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I. INTRODUCTION 

The microorganisms include an exceedingly diverse group of life 
forms whose only common features are small size and unicellular form. 
They fill every conceivable ecological niche from fresh water to con
centrated brines and use a wide variety of metabolic pathways for energy 
production, including several kinds of photosynthesis, respiration, and 
glycolysis not unlike those in higher animals and plants, and a variety 
of unique and bizarre types of reactions. It might be expected, therefore, 
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that patterns of ion transport might also be exceedingly diverse. This 
seems not to be the case. The transport systems in microorganisms are 
similar in most respects to each other and to those in higher forms. It is 
necessary, however, to qualify this observation by pointing out that 
comparisons can be made only on the basis of kinetic characterization 
because the specific mechanisms of transport are not understood at the 
molecular level. Furthermore, of the almost endless number of species 
microorganisms, only about seven or eight have been studied in sufficient 
detail to draw conclusions. Fortunately they include a wide array of 
organisms occupying a variety of ecological niches (Table I). 

TABLE ι 

MICROORGANISMS IN WHICH ION TRANSPORT Is WELL CHARACTERIZED 

Organism Class 
Mode of 

metabolism Habitat 

Saccharomyces cerevisiae Yeast (fungus) Aerobic or Fresh water 
fermentation 

Neurospora Fungus Aerobic or Fresh water 
fermentation 

Chlorella pyrenoidosa Alga Photosynthesis Fresh water 
Escherichia coli Bacterium Aerobic or Normal 

fermentation saline 
Streptococcus faecalis Bacterium Anaerobic only Normal 

saline 
Mycoplasma Aerobic Normal 

saline 
Halobacterium Aerobic High salt 

Although the transport mechanisms in the microorganisms are, as far 
as we understand them, similar to those in other cells, their precise 
physiological roles in the regulation of cytoplasmic composition and 
their interrelationships with metabolite systems and other cellular 
functions are relatively unique in each individual organism, depending 
on the characteristic mode of metabolism, on the nature of the environ
ment, and on the physiological state of the cell at the time of study. 

In organizing this chapter I have chosen not to categorize the ion 
transport on a species-by-species basis, but rather to note those features 
of ion transport that appear to be common to microorganisms in general 
and to comment on those features that are unique to particular species or 
to particular habitats or to particular physiological states. Certain of 
these topics have been considered in earlier reviews [1-3]. 
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II. MONOVALENT CATION TRANSPORT 

A. Cation Discrimination 

Microorganisms in general require potassium for growth with Rb + 

as a partial substitute in many cases [4]. Furthermore, the K + concentra
tion of the cytoplasm is generally much higher than that of the external 
medium. Gradients of Na + , on the other hand, can be maintained in the 
opposite direction. The high degree of discrimination between K + and 
N a + seems to be a common feature of all of the kinds of microorganisms 
that have been studied including Chlorella [5], yeast [6-8], Mycoplasma 
[9], Halobacterium [10], Escherichia coli [11-13], Streptococcus faecalis 
[14], Sarcinia [10], Vibrio [10], Micrococcus [10], Salmonella [10], and 
Staphylococcus [10]. The degree of discrimination can be exceedingly 
high, as demonstrated by the data assembled in Table II. 

TABLE π 

CELLULAR VERSUS EXTRACELLULAR CONCENTRATIONS 0 OF N a + AND K + 

Medium Cell Discrimina-
tion" factor 

Organism Ref. Κ Na Κ Na for K + / N a + 

Halobacterium 10 32 4000 4500 1400 400 
Sarcinia 10 32 4000 2000 3200 75 
Vibrio 10 4 1000 220 680 80 
Micrococcus 10 4 1000 470 310 375 
Salmonella 10 25 150 240 131 11 
Staphylococcus 10 25 150 680 98 43 
Chlorella 5 6.5 1 103 1 16 
Escherichia coli 11 2 198 60 60 100 

Escherichia coli 13 
Exponential 5 120 211 60 88 
Stationary 5 120 30 130 5 

Streptococcus faecalis 30 
Exponential 5 151 559 5 3700 
Stationary 5 151 207 280 23 

Saccharomyces cerevisiae 80 
Exponential 5 100 220 70 62 
Stationary 5 100 130 140 18 

a All concentrations in millimoles per liter. 
* K i n ^ N a o u t 

K o u t N a l D * 
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The discrimination between N a + and K + is largely a reflection of 
the specificity of active transport systems. A highly Κ+-specific system 
is directed in the inward direction whereas a Na+-specific system 
is directed in the outward direction. In addition, under certain circum
stances large quantities of H + also move in the outward direction. 
Of these ion movements, that of K + in the inward direction has been 
best characterized because it is most accessible to experimentation. 

B. Inward Transport 

The kinetics of inward K + transport have been analyzed in great 
detail in yeast cells and in lesser detail in other organisms. In yeast the 
rate of inward K + transport is dependent on the K + concentration of 
the medium in the manner characterized by the Michaelis-Menton 
equation for enzyme reactions. The curve is asymptotic, approaching a 
maximal rate above which further increase in Κ concentration has no 
effect. Plotted in the reciprocal form of the equation 

a straight line is obtained that allows characterization in terms of the 
Michaelis constant Km and the maximal rate of transport Vm. Data for 
yeast cells are given in Fig. 1 (control). The K w is 0.5 mM and the 
Vm, 14.2 mM/kg cells/hour [15]. 

