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ABSTRACT Methods have been developed to study the intracellular Na and 
K concentrations in E. toll, strain K-12. These intracellular cation concentra- 
tions have been shown to be functions of the extracellular cation concentrations 
and the age of the bacterial culture. During the early logarithmic phase of 
growth, the intracellular K concentration greatly exceeds that of the external 
medium, whereas the intracellular Na concentration is lower than that of the 
growth medium. As the age of the culture increases, the intracellular K con- 
centration falls and the intracellular Na concentration rises, changes which are 
related to the fall in the pH of the medium and to the accumulation of the 
products of bacterial metabolism. When stationary phase cells, which are rich 
in Na and poor in K, are resuspended in fresh growth medium, there is a 
rapid reaccumulation of K and extrusion of Na. These processes represent 
oppositely directed net ion movements against concentration gradients, and 
have been shown to be dependent upon the presence of an intact metabolic 
energy supply. 

A mutan t  form of the bacterium Escherichia coli which is unable to transport 
K at the normal rate has been isolated (1). In order to determine the nature 
of this induced defect, it has been necessary to characterize the cation trans- 
port system in the wild-type bacterium. The present report is concerned with 
the intracellular Na and K concentrations in the wild-type E. coli and the 
relationship between bacterial metabolism and the transport of the cations. 

The studies of Na and K metabolism previously carried out in E. coli (2, 
3), B. lactis aerogenes (4), A. faecalis (5), and several marine bacteria (6) have 
depended either on indirect measures of the Na and K content of the bac- 
terium or on the distribution of radioactive isotopes. The present communi- 
cation describes methods for the determination of intracellular Na and K 
concentrations from direct measurements on the cells. The maintenance of 
these intracellular cation concentrations is shown to be related to the age of 
the culture and to be dependent on metabolic sources of energy. 
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M E T H O D S  

Bacteria 

Escherichia coli, strain K-12, kindly provided by Dr. B. Davis, was used throughout 
the experiments. The organisms were maintained until use by monthly transfers on 
nutrient agar (Difco) plates and stored at 4°C. The basic media used in these studies 
are given in Table I. The zero K medium was prepared by a tool for mo.1 substitu- 
tion of Na phosphate for the K phosphate in Davis' medium A (7). The salt solutions 
and glucose solutions were autoclaved separately, then mixed aseptically. The 
organisms were transferred directly from the stock plates into 500 ml of medium 
contained in I liter flasks and grown overnight at 37°C with agitation. Unless other- 

T A B L E  I 

COMPOSITION OF GROWTH MEDIA 

Compound Medium A Zero K medium 5 m M  K medium 

mM mM mM 

KH~PO4 22 0 0 
K~HPO4 40 0 0 
NaH~PO4 0 22 22 
Na~HPO4 0 40 40 
(NH~) 2SO~ 8 8 8 
Na citrate 5 5 5 
MgSO4 0.4 0.4 0.4 
KC1 0 0 5 
Glucose 55 55 55 

wise indicated, the 5 m~a K medium was used for this initial cultivation. The bacteria 
were harvested in the early stationary phase after approximately 18 hours of growth, 
by centrifugation at 1,400 X g for 25 minutes at room temperature. 

Experimental Procedure 

The sedimented organisms were then inoculated into 2 to 4 liters of medium con- 
tained in 6 or 12 liter Florence flasks. These cultures were grown at 37°C with vigorous 
shaking. At desired intervals 250 to 500 ml. aliquots were withdrawn aseptically 
and concentrated 50 to 100-fold by centrifugation at room temperature. The volume 
fractions of bacteria in the resulting suspensions were 1 to 3 per cent. These suspen- 
sions were then aspirated into the specially designed centrifuge tubes described in 
Fig. 1. Centrifugation results in a densely packed column of cells with a sharp hori- 
zontal meniscus. The volume of the cell column could be determined with a precision 
of -4- 0.02 microliter using an optical comparator. The latter consists of a movable 
stage which activates a machinist's dial gauge. The centrifuge tube is placed on the 
stage, and the bottom and top of the cell column are successively brought into focus 
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under a fixed cross-hair. The distance traversed by the stage can be read with an 
accuracy of 1 part in 500. Using this method, cytocrits of the same suspension centri- 
fuged simultaneously agreed to within 0.1 per cent and, when centrifuged successively, 
agreed to within 0.5 per cent. 

