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Summary. Trinitrocresolate (TNC) at a concentration of 2 x 10-3M brings about 
rapid loss of K from starving Halobacterium cells. Higher concentrations of other 
anions such as salicylate, thiocyanate, and perchlorate produce a similar effect. The 
TNC-induced K loss is not significantly reversed when TNC is removed from the ambient 
medium. The rate of K loss in the presence of 2 x 10-3 M TNC is only slightly increased 
by the temperature in the ranges of 30 to 40 ~ and 0 to 20 ~ between 20 and 30 ~ 
however, the rate increases 10-fold. The K loss was partly replaced by Na +. These data 
are interpreted in terms of the hypothesis that K is retained in starving Halobacterium sp. 
not by active transport, but rather by selective binding on loci which are modified by 
TNC. 

It has been known for some time that at least two species of Halo- 

bacterium contain high concentrations of potassium [1, 2] while living in a 

medium rich in Na and poor in K. Since this is true even in bacteria subjected 

to prolonged periods of starvation [3], it does not appear that the cell 

potassium is retained by active transport, especially as the ion exchanges 

rapidly across the cell membrane. 

It is, therefore, necessary to consider some other way whereby high 

concentrations of the potassium ion can be maintained within the bacteria 

against low external concentrations. A possibility which has been con- 

sidered on thermodynamic as well as on experimental grounds [3] is that 

there might be some mechanism of specific binding which would permit 

the retention of 3 to 4 M potassium within the bacteria against an external 
concentration of 5 mM/liter KC1 and 3.5 M NaC1. 

It is not possible to postulate any special binding compound, such as 

macrocyclic antibiotic, since the dry weight content of the bacteria is not 

high enough to accomodate sufficient quantities of such molecules. There 
is not even enough cell protein to allow one to postulate a binding mechanism 
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depending exclusively on some conf igura t ion  involving amino  acid radicles 

and  potass ium.  

In  the course  of the present  work ,  designed to examine fur ther  the status 

of K within the Halobacterium species in question,  it has not  been  found  

possible to isolate b o u n d  K f r o m  disrupted cells. In  all a t t empts  in which 

bac ter ia  were b ro ken  and  the contents  dispersed into the ambien t  m e d i u m ,  

there was l iberat ion of free potass ium.  I t  has,  however ,  been  found  possible  

to br ing a b o u t  loss of  po ta s s ium f r o m  intact  bac ter ia  by  exposure  to var ious  

anions.  The  order  of effectiveness, as judged  by  the an ion  concen t ra t ion  

required to l iberate at  least  one- thi rd  of the to ta l  K,  is: C104 < S C N  < 

sa l icy la te<t r in i t rocreso la te  (TNC) .  T N C  has also been found  to be a 

par t icular ly  soluble an ion  in h y d r o c a r b o n  solvents [7] and  to affect  p ro-  

found ly  the permeabi l i ty  of e ry throcytes  to anions  and  cat ions [4]. 

Presently,  no adequa te  explana t ion  exists for  the relative effects which 

different  anions  (e.g. Hofme i s t e r  or  lyot ropic  series) m a y  have  on  cer ta in  

systems. However ,  we discuss some of the kinds  of p h e n o m e n a  involved and  

suggest how these migh t  affect  b inding of po ta s s ium by  Halobacterium sp. 

Materials and Methods 

Organism and Method of Culture. The organism used in the course of this investi- 
gation was a species of Halobacterium isolated from the Dead Sea. The methods of 
isolation and subsequent culture have been described in an earlier paper [2]. 

Preparation of Starving Bacteria. Cultures were grown for about 24 hr, at which 
time they were in the logarithmic phase of growth. The bacterial suspension was cen- 
trifuged, and the resulting bacterial pellets were resuspended in saline solution consisting 
of 3.5 M NaC1, 0.15 M MgSO4, 1.4 x 10 -3 M CaC12, 2.5 x 10 -7 M MnClz, and 5.10 -3 M 
KC1. This solution is referred to as Complete Salt Solution (CSS). Resuspension was 
brought about by rapid stirring with a magnetic bar. The pH of the suspension was 
monitored with a joint glass electrode (Radiometer GK 264 B which is largely insensitive 
to high salt concentrations at pH values below 10) and was maintained at 7.0 against 
initially rapid acidification brought about by the bacteria by additions of small amounts 
of 0.01 N NaOH in 3.5 M NaC1. After 3 to 4 hr, no further pH changes were observed 
and the bacterial suspension was left overnight in a warm room at 37 ~ where it was 
rapidly stirred. The suspension was then stored at 3 ~ and was used for experiments 
for periods of up to three weeks. 