If other alkali metal cations are presented to the yeast cells they are 
also transported with a saturation kinetics in each case [16,17], but the 
values for Km and Vm are not the same (Table III). If the Km is presumed 

V 

ο 1.0 2.0 

I/K+ Concentration ( nW) 

3.0 4.0 

FIG. 1. A kinetic analysis of the effect of R b + on K + uptake [15] . 
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to be a measure of the affinity of the cation for the transport site, then 
the inward transport system favors K + over N a + by a factor of over 30. 
In addition, the maximal rate of Na transport is only two-thirds that of 
K + . If the Vm is taken to represent the turnover rate, then the total 
discrimination of the inward transport system is increased to 50/1. The 
specificity series for all the cations is H + > K + > R b + > C s + > N a + 

> L i + (Table III). 

TABLE I I I 

VALUES OF K M AND V M FOR TRANSPORT 
OF VARIOUS CATIONS IN YEAST VIA THE Κ SYSTEM [16] 

Cation 
vm 

(mM/kg/hr) 
Km 

(mM) 
Affinity" 

relative to K + 

Affinity 
modifier site 

H + 0 . 1 8 2 .8 0 . 0 2 
Li + 8 2 7 0 . 0 2 1 9 
N a + 1 0 1 6 0 . 0 3 1 4 
K + 1 5 0 .5 1.0 1.6 
R b + 9 1.0 0 .5 — 
C s + 1 1 7 .0 0 . 0 8 1.3 
Mg 2 + — 5 0 0 0 . 0 0 0 1 1.5 
Ca 2 + — 6 0 0 < 0 . 0 0 0 1 4 . 0 

a Based on ratios of K ^ s . 

When two cations are present &t the same time, they compete with each 
other for the transport system. For example, in the presence of R b + the 
uptake of K + is reduced. If the data are plotted in the reciprocal form 
of the Michaelis-Menton equation, a series of straight lines is obtained 
with the same intercept, but with increasing slope with increasing 
concentrations of Rb + , typical of competitive inhibition (Fig. 1). The 
calculated value of Kr for R b + is 1 mM* which is the same as the Km 

for R b + transport. The other monovalent cations also compete with 
K + [15]. 

The kinetic characteristics of the cation transport, the competition 
between pairs of cations, and the relatively high degree of specificity for 
K + are consistent with the concept that the transport system requires a 
specific interaction of the cations with a limited number of transport 
sites at the outer surface of the plasma membrane. Similar kinetics of 

ι \Km Ι ι\ ι 
* From the equation — = — I 1 - — I + — . 
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K + uptake have been demonstrated in other microorganisms including 
Ch. pyrenoidosa [18], Mycoplasma laidlawi [9], S. faecalis [14], E. coli 
[12,13], and Neurospora [19,20]. 

In yeast, the transport of cations is modified by the binding of certain 
cations, particularly C a 2 + , H + , and Cs + , to nontransporting sites located 
on the outer surface of the membrane. The modifying action of H + , for 
example, is demonstrated in Fig. 2. As the pH is decreased, the transport 
of K + relative to N a + is markedly increased [15,16]. A kinetic analysis 
of this phenomenon indicates that binding of H + (or Cs + or C a 2 + ) 
to the second (modifier) site decreases the Vm, the maximal rate of trans
port (Fig. 3). Because the decrease in Vm is less for K + than for other 
cations at low pH (or in the presence of Ca 2 + ) , an extra discrimination 
factor in favor of K + over N a + of about 2.5 occurs at low pH. 

I 1 1 1 1 " 1 

3 4 5 6 7 8 
PH 

FIG. 2 . The effect of pH on the rate of uptake of N a + and K + from a solution con
taining 125 mM NaCl and 5 m M KCl/liter [15] . 

In Neurospora the kinetics of K + uptake also fit a two-site model, but 
in this case the second site is observed at high rather than at low pH [19]. 
In other microorganisms, however, the kinetics of K + uptake, as far as 
they have been explored, are consistent with a simple one-site model 
(Michaelis-Menton kinetics). The specificity of inward transport has 
not been extensively studied but is similar to those in yeast, with K + 

and Rb + favored over Na + [9,11,14,21]. The reported Km

9s for K + are 
somewhat similar in all species studied, about 1 mM [6,14,19,20,22,23], 
but the Fm's vary considerably. In Neurospora a mutant has been report
ed in which the Km for K + is increased threefold from 1 mMto 3 mM, but 
in which the Vm is unchanged [23]. 
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FIG. 3. Effect of pH on the Vm for the uptake of alkali metal cations [15]. 