After centrifugation, the teflon plug was removed and a pellet of varying length 
was easily extruded from the open capillary tip onto a preweighed aluminum foil 
pan by the application of air pressure at the opposite end of the tube. The column 
of cells generally had a total height of 2 to 3 cm and consisted of three fairly distinct 
layers. The layer immediately above the teflon plug consisted of heavy debris and 
pigmented cells. I t  was rarely greater than 1 mm in height and was discarded prior 

FXOtIRE 1. E. ¢oli cytocrit tube. These tubes have 
total volumes of 2.5 to 3.0 cm 3 and have been 
calibrated with mercury. The shank of the centri- 
fuge tube is precision bore capillary tubing 
(Fischer and Porter) having an inner diameter of 
1.28 mm and a capacity of 60/~1. This capacity 
represents 2 to 3 per cent of the total capacity of 
the tube. The tube is filled up to the constriction 
in the neck by aspirating the bacterial suspension 
into the capillary opening. The capillary opening is 
then sealed with a teflon plug, and the suspension 
is centrifuged at 11,000 X g for 25 minutes at 
2°C in a specially constructed, horizontal rotor 
designed to accomodate these tubes (constructed 
to specification by Laboratory Associates, Inc.). 

CONS 

TEFLON ,.n., 
PLUG 

to the extrusion onto the aluminum pan. The uppermost layer, usually 1 to 2 mm in 
height, was more translucent than the main cell layer and probably consisted of light 
debris from disrupted cells. The upper and lower layers were frequently absent in 
young cultures and reached their greatest heights in very old cultures. When care is 
taken not to extrude the uppermost I cm of column, the possible error due to diffusion 
at the upper boundary of the extruded pellet will be less than 0.2 per cent in 1 hour 
(8). 

Water Content 

The total water content of the extruded pellet was measured using two misco quartz 
helix microbalances with capacities of 20 and 50 mg. These helices are linear over 
the range employed and can be read with an accuracy of 4- 0.02 mg, or less than 
-4- 1 per cent of the pellet weight. To correct for surface evaporation during the time 



358 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  45 • 1 9 6 I  

elapsed from the extrusion of the pellet to the reading of the wet weight, this time 
period was measured and a second reading of the wet weight was made after a 
subsequent equal interval of time. Assuming a constant rate of evaporatiQn over the 
total period measured (usually I minute), the initial wet weight may  be appropriately 
corrected. The  pellet was then dried for 12 hours at 110°C and reweighed. Drying 
for an additional 48 hours resulted in an additional weight loss of less than  1 per cent. 
The  wet weights of the pellets were generally between l0 and 20 mg and the dry 
weights between 2 and 5 mg. 

Extracellular Space 

The trapped extracellular spaces of the pellets were measured with both C14-inulin 
and I181-labeled albumin. The  I131-albumin was dialyzed against isotonic K I  solution 
for 24 hours at 2°C before use. In each case an appropriate amount  of the tracer was 
added directly to the growth medium prior to the final centrifugation. For the C 14- 
inulin determinations, the pellets, after drying, were extracted into a volume of 
tracer-free growth medium for 48 hours. The  extract and supernatant fluid were 
assayed in a flow counter as previously described by Page and Solomon (9). All 
samples had counts greater than ten times background, and self-absorption could be 
neglected over the range counted. The Ira-albumin spaces were determined in a 
well-type scintillation counter prior to drying to avoid losses by sublimation. 

Sodium and Potassium Determinations 

Following the determinations of the dry weights, the pellets and a lbuminum pans 
were extracted in 10 ml of 0.1 M NH4 oxalate solution for 48 hours at room tempera-  
ture. The  extraction was carried out in acid-cleaned vycor test tubes capped with 
parafilm. Control experiments disclosed no evaporation during the 48 hour period. 
The  presence of the NH4 ion, which could displace minute amounts of Na or K 
bound to the dry pellet, resulted in greater recoveries of Na and K than had been 
obtained by extraction in distilled water, or by ashing with concentrated nitric acid 
and subsequent dilution with water. The  extraction process was checked by ashing 
the extracted pellets; no residual K or Na was detected. All cation determinations 
were made using the flame photometer of Solomon and Caton (10) and were corrected 
for the trace amounts of Na and K present in the NH,  oxalate solution. 

