962 cells were mixed with the probe CC6 in sodium 

phosphate buffer, pH 7.0, and then treated with valinomycin, the 

fluorescence decreased in intensity (Fig. IA); a maximum decrease of 

25% was observed when no K + had been added to the medium (not show~ . 

As the concentration of K+ in the medium was raised, there was a 

proportionally smaller decrease in the fluorescence. In order to 

relate the membrane potential to the fluorescence change, the fluor- 

escence at which no protonmotive force obtains was deterndned by 

treatin~ the cells with grandcidin at the end of each experiment. 

This ionophore renders the men~brane permeable to a variety of ions 

including H +, Na + and K + (8), and abolishes TMG accumulation by S. 

lactis cells (unpublished data). In the presence of gramicidin the 

ions distribute themselves according to the Donnan potential, which 

occurs because of the presence of impermeable anions within the cell. 

Quantitative estimation of Na + and K + ratios after gramicidln addition 

confirmed this expectation° Calculating from either K + or Na + ratios 

in/out, the Donnan potential was found to be approximately 75 mV 

(external osn~tic pressure = 260 mOsM0. This value was unaffected by 

addition of glucose. In constructing a standard curve relating membrane 

potential to change in fluorescence it was found that the change after 

gramicidin addition was more reproducible within one batch of cells or 

from one experiment to another than the change obtained after valino- 
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mycin a d d i t i o n .  For t h i s  reeson a l l  q u a n t i t a t i v e  data r e f e r  t o  the  va lues  

of the fluorescence change following addition of gramicidjn. 

Addition of e~ther glucose or sag:[nine to early stat~'onary phase 

S. lactJs cells resulted in fluorescence decrease (Fi~. IB)o A 
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[i~ur e I: F=Iporescence changes in S. lactis. Each euvette contained 
0.3 ml i M NaCI, 0.i ml stock suspension of cells plus dye (described 
in text), sufficient KCI to give the indicated medium K + concentrations, 
and 0.i M sodium phosphate buffer, pH 7.0, to a final voit~e of 3.0 ml. 
After i0 min valinomyein (5~i of i x i0-2M in 95% ethanol), glucose 
(25~i of about 5 M), or arginine (50~i of 2 ~ was added at 0 time, 
and gramieidin (5~i of 1 x 10-2M in 95% ethanol) at 5 or 10 min, as 
indicated. The fluorescence was measured with an Amminco-Bow~an 
speetrophotofluorometer at 450 nm excitation and 503 emission wave 
lengths and the readings normalized to final values of 50 arbitrary 
units. 

standard curve was constructed for each batch of cells by relating the 

change in fluorescence to the membrane potential at two or more 

external K + concentrations° The A~ values on the calibration curve 

(Fig. 2) corresponding to the fluorescence quenching obtained with 

glucose and arginine (Fig. IB) were 35.5 mV and 39.0 mV respectively. 

If there is an obligatory coupling between the transport of 

protons and TMG, then the protonmotive force should equal the force 

due to the TMG concentration gradient. The A p (in mV) is the sum 
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Figure 2: Relationship between the membrane potential (~) and 
fluorescence decrease. The A fluorescence is the value ~fter 
gramicidin addition minus the value at B-5 min after valinomycin 
addition, Fig. IA. The A~ was calculated from measured K + ratios 
in/out in parallel reaction vessels containing 0.3 ml stock suspension 
of cells plus dye, 0.9 ml IM NaCI, KCI to give the indicated medium 
K + concentrations, 0.i ml of 2mM either 3H-D-sorbitol at q ~Ci/umole 
or lqC-D-sorbitol at 2,5 uCi/~mole, and O.IM sodium phosphate buffer, 
pH 7.0, to a final volume of 9.0 ml, After 10 min valinomycin (15~1 
of i x 1O-2M in 95% ethanol) was added and four 1.0 ml aliquots were 
removed after 3-5 min. The cells were separated from the medium by 
Millipore filtration (1.2 pm pore size) without washing. Cell 
extracts were prepared by adding one drop of N-butanol to each filter 
and incubating in a boiling water bath for 15 min. Samples of 2 ml 
of the reaction mixture were centrifuged at 25 C, The cell extracts 
and supernatant fluids were assayed for K + concentration in a flame 
photometer after appropriate dilution. The K + concentration ratios 
in/out were calculated by subtracting the values for K + content of 
the contaminating extraeellular fluid, whose volume had been 
determined in each sample from the content of 3H- or 14C-D-sorbitol. 
The cell density in the reaction mixture was 192 Klett units per ml 
(No. i~2 filter), equivalent to 0.46~1 of cell water per ml (2). The 
membrane potentials were calculated using the Nernst equation. Each 
point represents q determinations from duplicate reaction vessels. 
The arrows indicate the a fluorescence values obtained 8-10 min after 
glucose or arginine addition (Fig. IB). 