C. Outward Transport 

Normally yeast cells are grown in the absence of N a + and therefore 
contain little N a + . In such cells the net movements of K + are balanced 
by net movements of an equivalent amount of H + [24,25]. Normally K + 

is taken up and H + is excreted, but, if the external H + is very high and 
K + very low, then the reverse movement occurs, K + out and H + in. 
At certain values of external H + and K + , a steady state can be estab
lished with no net movements (although unidirectional fluxes of K + 

still occur). Such a steady state is demonstrated in Fig. 4, approached 
from higher and lower K + concentrations [26]. The level of external K + 

at the steady state is reciprocally related to the H + concentration. Thus 
a decrease of pH from 4.5 to 3.5 raises the steady state level of K + from 
0.05 mM to 0.5. 

The ion gradients of K + and H + at the steady state are very large. For 
example, in Fig. 4 the external K + was 0.05 mM/liter, whereas the internal 
level was 200 mM/liter, a ratio of 4000/1. The internal H + was 10" 6 

Μ (based on estimates of internal pH of 6.0) [27] and the external H + was 
3 χ 10" 5 or a ratio of 1/30. The total gradient of the K + - H + exchange 
system may therefore be of the order of 100,000. Granted that the H + 

and K + concentrations at the site of transport may be quite different 
from the average concentrations determined for the whole cell, it is 
clear nevertheless that large ion gradients can be maintained. To achieve 
such gradients, the active transport systems must be capable of gener
ating forces equivalent of up to 300 mV across the membrane. 
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FIG. 4. Changes in the K + concentration of the medium of fermenting yeast [26]. 

The K + - H + exchange systems have also been demonstrated in E. 
coli [12,22,28,29], S. faecalis [14,30], and Neurospora [19]. Although the 
steady state relationships have not been precisely defined and the in
ternal pH has not been specifically determined in each organism, it is 
clear that the exchange system in each case works against large gradients, 
just as it does in yeast. 

The efflux of K + in yeast is not increased in the presence of externa 
K + . In fact it is transiently repressed [26]. Thus no evidence of an 
exchange-diffusion component has been demonstrated in this organism. 
In E. coli, on the other hand, a large, tightly coupled exchange occurs 
that is inhibited by low pH, by low temperature, and by the metabolic 
inhibitor dinitrophenol [31]. In E. coli [31], Chlorella [18], and in yeast 
[31a], the efflux of kinetics of K + are consistent with the concept that 
all of the K + is present in a single compartment. 

In yeast [8,32] or Chlorella [5,33] that have been preloaded with N a + 

or in bacteria [10,11,13,14,30] that normally live in and contain Na + , 
a Na+-extrusion mechanism is evident or has been demonstrated. If 
Na+-loaded yeast are suspended in a medium containing K + , an out
ward movement of Na + , stoichiometrically balanced by an uptake of 
K + , occurs. The exchange occurs even though both ions may move 
against concentration gradients [8,32]. In Chlorella, the N a + efflux is 



2. ION TRANSPORT IN MICROORGANISMS 25 

not so closely linked to K + uptake, although some increase does occur 
in the presence of K + . In S.faecalis [14,30] and E. coli [12,13], how
ever, N a + extrusion definitely involves aa exchange for K + . In these 
organisms as well as in yeast cells, the exchange occurs against large 
concentration gradients but not so large as those for K + - H + exchange. 

A common feature of the extrusion mechanisms is the selection factor 
against K + . For example, in yeast the average H + concentration of the 
cell is about 0.001 mM, and the K + concentration, 200 mM, yet the 
rate of H + extrusion can be many times higher than the rate of K + 

efflux [26]. N a + is also highly selected over K + for extrusion [8,32]. 
The same kind of selectivity of H + and N a + over K + has been demon
strated in E. coli [12,13] and in S.faecalis [14, 30] and for N a + over K + 

in Chlorella [33]. 
It is not clear whether extrusion of H + and N a + is accomplished by a 

single system with a large specificity for H + and N a + compared to Κ + or 
by two separate systems, one for H + and one for N a + . In yeast two 
independent mechanisms were proposed because different susceptibilities 
to inhibitors were demonstrated [32]. This conclusion has been disputed, 
however [8], because Na +-rich cells when placed in a K + medium 
undergo H + and N a + exchanges in sequence. The initial uptake of K + 

involves an exchange for H + which soon ceases to be followed by more 
prolonged K + - N + exchange. A biphasic response, first K + - H + and 
then K + - N a + exchange, was also observed in Na +-rich E. coli suspended 
in K + media [12]. Because the K + - H + exchange was inhibited by 
external pH, whereas the N a - H + exchange was not, it was concluded 
that two separate mechanisms might be involved. This conclusion is 
also supported by the finding that an increase in the osmolarity of the 
medium of E. coli results in an increased K + - H + exchange, but not a 
K + - N a + exchange [22]. The difference in response of K + - H + and 
K + - N a + to internal factors could, however, be accounted for by local 
reduction in pH in the vicinity of a single cation-extruding system that 
would favor K + - H + exchange over K + - N a + exchange. 