Preparation of Reagent Solutions. Solutions were made up in CSS; the pH was 
adjusted to 7.0. 

Method of Experiments. Three ml portions of bacteria suspended in CSS (pH 7.0) 
were equilibrated by shaking in a water bath at 37 ~ for one hr prior to addition of the 
experimental substance. At given time intervals after addition of the test substance, 
75 ~tliter samples were removed with a micro-pipette and centrifuged in a Beckman 
Microfuge. The treatment of samples has been described earlier [2]. 



Anion Effect on K+-Binding in Halobacteriam 261 

Measurement of Na and CI in Bacteria Treated with Trinitroeresolate (TNC). After 
treatment with TNC, bacteria were resuspended in a 3.2 M LiNOz solution isoosmotic 
with 3.5 M NaC1. The residual NaC1 content of the LiNO a was measured after 2, 10, 
and 17 rain to ensure that equilibrium had been reached, since it had already been 
established that the Na of these halophilic bacteria comes to equilibrium with the Na of 
the ambient medium in 1 to 2 min [3]. 

The Na and C1 content of control bacteria not treated with TNC was determined 
in the same way. 

The method of measuring total pellet Na and C1 has been described earlier [2]. 

Analysis of Ions. K and Na were analyzed by means of an atomic absorption spectro- 
photometer (Perkin-Elmer, Norwalk, Conn., Model 303) after lysis of the bacterial 
pellets in a solution containing 7.4. 10-3M CsC1, 5 ml concentrated NH4OH , and 
0.0313 ml Non-Ion-Ox per liter. Non-Ion-Ox was obtained from ALOE Scientific Co., 
St. Louis, Mo. C1 was analyzed by means of a Cotlove Chloridometer. 

Protein Analysis. Protein was determined by the method of Lowry, Rosebrough, 
Farr and Randall [6]. 

Sonication. Bacteria were sonicated with a Branson Ultrasonic Corporation Sonifier, 
Model LS-75. 

K Electrode. K activity was measured with a Beckman liquid K-sensitive electrode. 

Abbreviations. The following abbreviations are used in the course of this work: 
NEM N-ethylmaleiamide 
DNP dinitrophenol 
PCMBS p-chloromercuribenzene sulfonate 
CCCP m-chlorocarbonyl cyanide phenyl hydrazone 
TNC trinitrocresol 
TNBS trinitrobenzene sulfonate. 

Results 

Maintenance of  K in Starved Bacteria 

The K content  of s tarved bacter ia  remains  cons tan t  for  at  least three 

weeks at  3 ~ and  for  a b o u t  two days  at  37 ~ There  is little or  no loss of  

K f r o m  starved bacter ia  incuba ted  at  37 ~ for  5 h r - t h e  m a x i m u m  length 

of any  exper iment  described in this paper .  

Attempts to Isolate Bound K from Starved Bacteria 

Bacter ia  suspended in several  k inds  of media  were d isrupted by var ious  

mechan ica l  means ,  and  the total  K content ,  as de te rmined  by  f l ame  p h o t o m -  

etry, was c o m p a r e d  with the K content  measu red  with a K-sensi t ive 

electrode. The  med ia  in which bacter ia  were suspended included distilled 

water,  3.12 M urea,  3.5 M NaC1 buffered  a t  p H  values f r o m  1 to 8, 4 ~ KC1 

and  ethyl alcohol.  Bacter ia  were b r o k e n  by  sonicat ion,  freezing, or  by  

homogen iza t i on  in a hand-homogen ize r .  

N o  indicat ion of any  complexed  K was ob ta ined  by  these methods .  On 

d is rupt ion  of the cells, the bacter ial  pro te in  released into the solution,  cal- 
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Fig. 1. Proportion of free K to soluble protein liberated as a result of sonicating suspen- 
sions of Halobaeterium sp. for times varying from 30 to 150 see. The proportion of K or 
protein liberated by sonication, as % of total K or protein present in the suspension, rose 
from 30 % after 30 sec to 80 % after 150sec. K/protein expressed in laequiv K/100 gg protein 

culated as a p ropor t ion  of the total bacteria protein, was accompanied  by 

an equal p ropor t ion  of the total K (Fig. 1). All of the K released into the 

solution was free (ionic) potass ium as judged by the response of the K 

electrode. 