Intracellular ion concentrations were calculated using an equation of the following 
type: 

[ K ] ,  = K ,  - -  OWw[K]o 
[ W w ( i  - -  0) - -  W~] 

in which [K]i = the intracellular concentration of K in millimoles per liter intra- 
cellular water,  [K]o = the concentration of K in the medium in millimoles per liter, 
Kt ---- the total K in the extruded pellet in micromoles, Ww = wet weight of the pel- 
let in grams, 0 = milliliters of trapped medium per gram wet weight (density 
assumed i.o), and We = dry weight of the pellet in grams. 
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Using these methods, duplicate determinations of the intracellular ion concentra- 
tions usually agreed to within 3 per cent in the case of K and within 8 per cent in the 
case of Na, and the values were independent of the volume of the extruded column. 
The relatively poorer agreement for Na probably reflects the ease of contamination 
with Na as well as small variations in the volume of the trapped space with varying 
pellet sizes. 

It  is assumed that the intracellular Na and K are uniformly dissolved in the meas -~ 
ured intracellular water. This assumption, although generally accepted in the case of 
animal cells, requires further clarification in the case of bacteria. E. coli may be. 
geometrically represented by a cylinder with hemispherical ends, 0.5/z in diameter 
and 2 # in over-all length (11). The protoplast membrane is surrounded by a porous 
cell wall, approximately 15 m/~ thick, which constitutes 20 to 30 per cent of the dry 
weight (12) and 13 per cent of the total volume of the cell. Mitchell and Moyle (13) 
have shown that disruption of the bacterial membrane of S. aureus, under conditions 
which left the cell wall intact, allowed nucleotides and coenzymes to escape. The 
cell wall, on the other hand, was impermeable to dextran (molecular weight of 10,000) 
and serum albumin. These results indicate that the trapped space measured in E. 
coli with C14-inulin or I131-albumin may not include water within the interstices of 
the cell wall. This would mean that the cell water could be overestimated by as much 
as 13 per cent, and our calculated intracellular K concentrations could be erroneously 
low by as much as 13 per cent. The exact correction would depend on the K and water 
content of the cell wall. Since the degree of hydration of the cell wall is not known, 
and some ionic interaction with the highly charged polymers which constitute the 
cell wall (12) is likely, no correction for this factor has been attempted. We shall 
consider "intracellular" to refer to the region bounded by the inulin or albumin 
space. 

pH measurements were made with the Radiometer model 22 pH meter to an 
accuracy of 4- 0.02 pH unit. Optical densities were determined at 660 m/z using the 
Beckman model B spectrophotometer and optically matched cuvettes. 

R E S U L T S  AND D I S C U S S I O N  

Extracellular Space 

T h e  d r y  to wet  weight  ratio,  based on  100 de te rmina t ions  using ceils in all 
stages of  growth,  was 22.8 -4- 0.2 per  cent  ( s tandard  er ror )  giving a total  
wate r  con ten t  of  77.2 -4- 0.2 per  cent  of the wet  weight.  These  values are  in- 
d e p e n d e n t  of the size of the ex t ruded  pellet. 

T h e  extracel lu lar  space measured  wi th  C1Mnulin (11 de terminat ions)  was 
0.18 4- 0.01 m l / g m  wet  weight.  T h e  I181-albumin space (6 de terminat ions)  
was 0.20 4- 0.01 m l / g m  wet  weight.  These  two values  do  no t  differ  significantly 
and  the combined  va lue  of 0.19 4- 0.01 m l / g m  wet  weight  has been  used in 
this study. Spaces de t e rmined  immedia te ly  after  the addi t ion  of t r ace r  and  
after  an  in terval  of  35 minutes  d id  no t  differ  significantly, showing tha t  bo th  
inul in and  a lbumin  r ema ined  ext racel lu lar  du r ing  ou r  analysis. 
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Intracellular Na and K Concentrations 

Dur ing  the  ear ly  logar i thmic  phase of g rowth  the in t race l lu lar  K concen-  
t r a t ion  in E. coli exceeds tha t  of  the externa l  med ium,  whereas  the in t race l lu lar  
Na  concen t ra t ion  is less t han  tha t  of the externa l  med ium,  a feature  charac -  
teristic of  m a n y  cells. 
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FXOURE 2. The intracellular K and Na concentrations as functions of the age of the 
culture. The pH and optical density (O.D.) of the medium are also shown as functions 
of time. The extracellular cation concentrations are indicated by [Na]o and [K]o. 