The strongest evidence for a single extruding mechanism is found in 
K+-defective mutants of S. faecalis [14,34] and of E. coli [11,35-38]. 
These mutants cannot retain accumulated K + . The failure has been 
attributed to a changed specificity of the cation-extruding system that 
normally favors N a + over K + [14,37]. In S.faecalis the system has been 
analyzed in detail [14]. The K + (Rb + ) uptake system is not altered in the 
mutant, but the extrusion system is markedly changed. Thus wild-type 
cells loaded with N a + rapidly extrude both N a + and H + in exchange for 
extracellular K + , whereas the mutant does not. In fact when loaded with 
K + or R b + the mutant can rapidly lose these ions in exchange for 
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extracellular Na + . The fact that the ability to extrude specifically both 
H + and Na + is lost in the mutant suggests that a single mechanism is 
involved. 

D. Linkage of Inward and Outward Transports 

From the preceding discussion it is clear that in those microorganisms 
that have been investigated, two transport systems are found, an uptake 
system highly specific for K + , and an extrusion system highly specific 
for Na + and/or H + . In the alga Chlorella the two systems are not closely 
linked [33]. In fact, inward transport of Κ + is largely balanced by inward 
transport of Cl~. In the fungi, yeast and Neurospora, and in the bacteria, 
E. coli [12,22] and S. faecalis [14,30], on the other hand, a close linkage 
is evident, with more or less stoichiometric exchange of cations. In the 
fungi the permeability to anions is low so that, in the absence of a 
transportable anion, cation exchanges are obligatory in order that 
electroneutrality be maintained [24]. The presence of a stoichiometric 
cation exchange in this case does not in itself prove the existence of a 
single cation exchange mechanism. Two independent cation transport 
systems coupled electrically could be operative. In the case of E. coli, 
however, permeability to Cl~ is high so that this anion is at electro
chemical equilibrium [39]. If independent inward or outward cation 
transport were taking place, CI" could move to compensate for electro-
neutrality. The fact that stoichiometric cation exchanges nevertheless 
occur [12,22] can be taken as strong evidence that either a single cation 
transport system moves cations simultaneously in the outward and in
ward directions, or that two distinct mechanisms are closely linked in 
some fashion. 

E. Uphill Transport and Dependence on Metabolism 

The cation transport systems moving K + inward and N a + and/or 
H + outward can work against large concentration gradients, but they 
will require metabolic energy only if the movements are against the total 
electrochemical gradient. Unfortunately the electrical potential across 
the membrane is not readily measurable in small organisms. Measure
ments of potential have been accomplished in Chlorella [5] and Neuro
spora [40]. In Chlorella the measurements indicate that K + and Cl~ 
can be transported inwardly and Na + outwardly against the electro
chemical gradient. In Neurospora the uptake of K + proceeds against the 
electrochemical gradient. 
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In other microorganisms the electrochemical gradient for particular 
ions is not known but, in the exchange of K + for N a + or K + for H + , 
both participating ions are moving against chemical gradients. If the 
potential favors one of the ions, it hinders the other equally. Thus, re
gardless of the potential, metabolic energy must be expended in the 
exchange process and one or both of the ions must be actively transport
ed. Indeed, the cation transporting systems in all organisms tested do 
require metabolic support and they are repressed by absence of appro
priate substrates, by metabolic inhibitors, or by any other conditions 
that markedly reduce the metabolic rate. 

The nature of the metabolic support varies considerably from organism 
to organism. In Chlorella, K + and CI" influx and N a + efflux are stimu
lated by light and inhibited by uncouplers. The transport energy prob
ably involves ATP derived from cyclic and noncyclic photophosphoryla-
tion [18,33,41,42]. In yeast K + - H + exchange is supported by either 
respiratory or glycolytic pathways [24]. The K + - N a + exchange can be 
supported by endogenous metabolism [8,32]. K + uptake by E. coli can 
be supported by glucose in the presence of 0 2 . Abrupt shifts in transport 
are associated with internal metabolic controls, but no simple relation
ship was found in terms of ATP level or rate of glucose uptake [28]. 
In S. faecalis, on the other hand, the metabolism is anaerobic. Glucose 
will support the K + - H + and K + - N a + exchanges. When K + is taken 
up, a transient increase in the rate of glycolysis occurs, suggesting a 
metabolic coupling of transport and metabolism [30]. 

Although the exact nature of the metabolic input into the cation trans
port systems is not known in microorganisms, it is generally assumed 
that ATP is involved and that a membrane ATPase is component of the 
system as in animal cells. A number of ATPases have been described in 
membranes of bacteria (for bibliography see reference [43]). Only 
recently, however, have any connections been established with cation 
transport phenomena. An Na +-K +-activated ATPase that is sensitive 
to ouabain has been reported in E. coli [44]. It is, however, only a small 
fraction, 12%, of the total ATPase. If the finding can be extended and 
confirmed, it will considerably advance knowledge of cation transport 
in microorganisms. In S. faecalis, several inhibitors have been demon
strated that connect membrane-bound ATPase with cation transport. 
The compound dicylohexylcarbodiimide is a potent inhibitor of mem
brane ATPase, ATP turnover, and of K + accumulation [45]. Other 
compounds, D109, and chlorhexidine inhibit membrane ATPase and 
also the K + - H + and K + - N a + exchanges without affecting the genera
tion of ATP. These observations strongly point to a connection of 
ATPase, ATP, and cation transport [46]. 
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III. ANION TRANSPORT 

A. Chloride 

Chloride ion is handled quite differently by different kinds of micro
organisms. In yeast, for example, permeability is exceedingly low and 
no transport occurs [24], In Chlorella, CI" is actively transported into 
the cell, and levels of Cl~ are established that are much higher than the 
electrochemical equilibrium would predict [42,41]. In E. coli the mem
brane is permeable to CI" but no transport occurs, so that the ion 
distributes between the cell and the medium according to the electro
chemical equilibrium [40]. 