Effect of Specific Chemical Reagents on K in Starved Bacteria 

Table 1 describes the results of experiments designed to explore the 
effect of more or less specific agents on K retention by starved Halo- 
bacterium. The thiol agents PCMBS, NEM and glutathione did not bring 
about release of bacterial K. Valinomycin and the uncoupling agents DNP 
and CCCP were equally ineffective. 

Table 1. Measurement of K/protein ration in Halobacterium cells after treatment with 
various substances a 

Compound Concentration K/protein 
as % control 

NEM 5 �9 10 -4 102 (4) 
PCMBS 2.5.10 -3 100 (4) 
Glutathione (oxid.) 10 -3 98 (3) 
Glutathione (red.) 10 _3 99 (1) 
DNP 5 " 10 -3 100 (2) 
CCCP 10 -6 100 (1) 
Valinomycin 10-6 111 (3) 

a Duration of treatment: two hr. Temperature: 37 ~ Mean K/protein ratio of 
untreated controls was 1.09 ___ 0.21 i~equiv/100 gg (mean + sE of 15 cultures). Numeral in 
parantheses refers to number of determinations. 



Anion Effect on K +-Binding in Halobacterium 263 

8O 

"6 60 

" 4 0  
._~ 

o 

a 2 0  
v 

2 I0 M " " ~ ' ~  
I I 

20 40 

5,10_4 M 

I I I I 
60 80 tO0 120 

Minutes 

Fig. 2. Effect of incubation at various TNC concentrations on K/protein ration of 
Halobacterium sp. Temperature: 37 ~ 
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Fig. 3. Effect of temperature on mean rate of K loss in Halobacterium sp. during the 
first 30 rain after addition of 1.8 �9 10 -3 M T N C  to cultures 

Effect of  TNC 

TNC at 2 . 1 0 - 3 ~  produced rapid loss of K without loss of protein 
(Fig. 2). Lower TNC concentrations also caused complete loss of K from 
starved bacteria, although the rate of loss was lower at lower concentra- 
tions of the aromatic anion. 

The rate of loss was temperature-dependent (Fig. 3), being highest above 
30 ~ and faUing off markedly at lower temperatures. The inset to Fig. 4 
shows that the time required for loss of 50% bacterial K is directly pro- 
portional to the reciprocal of the TNC concentration employed. Thus K 

18 J .  M e m b r a n e  B i o l .  6 
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Fig. 4. Arrhenius diagram of log10 of the rate constant (k) times l0 s of loss of potassium 
vs .  the reciprocal absolute temperature (l/T). I n s e t :  Plot of reciprocal of concentration 
vs .  time required for loss of half of bacterial potassium (tl/2). Each tl/2 was obtained 

from a semi-logarithmic plot of K/protein vs .  time 

loss follows first-order kinetics. The disjunct nature of the Arrhenius plot 
is similar to that in many systems in which a phase transition is observed [5]. 

To study the reversibility of the TNC effect, bacteria in which the 
amount of K had been reduced by treatment with TNC were resuspended 
in CSS containing 5 �9 10-3 M KC1 but without TNC. In the course of the 
subsequent incubation, which lasted for two hr, the K/protein ration rose 
by 0.05 to 0.09 ~tequiv K/100 I~g protein (control level: 0.95 rtequiv K/100 I~g 
protein). Thus the loss of K, which had been induced by TNC, was only 
slightly reversed during a subsequent relatively prolonged incubation in the 
absence of TNC. 

Loss of K was not accompanied by gain of protons. This was shown by 
noting pH changes in the suspension while the bacteria were losing K. The 
suspension was observed to become slightly alkaline during the experi- 
mental period, but the amount of HC1 required to bring the pH back to 
its original value was less than one-tenth of the total K lost. 