T h e  in t race l lu lar  K concen t ra t ion  has been  studied in external  K con-  
cent ra t ions  f rom 0.050 mM to 120 mM. In t e rmed ia t e  external  K concen t ra -  
tions were  achieved by  the addi t ion  of  KC1 to the zero K med ium.  However ,  
the zero K m e d i u m  was not  ent i re ly  free of K because of t race  con t amina t i on  
of  commerc ia l ly  avai lable  reagents.  T h e  ext racel lu lar  K concen t ra t ion  re-  
ma ined  cons tant  t h r o u g h o u t  the exper iments  since the vo lume  of the m e d i u m  
was essentially infinite. 

As shown in Fig. 2, the in t racel lu lar  K concen t ra t ion  is a t  its highest  level 
du r ing  the ear ly  logar i thmic  phase of growth.  T h e  average  K concen t ra t ion  
in 60 de te rmina t ions  dur ing  the first I0 hours  is 211 4- 3 mM. This  h igh in t ra-  
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cellular K concentration, which is achieved only during the early phase of 
growth, may reach a value 3600 times greater than the medium K;  it appears 
to be essentially independent of the extracellular K concentration over the 
2000-fold range studied. 

During the late logarithmic and stationary phases of growth, the intra- 
cellular K concentration falls, as does the p H  of the medium. Experiments in 
which determinations were made after 72 hours of growth reveal that  the 
decline in the K concentration continues until the values approach the extra- 
cellular concentration. Curves similar to that shown in Fig. 2 have been 
observed in 10 different experiments employing growth media with K con- 
centrations ranging from 0.050 to 120 mM. 
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The effect of the initial pH of the growth medium on net K uptake and 

A typical plot of the intracellular Na concentration as a function of the age 
of the culture is also shown in Fig. 2. During the logarithmic phase of growth 
the intracellular Na concentration is less than the 120 mM Na of the medium 
(5 mM K). As the age of the culture increases, the intracellular Na concen- 
tration rises, until, by the late stationary phase it reaches the extracellular 
concentration, and in some cases exceeds it. 

Growth in media containing an excess of glucose is accompanied by an 
acidification of the medium due to the release of the small organic acids which 
are the products of bacterial fermentations (14). During the early logarithmic 
phase of growth, this acidification proceeds slowly because of both the buf- 
fering action of the medium and the availability of oxidative metabolic 
pathways. In the late logarithmic and stationary phases of growth acidifica- 
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tion of the medium occurs rapidly as the buffer capacity of the medium is 
exceeded and the dense bacterial suspension can no longer be adequately 
oxygenated. 

Since the changes in intracellular cation concentrations are accompanied 
by concomitant changes in the pH of the medium, it seemed desirable to 
carry out experiments to see whether  the pH drop or the accumulation of 
metabolic products in the medium caused the cation shift. Fig. 3 shows the 
effect of pH on net ion movement  following suspension of K-poor, Na-rich 
cells from the same parent  culture in 5 mM K medium for 1 hour. The  media  
were adjusted to the desired pH by the addition of small amounts of HC1 or 
NH 4OH. In 4 experiments, although net K uptake was markedly inhibited 
by a pH of 4.5, net Na extrusion was essentially independent  of the initial 
pH, the net extrusion at pH 4.5 being slightly less than that at pH 7. 

T A B L E  I I  

EFFECT OF PRODUCTS OF BACTERIAL GROWTH 
ON NET K U PT A K E  AND NA E X T R U S I O N  

pH 

Relative net Relative net  

K uptake Na  extrus ion  
(1 hr.) (1 hr.) 

Fresh medium 
Old medium 

Fresh medium 
Fresh medium and 0.03 M K formate 

7.0 1.0 1.0 
7.2 0.9 1.0 
4.5 0 0 
4.2 0 0.9 
7.0 1.0 0.9 
4.5 --0.1 --0.1 

A similar effect of pH on the uptake of K 42 by B. lactis aerogenes has been 
reported by Eddy and Hinshelwood (4). Leibowitz and Kupermintz  (15) 
have also observed an increase in extracellular K concentration during the 
course of glucose fermentation by E. coll. 