B. Phosphate 

Phosphate is an essential metabolite in all cells. It is not surprising, 
therefore, that microorganisms in general possess specific transport for 
phosphate uptake. Such systems have been reported in E. coli [47], 
Bacillus cereus [48], S. faecalis [49-51], Euglena [52], marine fungus 
[53], and yeast [54,55]. 

The uptake system in yeast has been extensively studied. It is satur
able, is dependent on fermentation metabolism, proceeds against an 
apparent concentration gradient, is blocked by metabolic inhibitors 
such as dinitrophenol [54], and is competitively inhibited by arsenate 
[56-58]. Two values for the Km for phosphate have been reported, one 
at about 0.4 mM [54,56] and one at 1 m l [58]. Two similar values for 
phosphate " binding sites " [59] and for arsenate transport, a competitor 
of phosphate [57], have also been reported. Thus high and low affinity 
transport systems are operative. 

Within the cell, phosphate is distributed in an interdependent series 
of metabolic pools so that the flow of labeled phosphate, once it is 
within the cell, is most complicated. It is therefore difficult to determine 
whether a phosphorylation reaction is one of the steps in phosphate 
transport. The possibility that membrane phosphatases play a role has 
been eliminated by demonstrating that their inhibition has no effect on 
phosphate uptake [60] and that phosphatase substrates also have no 
effect [61]. 

The inorganic phosphate pool of the cell is maintained at a reasonably 
high level of about 25 mM [54]. In well-starved yeast cells, nevertheless, 
the efflux of phosphate is exceedingly low even when substrate is added 
[54,62]. For example, in Fig. 5, as phosphate moves from the medium 
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Time in minutes 

FIG . 5. The disappearance of 3 2 P and chemical phosphate from the medium of fer
menting yeast [54]. 

into the cell, the specific activity of the remaining phosphate is un
changed. Little or no dilution with cellular phosphate occurs, indicating 
that the efflux is very low. After prolonged preincubation with glucose, 
however, an efflux of phosphate does occur but only in the presence of 
substrate (glucose) [63]. A metabolically dependent release of previously 
absorbed arsenate has also been observed [57,63]. The infflux and 
efflux mechanisms seem to be quite different, for they vary independently 
with the metabolic state of the cell. 

Phosphate transport in bacteria is, at least superficially, similar in its 
properties to that in yeast with metabolic dependence, saturation, and 
competition with arsenate [47-51]. In S. faecalis a. phosphate mutant has 
been described [50,49]. The wild type has two systems with Km

9s of 
1 χ  10" 5 Μ and 5 x 10" 5 Μ and each with a different dependence on 
pH. In the mutant only the system with the higher Km is found. Because 
it is relatively ineffective at higher pH, the mutant requires high phos
phate concentrations at pH 7 and 8. In the mutant no change occurs 
in the activity of the enzyme glyceraldehyde dehydrogenase (which is 
involved in esterification of inorganic phosphate), leading to the con
clusion that this enzyme reaction is not involved in phosphate transport 
[49]. 

In yeast, phosphate transport is stimulated by K + [54]. The effect 
in this case is not direct because the stimulation can be seen in cells 
incubated in the absence of K + but preexposed to K + plus glucose. The 
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explanation is as follows: In K+-free medium, phosphate is taken up 
in an exchange of H 2 P 0 4 " for OH" with a resulting alkalinization of 
the medium and acidification of the cell. Under these conditions the 
uptake soon ceases. If, however, K + is present or if the cells have been 
pretreated with K + , the acidification due to H 2 P0 4 "-OH~ exchange is 
compensated by the K + - H + exchange. Much more phosphate can be 
taken up without disturbing the acid-base balance of the cell [64]. 

In E. coli, phosphate uptake is related to Κ + in a more direct fashion 
[47]. In Κ+-limited cells the phosphate uptake is low. Addition of K + 

increases the uptake and thereby stimulates the metabolism. The effect, 
unlike that in the yeast cells, is not observed after pretreatment with 
K + , but requires its presence. In E. coli, K + directly stimulates the rate 
of phosphate uptake, whereas in yeast it prolongs the period of uptake. 
In S.faecalis, phosphate uptake is also stimulated by K + [49]. 

C. Sulfate 

Sulfate transport has been studied in yeast [64], in Chlorella [65-67], 
and in Salmonella typhimurium [68,69]. In each case a saturation, 
energy-dependent phenomenon was found with a very low Km (between 
10" 5 and 10~ 6 M). Competitions are reported in Chlorella between 
S O r and CrO\~ [66] and with SCN (thiosulfate) in Salmonella [69]. 
The S0 4 ~ once taken up is relatively nonexchangeable in Chlorella [67]. 