of the electrical and chemical gradients for protons according to 

the equation (3) : 

Ap = Zi~+ 59ApH 

at 25 C, with ApH equal to the inside pH minus the outside pH; the 

force due to TMG accumulation, "APTMG" , in the same units is 

59 log [TMG] in/[TMG] out" In the experiment illustrated (Table i) 

g]ucose addition resulted in an 0.75 pH unit chemical gradient 
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TABLE i 

Energy ~m~1) A pH ~p [TMG] in [TMG] in 
Source (mV) [TMG]out 591°~[TMG]out 

Glucose 3q. 5 0.75 79.9 ]6 oi 7]. 2 

ArgJnine 39.0 0o0 39.0 5.0 ill. 2 

The values ford*are derived from F~g. 2. The pH gradient was i. 
determined fP~m the distribution of 5,5-dJmethyloxazolidJne-2,~-[2-~=(~- 
dione: using J}{-D-sorb~tol to monitor the extracellu]ar fluid space in 
each filtered sample~ and calculated usin~ the relationship described 
by Wadde]l and Butler (I[~). TMG accumulation was determined with 0.] ml 
al~quots of stock m~xture off cells and dye, as described prev~ous]y (I). 

(interior a]kal~ne) a n d  a 35.5 mV electrical gradient. The ~p 

ca!cu]ated from the above equation was 79.9 mY. In th~s experiment 

TMG was accumulate@ ]6.] fold which~ converted into the same units 

as the ~p, gives a value o f  71.2. 

When arginine was added as an energy source instead of glucose, no 

detectable DH gradient was observed. This is similar to S. faecalis 

cells which showed a pH gradient when fermenting glueose, but not 

arginine (i0). The reason for a lack of pH gradient during arginine 

fermentation is unclear, but may be the result of the CO 2 produced (ii). 

The protonmotive force calculated for arginine-energized cells was 

therefore 39.0 mV, which agreed well with the TMG accumulation (5-fold) 

value of 41.2. 

These values and those from 6 other similar experiments are 

plotted in Fig. 3. The line is the theoretical one expeeted for a 

direct relationship between protonmotive force and galactoside 

accumulation. The experimental points fit well with the line. The 

lower three values were obtained with arginine fermenting cells, the 

upper five with glucose fermenting cells. Not shown are data obtained 
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Figure 3: Relationship between protonmotive force (~p) and TMG 
accumulation. Each symbol represents a separate batch of cells. The 
three lower points indicate arginine-energized cells, the upper five 
glucose-fermenting cells. The closed circles represent the experiments 
shown in Table I. The line represents that expected from a direct 
relationship between ~ p and TMG accumulation. 

in the absence of added fermentable sugar: in that case there was no 

decrease in fluorescence, no pH gradient and no acct~nulation of TMG. 

In previous experiments (1) in which TMG accumulation was 

energized by a membrane potential resulting from the efflux of K + in 

valinomycin-treated cells, there was discrepancy of about 25 mV between 

the ~ p and the TMG accumulation values. It was proposed that the cal- 

culated~values were too high because the concentration of K + in the 

periplasmie spaee was higher than that in the medium (which was less 

than 2 mM). In the present calibration experiments the medium K + 

concentrations were between 7 and 35 mM and no discrepancy between ~p 

and TMG accumulation was observed. This lends support to the proposed 

explanation for the previous results. 

These data are consistent with the following sequence of events: 

fermentation of glucose or arginine by S. laetis cells results in the 

synthesis of ATP leading to extrusion of protons via the membrane-bound 

ATPase (12,13). The entry of TMG is, in turn, directly coupled to 

proton entry via the sugar transport protein. The driving force for 
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the e n t r y  o f  p ro tons  (pro tonmot ive  force)  was found in these  exper iments  

to correlate directly with the capacity of the cells to accumulate the 

galaetoside, in accordance with the chemiosmotic hypothesis of 

Mitchell (9). 
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