The top three rows in Table I I  give the results of duplicate experiments 
investigating the influence of the age of the medium on the pH effect. Three  
250 ml aliquots of a 48 hour culture were harvested by centrifugation. The  
cells in one aliquot were resuspended in fresh 5 mM K medium. The super- 
natant  of a second aliquot was adjusted to pH 7.2 by the addition of con- 
centrated NH ~OH; the third remained at pH 4.5. The ceils were resuspended 
in these media and harvested for analysis after 1 hour of incubation at 37 °C. 
The data  show that restoration of the old medium to pH 7.2 is sufficient to 
restore the net K uptake and net Na extrusion almost to control values. The 
effect on K uptake appears to be solely dependent  on pH, the age of the 
medium being unimportant.  

In  the case of Na, Table II  shows that both an old medium and a lowered 
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pH are required to inhibit Na extrusion; neither one inhibits alone. This 
suggests that inhibition may  be caused by one or more of the products of 
bacterial growth in the presence of a low pH. Dagley, Dawes, and Foster 
(14), and Gale and Epps (16) have shown that Na formate, in concentrations 
approximating that found in stationary phase cultures, markedly inhibits 
growth of E. coli when the initial pH of the growth medium is below 6.0. 
Bacterial growth was not affected by the same concentration of formate in 
neutral media. The last two rows in Table II  show that 0.03 M K formate 
depresses both net K uptake and Na extrusion in fresh media when the pH is 
lowered to 4.5. Thus, K formate at low pH could account for the observed 
inhibition of Na extrusion. The  pH dependence of this inhibitory process 
may simply reflect the ability of the small, neutral formic acid molecule to 
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FzouR~ 4. The  intracellular concentrations of K and Na in the stationary and loga- 
rithmic phases of growth as functions of the extracellular cation concentrations. The 
vertical bars represent standard errors of the mean. 

diffuse into the cell. The  formate ion, on the other hand, can enter the cell 
only in exchange for another anion, or when accompanied by a cation. 
Mitchell and Moyle (17) have shown that protoplasts of E. coli are osmotically 
stable in solutions of K acetate at neutral pH, whereas the bacterial membrane  
is permeable to the neutral acetic acid molecule. 

Effect of Extracellular Cation Concentration 

Fig. 4 shows the intracellular Na and K concentrations during the stationary 
and logarithmic phases of growth as functions of the Na and K concentrations 
in the growth medium. These figures are typical of results obtained in 19 ex- 
periments. In  the stationary phase, the intracellular K concentration is 
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closely equal to the extracellular concentration; the intracellular Na concen- 
tration slightly exceeds the extracellular. The relatively good agreement 
with the line of identity suggests that the distribution is primarily passive in 
the stationary phase, if the potential difference across the cellular membrane  
is small; the points in the case of Na are fitted, as shown in Fig. 4, by a line 
drawn for passive distribution in a cell whose intracellular potential is 6 mv 
negative to the medium. 

It has already been pointed out that the intracellular K concentration in 
the logarithmic phase may  be many times greater than, and is essentially 
independent  of, the extracellular K concentration. On  the other hand, the 
intracellular Na concentration is much lower than, and directly dependent  
on, the extracellular Na concentration. If  the potential difference is of the 
order of magnitude required to account for the stationary phase concentra- 
tion, the intracellular concentrations in the logarithmic phase represent a 
considerable perturbation, very possibly the result of an active process. 

Previous investigations of Na and K transport in bacteria have yielded 
somewhat conflicting results regarding the intracellular Na concentrations. 
Roberts  and coworkers (2) studied the distribution of Na ~4 in E. coli (strain 
B) and concluded that the membrane  is freely permeable to Na and that the 
intracellular Na concentration is equal to that of the external medium. Krebs 
and coworkers (5) arrived at a similar conclusion from their studies on A. 
faecalis. Further,  MacLeod  and Onofrey (6) found that the intracellular Na 
concentration in marine bacteria averages 80 to 95 per cent of that in the 
growth medium. All these results are compatible with our observations on 
intracellular Na concentrations during the stationary phase. 