In Salmonella, the membrane protein responsible for the binding of 
sulfate prerequisite to transport has been isolated and purified [69,70]. 
This protein, of molecular weight 32,000, is released into the medium 
by osmotic shock. It has been identified not only on the basis of its 
sulfate-binding properties but also on the basis of genetic evidence 
[69-71]. The protein is absent in mutants defective in sulfate transport. 
It is also absent in cells in which the transport system has been repressed 
by cysteine. The S0 4"-binding protein is, at present, the only purified 
component of a transport system for ions isolated from microorganisms. 

IV. BIVALENT CATIONS 

The transport of bivalent cations has been little studied in any micro
organism except yeast. The transport in yeast has some unique features 
[72-74]. In well-starved cells the rate of uptake is essentially zero for 
some cations and is very slow for others, but exposure to K + , phosphate, 
and glucose increases the rate to relatively high levels. Thus in Fig. 6 
the uptake of M n 2 + in the absence of phosphate represents binding to 
the surface of the cell (see next section). The bound M n 2 t is exchange-
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FIG. 6. Uptake and exchangeability of M n 2 + as influenced by K + and phosphate (data 
from reference [73]). 

able. The extra M n 2 + taken up in the presence of phosphate is, in 
contrast, nonexchangeable. It has been transported into the cell. 

The effect of phosphate is not due to its presence in the medium or to a 
simultaneous uptake, or to the phosphate content of the cell. It depends 
upon phosphate transported from the medium into the cell. The phos
phate transport can occur before exposure to the bivalent cations. In 
the process of phosphate uptake, an increased capacity to transport 
bivalent cations is somehow generated. This increased capacity then 
decays at a rate that is increased by high rates of metabolism (half-time 
of disappearance in a few hours). It has been proposed that a phos-
phorylated intermediate essential for cation transport is formed during 
the passage of the phosphate through the membrane [74]. The additional 
effect of K + demonstrated in Fig. 7 is indirect, due to the stimulation of 
phosphate uptake. 

The transport system for bivalent cations follows the affinity series, 
Mg 2 + , C o 2 + , Z n 2 + > M n 2 + > N i 2 + > C a 2 + > Sr 2 + [72]. Each cation 
gives a saturation phenomenon, and in pairs they compete with each 
other for the transport systems. The Km for Mg 2 + , C o 2 + , and Z n 2 + is of 
the order of 1 χ 10" 5 Μ. A substrate (glucose) must be added, and the 
cations once taken up are virtually nonexchangeable. Electrical balance 
involves an efflux of 2 K + (or 2 N a + in N a + loaded cells) for each 
bivalent cation absorbed. 

The bivalent cation system does not transport K + . On the other hand, 
in the absence of monovalent cations the K + system can transport 
Mg 2 + . Its affinity for the K + system is extremely low [75]. 
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FIG. 7. Intracellular concentrations of K + and N a + in W. coli in the stationary and 
logarithmic phase as influenced by extracellular cation concentrations [13]. 

V. CATION BINDING BY THE CELL SURFACE 

In addition to the transport systems, all of the anionic groups of the 
outer surface of the membrane can bind cations, especially bivalent 
cations. In this form of binding the cell acts as an ion exchanger and the 
binding follows simple chemical rules. In Staphylococcus aureus the 
binding of M g 2 + and C a 2 + by the wall amounts to 85 meq/gm of cell 
wall dry weight [76]. In yeast the binding has been extensively investi
gated [77]. Two kinds of binding ligands have been demonstrated, 
carboxyl and phosphoryl. Associated with the binding of certain cations 
such as U 0 2 + to some of the ligands, specific inhibitions of sugar 
transport occur [78]. 

VI. CONTROL OF TRANSPORT 

Many ion transport systems in microorganisms are uphill and most 
are metabolically connected. Control of transport is undoubtedly 
achieved by regulation of the supply of energy to the transport. The 
nature of the metabolic connections and of the control points, however, 
is poorly understood. In different organisms different kinds of meta
bolism can support transport, and no specific increment of metabolism 
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has been associated with a specific transport as in animal cells. No 
particular forms of transport substrates have been definitely implicated, 
although ATP is generally considered to be important [28,30,41,44-46]. 
In the case of phosphate the transported ion enters metabolic pools 
[54,79], and direct or indirect feedback controls exist [48]. In the case 
of sulfate uptake, a specific mechanism of feed back control has been 
reported [69,70]. A product of sulfate metabolism, cysteine, represses 
the formation of the binding protein required for transport. 

In yeast and probably in bacteria some control is indirectly exerted 
via changes in cellular and extracellular pH, brought about by meta
bolism and by the K + - H + exchange system. Modification of K + 

transport by extracellular pH has already been described. Two effects 
are observed. First, the rate of transport is reduced by competition of 
H + for the transport site and, second, H + combines with a second site 
that increases the cation discrimination between K + and N a + as in 
Fig. 2 [16]. Also, C a 2 + acts on this second site [15]. The internal pH 
greatly influences the amount of K + and of H 2 P0 4 ~ that can be trans
ported. Transport of these ions involves H + and OH" exchange, so the 
uptake is self-limiting because of acidification or alkalinization of the 
cytoplasm. If, however, both ions are being transported at the same time, 
the effects cancel. The rates of uptake become equal, and an enormous 
quantity of both is taken up [64]. 