Net Na and K Movement 

Cells harvested in the stationary phase are poor in K and rich in Na. When 
these cells are resuspended in fresh medium, they rapidly accumulate K and 
extrude Na. Fig. 5 shows the results of a typical experiment in which a heavy 
inoculum of cells from a 48 hour culture was suspended in fresh 5 m u  K 
medium at 37°C. In measurements during the 1st hour after resuspension (16 
experiments) the intracellular K concentration rose from 23 4- 3 mM to 
174 4- 6 mM whereas the intracellular Na concentration fell from 143 4- 6 
m u  to 77 -4- 4 mM. This rapid increase in intracellular K and decrease in Na 
occurred before any significant change in the optical density of the culture 
could be detected, and hence cannot be attr ibuted to a resumption of growth 
and division on the par t  of the cells. To  confirm this point, duplicate experi- 
ments were carried out  in which either a nitrogen source was removed from 
the growth medium or chloramphenicol was added in a concentration (50 
#g/ml)  which has been shown to inhibit protein synthesis (18). In both 



SCHULTZ AND SOLOMON Cation Transport in E. coli 365 

cases there was no effect on net Na or K movement.  After resuspension for 5 
hours, the intracellular K concentration begins to fall, as does the p H  of the 
medium. This is accompanied by the onset of a rise in the intracellular Na 
concentration. By 48 hours, the cycle has been completed, resulting in K- 
poor, Na-rich cells, not unlike the original inoculum. 

The effect of glucose and of various metabolic inhibitors may  be studied 
by measuring net ion movements after a 1 hour period of incubation at 37 °C. 
Although preliminary experiments have shown that the true rate of ion 
transport is measured in minutes rather than in hours, 1 hour net movements 
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FIGURE 5. Net K uptake and Na extrusion following the resuspension of cells from a 
48 hour old culture in 5 mM K medium. The optical density of the medium is also shown 
as a function of time. The  pH  of the medium fell from 7.0 to 6.6 during the time period 
shown. 

are satisfactory as qualitative indices of relative ion movements. In the absence 
of added glucose, as shown on the left side of Fig. 6, both net K uptake and 
net Na  extrusion are inhibited. The residual net movements may result 
from trace amounts of glucose transferred to the fresh culture with the un- 
washed cells or other energy stores which have not been depleted. 

Fig. 6 also presents the results obtained with metabolic inhibitors. The  
cells were exposed to each of the inhibitors in the original growth medium for 
a period of 30 minutes prior to resuspension in fresh medium. Sodium iodoace- 
tate (10 -a M) and 2-4-dinitrophenol (10 .4 M) markedly inhibit K influx and 
Na efflux, reducing both processes to less than 5 per cent of the control. The 
failure of cyanide ion (10 -~ M) to inhibit net K and Na movements may  be 
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explained by the presence of a significant cyanide-insensitive metabolic 
pathway. Asnis, Vely, and Glick (19) have shown that  the oxidations of sue- 
cinate, formate, and lactate by a particulate fraction of sonic lysates of E. coli 
are only inhibited 40 to 70 per cent by 3 X 10 -3 M KCN. 

Since the two net flows are in opposite directions, a potential difference 
across the cell cannot cause both movements. A 210 my potential difference 
would be necessary to make the peak inward K movement passive. Such an 
imposing potential difference would require an unusually effective pump to 
transport Na against both an electrical potential and chemical concentration 
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FIGUR~ 6. The effect of glucose deprivation and metabolic inhibitors on net Na and K 
movement. In each case, the height of the bar refers to an average of 2 experiments; 
except for NaF, in which there were 3. The results of these duplicate experiments 
agreed to within 5 per cent except in the case of glucose deprivation where residual 
cation transport varied between 15 and 40 per cent of the control value. 

gradient. Alternatively, the 20 mv potential difference required to make the 
Na distribution passive would still require the K to surmount a considerable 
electrochemical potential barrier. Thus it seems likely that  an active process 
is involved in at least one of these net movements. This conclusion is sup- 
ported by the requirement for glucose and by the effect of the metabolic in- 
hibitors, iodoacetate and DNP. 

It is possible, however, that the high intracellular K concentration could 
result from intracellular K binding. If  this were so, the present experiments 
would require, at least, that the K binding be under metabolic control. Such 
a system was initially proposed by Roberts and his colleagues (2) although 
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they have subsequently modified their views (20). This group initially con- 
sidered the protoplast membrane of E. coli to be freely permeable to K. The 
intracellular K was believed to consist of two fractions: one in free solution 
in the intracellular water at a concentration equal to that in the external 
medium; and the other bound to non-diffusible intracellular compounds 
formed during carbohydrate metabolism. They further proposed that the 
number of binding sites available to K, and hence the total intracellular K, 
was under metabolic control (3). A similar theory has been proposed by 
Lester and Hechter (21) in an investigation of Rb uptake by Neurospora crassa. 

The contrary evidence is inferential and rests mainly on evaluations of the 
intracellular osmolarity of E. coli by Mitchell and Moyle (22), Knaysi (23), 
and Schultz, Brubaker, and Solomon (24) which show that the internal 
osmolarity is of the order of 500 to 600 mOs•. These high values suggest that 
the bulk of low molecular weight intracellular solutes must exist in free solu- 
tion. Mitchell and Moyle (22) have calculated that most of the trichloroacetic 
acid extractable material of E. coli and S. aureus must contribute to this in- 
ternal osmotic pressure. In  E. coli, the 280 mM sum of the intracellular Na 
and K concentrations, the major intracellular cations during the logarithmic 
phase of growth, accounts for approximately one-half of the observed internal 
osmolarity during this phase. Knaysi has demonstrated that the internal 
osmotic pressure in E. coli may reach 15 atmospheres in rapidly growing 
cells, whereas it is only 2 to 3 atmospheres in stationary phase cells (23). 

The subject of ion binding has been recently reviewed by Ussing (25) who 
has concluded that the high intracellular K concentrations found in biological 
systems cannot be accounted for by a selective protoplasmic binding of K. 
Snell (26) has been unable to demonstrate Na or K binding by any of a 
series of organic phosphate esters, including glucose 1-PO 4, glycerophosphate, 
and ATP. On the basis of the present cation analyses, the requirements of an 
ion-binding hypothesis can be clearly formulated. As previously discussed, 
a passive distribution of Na during the early logarithmic phase of cell growth 
would require a transmembrane potential difference of 20 mv. If K were 
distributed passively in accordance with this potential difference, 99 per cent 
of the 211 m i  would have to be bound. Binding of 209 mM of K seems ex- 
cessive, particularly in view of Hinke's recent measurements (27) of the intra- 
cellular activities of Na and K in crab and lobster muscle. In these tissues, 
Hinke estimates the Na activity to be one-third of the Na concentration and 
the K activity to be one-half the K concentration. Calculations from Hinke's 
(28) observations of the Na and K activities in squid nerve axoplasm in situ 
indicate that the measured K activity coefficient is 0.60 at a K concentration 
of 0.37 M. This is not far from the figure of 0.67, the activity coefficient of an 
aqueous solution of KC1 at the same concentration (29). Thus, Hinke's 
measurements are consistent with the view that most of the K is free, in agree- 
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ment  with the prior observations of Hodgkin and Keynes (30). Consequently, 
we are inclined to the view that intracellular cation binding cannot account 
for the observed cation distribution in E. coli, and that active transport of 
either Na or K is very probable. 

The  reciprocal relationship between K and Na movements leads t o  an 
inquiry into the question of whether these fluxes are linked, as has been sug- 
gested for erythrocytes (31) and other tissues (32). Two lines of evidence 
suggest that this is not the case for E. coll. Thus, although net K uptake is 
inhibited in a fresh acid medium, Na extrusion is essentially unchanged. 
Furthermore,  as shown in Fig. 6, net Na extrusion is completely inhibited by 
30 mM NaF, although K uptake remains at 90 per cent of the control value. 
Thus the mechanisms for Na and K transport in E. coli may  be varied in- 
dependently. A lack of reciprocity between net Na and K fluxes has also 
been demonstrated in the mouse ascites tumor cell (33) and in the rabbit 
polymorphonuclear leukocyte (34). 

In  summary,  the present experiments have shown that E. coli is capable of 
maintaining an intracellular K concentration many  times greater than that 
in the external phase. The intracellular cation concentrations are functions 
of the age of the culture, the K concentration falling and the Na concentra- 
tion rising as the culture age increases. These changes may  be attributed, at 
least during the first 48 hours of incubation, to the fall in the medium pH and 
the accumulation of metabolic products, such as formate. When cells from 
an old medium are placed in a fresh medium, they accumulate K and extrude 
Na against large concentration gradients by processes which require metabolic 
energy. Though both net ion movements are against concentration gradients, 
the ions move in opposite directions, an observation which implies that at 
least one of the processes is active. 

We should like to express our appreciation for Dr. Bernard Davis' help and encouragement. 
Dr. Schultz is a National Research Council Fellow in Academic Medicine. 
This work was supported in part by the United States Atomic Energy Commission and the National 
Science Foundation. 
Received for publication, May 29, 1961. 