Other evidences of control are found in the changes in the rate of K + 

uptake by E. coli associated with shifts in internal metabolic controls 
[28], and with the transient increases in glycolysis in S. faecalis [30], 
when K + transport is initiated. The metabolic state of the cell also 
influences the transport systems. Thus phosphate deprivation increases 
the capacity to transport phosphate in a marine fungus [53] and in 
B. cereus [48]. In yeast, on the other hand, starvation leads to a loss of 
phosphate transport capacity but it is restored with glucose [55]. 
Efflux of phosphate is also decreased by starvation and increased by 
glucose [63]. The increase in Mg2 +-transporting capacity with phosphate 
pretreatment and the decrease in the absence of phosphate have already 
been described [74]. In Mycoplasma an adaptation phenomenon has 
been described [9]. Cells grown in low K + develop an increased ca
pacity to transport K + . 

Control of transport during growth and cell division must obviously 
be coordinated with synthetic activities, and with change in size. Little 
is known concerning the precise nature of the controls, but their exist
ence and extent can be inferred by comparing transport in exponentially 
growing cells with that in stationary phase cells. In E. coli in stationary 
phase, the distribution of Na + , K + , and CI" is close to equilibrium 
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but, when growth starts, the transport systems are triggered; the result 
is an influx of K + balanced by efflux of Na + and H + [12,13,39]. Thus, 
in Fig. 7, in the stationary phase the concentrations of external N a + 

and K + determine their concentrations inside the cell, almost along the 
line of identity (equilibrium) whereas, in the logarithmic phase, the 
internal K + and Na + are not at equilibrium and are not, especially in 
the case of K + , very dependent on the external concentration. In S. 
faecalis [30] and in yeast [80], exponential growth also triggers a large 
K + - H + exchange and a small K + - N a + exchange. The result is a de
crease in cellular N a + and a large increase in K + (Table II). 

The osmotic pressure of the medium also controls the transport 
systems. Increased osmolarity results in an increased ratio of K + to 
Na + in E. coli [22] and in yeast [7]. The effect is due to a stimulation of 
K + uptake in exchange for H + [22]. 

The transport systems are also subject to genetic control, although 
information concerning the nature of the control is fragmentary. In the 
case of K + , mutants have been reported in E. coli, S. faecalis, Neuro
spora, and yeast. In E. coli and S. faecalis the mutants are defective in 
ability to retain K + [11,14,34-38]. The defect seems to be in the specific
ity of the cation extrusion mechanism [14,34,37]. Normally this system 
selects Na + (and perhaps H + ) over K + , but, in the mutant, K + is not 
selected against and it moves out of the cell rapidly. The mutant in 
Neurospora [23] is altered in the K + uptake mechanism, with a reduction 
in affinity for K + (as measured by the Km). In yeast a different kind of 
K + mutant has been reported [2]. Cells in the stationary phase lose K + 

transport capacity more rapidly than the wild type. When placed in a 
growth medium, the transport capacity (and growth) reappears only after 
a lag period the length of which is K+-dependent. 

A phosphate transport mutant has been reported in B. cereus [81] 
and in S. faecalis [49] and a sulfate mutant in S. typhimurium [70]. The 
latter is defective in ability to produce the SO4" -binding protein essential 
for S O 4 " transport. 

VII. FUNCTIONS OF TRANSPORT SYSTEMS 

The function of phosphate transporting systems is self-evident. 
Phosphate is an essential metabolite required by all cells, and the trans
port systems ensure the required supply. In organisms that metabolize 
sulfate, the function of sulfate transporting systems is also obvious. The 
requirements of specific transports of nonmetabolizable ions such as 
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Na + , K + , CI", and M g 2 + in microorganisms are not so evident but are 
probably related to ion requirements of such processes as protein syn
thesis, growth, and cell division. 

In the case of the monovalent cations, two considerations are im
portant: the discrimination between K + and Na + and the contribution 
of the cations to the osmotic pressure of the cytoplasm. The discrimi
nation mechanisms are essential to meet the needs for high cellular K + 

in the face of environments that are usually relatively high in Na + and 
low in K + . A reflection of this need is the finding that microorganisms 
require K + for growth [4]. The primary reason is undoubtedly the 
dependence of protein synthesis on K + and its inhibition by Na + [11]. 
The requirement has been demonstrated in cells and cell-free systems 
and is related to the transfer of amino acids from the transfer RNA to 
the polypeptide in the ribosomes. An extreme case of dependence has 
been shown in Halobacterium [82]. Not only is the integrity of the 
ribosomal system dependent on K + , but many of the cellular enzymes 
will function maximally only in the presence of K + . The requirements for 
high cellular K + during periods of active protein synthesis is probably 
the underlying reason for the increased cation discrimination found in 
cells that are transferred from the stationary to the exponential growth 
phase [13,30,80], a demonstrated in Table II. 