B I B L I O G R A P H Y  

I. SCHULTZ, S. G., and SOLOMON, A. K., Nature, 1960, 187,802. 
2. COWIE, D. B., ROBERTS, R. B., and ROBERTS, I. Z., J. Cell. and Comp. Physiol., 

1949, :}4,243. 
3. ROBERTS, R.  B., ROBERTS, I. Z. ,  and COWlE, D. B., J. Cell. and Comp. Physiol., 

1949, 34,259. 
4. EDDY, A. A., and HINSHELWOOD, C., Proc. Roy. Soc. London, Series B, 1950, 

136,544. 
5. KREBS, H. A., WHITTAM, R., and HEMS, R . ,  Biochem. J., 1957, 66, 53. 



SCHULTZ AND SOLOMON Cation Transport in E. coli 369 

6. MACLEOD, R. A., and ONOFREY, E., J. Cell. and Comp. Physiol., 1957, 50,389. 
7. DAVIS, B. D., and MINOIOLI, E. S., J. Bact., 1950, 60, 17. 
8. CRANX, J., The Mathematics of Diffusion, Oxford, Clarendon Press, 1956, 82. 
9. PAGE, E., and SOLOMON, A. K,, J. Gen. Physiol., 1960, 44,327. 

10. SOLOMON, A. K., and CATON, D. C., Anal. Chem., 1955, 27, 1849. 
11. MITCHELL, P., Biochem. Soc. Syrup., 1959, 16, 73. 
12. SALTON, M. R. J., Syrup. Soc. Gen. Microbiol., 1956, 6, 81. 
13. MITCHELL, P., and MOYLE, J., o r. Gen. Microbiol., 1951, 5,981. 
14. DAOLE'Z, S., DAWES, E, A., and FOSTER, S. M., Jr. Gen. Microbiol., 1953, 8, 314. 
15. LEmOWITZ, J., and KUPERMINTZ, N., Nature, 1942, 150,233. 
16. GALE, E. F., and EPPS, H. M. R., Biochem. J., 1942, 36,600. 
17. MITCHELL, P., and MOYLE, J., Discussions Faraday Soc., 1956, 21,258. 
18. WISSEMAN, C. L., SMADEL, J. E,, HAHN, F. E., and HoPPS, H. E., J. Bact., 1954, 

67,662. 
19. ASNm, R. E., V~.L,Z, V. G., and GLICK, M. C., o r. Bact., 1956, 72,314. 
20. ROBERTS, R. B., ABELSON, P. H., Cowm, D. B., BOLTON, E. T., and BmTT~N, 

R. J., Studies of biosynthesis in Escherichia coli, Carnegie Institution of Washington, 
Pub. No. 607, 2nd printing, 1957. 

21. LESTER, G., and H~.CHa~R, 0.,  Proc. Nat. Acad. So., 1958, 44, 1141. 
22. MITCHELL, P., and MOYLE, J., Symp. Soc. Gen. Microbiol., 1956, 6, 150. 
23. KNAYSI, G., Elements of Bacterial Cytology, New York, Comstock Publishing 

Company, 2nd edition, 1951. 
24. SCHULTZ, S. G., BRUBAXER, R., and SOLOMON, A. K., unpublished observations. 
25. USSlNC, H. H., KRUHOFFER, P., THAYSEN, J. H., and THORN, N. A., The Alkali 

Metal Ions in Biology, Berlin, Springer-Verlag, 1960, 37. 
26. SNF.LL, F. M., in Electrochemistry in Biology and Medicine, (T. Shedlovsky, 

editor), New York, John Wiley and Sons, 1955, 284. 
27. HINKE, J. A. M., Nature, 1959, 184, 1257. 
28. Hmrd~, J. A. M., o r. Physiol., 1961, 156,314. 
29. ROBINSON, R. A., and STOKES, R. H., Electrolyte Solutions, New York, Academic 

Press, Inc., 2rid edition, 1959, 494. 
30. HODGKIN, A. L., AND I~'ZNF.S, R. D., o r. Physiol., 1953, 119,513. 
31. GLYNN, I. M., in The Method of Isotopic Tracers Applied to the Study of Active 

Ion Transport, London, Pergamon Press, 1959, 46. 
32. KOEFOED-JoHNSEN, V., and USSINO, H. H., Acta Physiol. &and., 1958, 42,298. 
33. HEMPLINO, H. G., J. Gen. Physiol., 1958, 41,565. 
34. ELSBACH, P., and SCHWARTZ, I. L., J. Gen. Physiol., 1959, 42,883. 