A second role of cation transport in growth is related to osmotic 
pressure requirements. In walled cells the osmotic pressure of the cyto
plasm is generally higher than that of the medium, resulting in a turgor 
pressure of the cytoplasm against the cell wall [1,2,10]. When growth is 
initiated, the turgor pressure must be increased in order to stretch the 
cell wall to accommodate the increase in size. Because electrolytes 
make up a large part of the osmotic content, the increased turgor is 
reflected in an increased total content of cations, particularly K + 

[13,30,80], as demonstrated in Table II (compare stationary and ex
ponential cells). The K + - N a + exchange cannot increase the total cation 
content. It is accomplished by K + - H + exchange, with the H + produced 
by metabolic reactions and much of the K + balanced by metabolically 
produced organic anions or by anions that are also transported or that 
permeate. Thus in growing cells the total K + uptake is partly balanced 
by N a + exchange and partly by H + exchange. 

The relationship of K + - H + exchange to osmotic control is well 
illustrated by observations on the adaptation of E. coli to media of 
higher ionicity [22]. Thus K + - H + but not K + - N a + exchange is strongly 
stimulated, with the result that the cell is capable of maintaining an 
appropriate osmotic pressure gradient. 

A secondary function of the cation-transporting system may be 
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related to tolerance of acidic environments. For example, the ferment
ative ability of yeast at low pH is impaired in a K+-free medium [83]. 
In the presence of high K + , however, the fermentation proceeds at a 
normal rate even at pH 2.0. The effect of K + in this case is to increase 
the K + - H + exchange and allow sufficient excretion of Η + to compensate 
for the low pH of the environment. The K + - H + exchange system must 
also play an important role in the acid balance of the cell, but detailed 
knowledge is lacking. 

The role of the transport system for bivalent cations is primarily to 
supply those ions that are essential for certain metabolic activities. The 
specificity patterns of the system probably ensure appropriate levels 
of Mg 2 + , Mn 2 + , C o 2 + , and Z n 2 + in the cytoplasm, and can also account 
for the discrimination against C a 2 + [72-74]. 

The role of CI" varies from cell to cell. In yeast it plays no role. It is 
not transported and it does not permeate [24]. In Chlorella, Cl~ is 
actively transported and is the predominant counter ion for accumulated 
K + [5,42]. In E. coli the membrane is permeable to Cl~, so that it 
distributes at Donnan equilbrium and is a major anionic compound [39]. 

VIII. DISCUSSION 

Microorganisms, like all other cells, control their internal electrolyte 
environment using similar mechanisms. Specific, energy-dependent 
transport systems are more important, and permeation of ions plays 
less of a role than in animal cells. In fact, in the case of cations, micro
organisms are relatively impermeable and freshwater forms are imper
meable to anions as well. In animal cells, the close control of cation 
composition is attributed to a balance of "pumps" and "leaks." In mi
croorganisms, however, the cellular composition is not so closely con
trolled and the pumps predominate. This difference can be attributed to 
the different needs of walled and unwalled cells in terms of volume regu
lation [2]. In naked cells with a mechanically weak membrane, not only 
must the electrolyte composition be regulated but the ion content as 
well. Because cell membranes are highly permeable to water, the cells are 
in virtual osmotic equilibrium, the ion content being the primary deter
minant of size. The maintenance of ion composition and of content 
requires exquisite control which is accomplished by the pump and leak 
system [84]. In walled cells, on the other hand, the size is maintained in 
narrow limits by the mechanically rigid cell wall. Close regulation of 
osmotic content is not required, and considerable variations are found 
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in a given organism under different conditions. The only prerequisite is 
that during growth the internal osmotic pressure must be considerably 
higher than the outside osmotic pressure in order to stretch the wall [2], 
A balanced pump and leak system is unnecessary and would in fact be 
a disadvantage in maintaining a high osmotic gradient. In E. coli in the 
stationary phase, the pumps virtually stop working and the ion distri
bution approaches equilibrium. In the exponential phase, on the other 
hand, the pumps predominate and the cells build up and maintain very 
high ionic and osmotic gradients (Fig. 7) [13]. Although the net perme
ability to Κ + is low, a K + -for-K + exchange can occur rapidly so that 
the unidirectional flux measured by isotope is high [31], 

In freshwater forms such as yeast and algae, pumps are always active 
and leaks are always minimal [2,18]. These cells consistently face the 
problem of retaining cellular electrolyte against very large gradients. 
They must have large pumps and minimal leaks. 

Although the walled cells must cope with different problems of 
cation regulation from those in animal cells, the kinds of transport 
mechanisms are somewhat similar in terms of kinetics, specificity, 
and perhaps in metabolic relationships. The similarities are most 
evident in the case of the N a + - K + system. 

The number of studies of ion transport in microorganisms is relatively 
small and of recent vintage except in the case of yeast. Yet micro
organisms offer many advantages as an experimental material for deter
mining mechanisms of transport and their control. They are diverse, 
occupying many ecological niches requiring special adaptations of 
the transport systems. They are especially useful in studying genetic, 
physiological, and metabolic control of transport. From a biochemical 
point of view they also offer many advantages. The membrane is the 
only major structure, and it is easy to isolate for studies of membrane 
structure and composition and also for identification of the molecules 
that participate in transport. 
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