On the other hand, the TNC-induced loss of K was accompanied by 
gain of Na which could not be washed out in NaCl-free medium (Table 2). 
X-  was calculated as the difference between the sum of (K § + N a  +) and 
C1-. It includes the cell phosphate and sulfate, etc., but is thought to be due 
in large part to fixed negative charges present on protein and nucleic acid 
molecules within the cell [3]. Although the interpretation of X-  is open to 
question, the high value of ( K + N a - C 1 )  has been measured by others [1] 
as well as by us [2, 3]. 
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Table 2. Measurement of Na and Cl in Halobacterium treated with 1.8. 10-aM TNC 
for one hr a 

Medium Units (~tequiv ion/100 txg protein) 

K Na C1 X - 

Control 0.90 +0.1 0.06__.0.05 0.49___0.02 0.47 
TNC-treated 0.065 _+ 0.05 0.48 +_ 0.05 0.33 _+ 0.01 0.25 

a Na and C1 contents were measured after transfer of the pellets to 3.2 M LiNO a 
(for details see Materials and Methods). X -  is the calculated difference between (K + Na) 
and CI. Mean of 2 experiments. 

Table 3. Effect of  analogs of  TNC and certain inorganic salts on retention of  K 
in Halobacterium sp. a 

Substance Concn. (M) tl/2 (min) 

TNC 
Trinitrobenzene 
Trinitrobenzoate 
Trinitroresorcinol 
Picrate 
Trinitrobenzene sulfonate 
Salicylate 
Thiocyanate 
Perchlorate 
Sulfate 
Lithium nitrate 

2 10 -a 
2 10 -3 
2 10 -a 
2 10 -a 
3 10 -3 
2 10 -3 
1 10 -1 
2.8 
2.8 
1.4 
3.2 

15 
oo 
oo 
oo 

,-~20 
,,~20 

7 
30 

180 
240 

ct) 

a Temperature of experiments: 37 ~ t1/2: time required for K/protein ratio to fall 
to 50 % of control value, oo indicates no K loss in 2-hourly treatment period. The Na 
salts were used unless otherwise indicated. Each result is the mean of at least 2 experi- 
ments. 

I t  is k n o w n  tha t  when  n o r m a l  bac ter ia  are suspended in 3.2 M L i N O a ,  

cell N a  comes  to equi l ibr ium within one min  af ter  resuspension,  and  little 

or  no  N a  is f o u n d  in these bac te r ia  [3]. The  gain  of  N a  was no t  as grea t  as 

the loss of  K ,  and  was a c c o m p a n i e d  by  loss of  C1- and  X - .  I t  thus appea r s  

tha t  T N C  acts in p a r t  by  causing an  exchange of N a  for  K and  in pa r t  by  

reducing  the to ta l  a m o u n t  of  ca t ion  in the cells. 

Picric acid and  TNBS,  b o t h  at  3 �9 10 - a  M, were found  to cause loss of  

82 to  85 % of bacter ia l  K in two hr  and  were thus a lmos t  as effective as 

T N C  (Table  3). O the r  ana logs  of  T N C ,  no tab ly  t r in i t robenzoic  acid, 

t r in i t robenzene,  a n d  t r in i t roresorcinol  were ineffective. To ta l  loss of  K 

was also caused  b y  1 �9 10-1 M soc ium salicylate, while par t ia l  loss was also 

observed  with 2.8 M sod ium perchlora te .  Several  inorganic  sod ium salts, 

18" 
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effect on K/protein ratio of Halobacterium sp. Initial 
u. At points marked by arrows a portion of the bacterial 
TNC and the bacteria were incubated in CSS containing 
KCI until the end of the experiment 

such as sodium sulfate and sodium thiocyanate, caused lysis; therefore, it 
was not certain that the mechanism of K loss was the same as in bacteria 
treated with TNC, which caused no lysis. It thus appears that anions effec- 
tive in bringing about loss of bacterial K can be arranged in a series in the 
following way: C1 = NO3 < perchlorate < salicylate < picric acid < TNC. 

Discuss ion  

The present work has shown that K is released when starving (non- 
metabolizing) Halobacterium sp. are treated with certain aromatic or 
inorganic anions. The most potent of these was TNC, a substance which 
also reduces anion permeability and increases cation permeability in sheep 
erythrocytes [4]. The same TNC concentration range was found effective 
both on cation permeability in sheep erythrocytes and on K depletion in 

Halobacterium. 
Wieth [8] has shown that cation permeability in human erythrocytes is 

increased by several anions, of which saliwlate was the most potent. Gunn 
and Tosteson [4] consider TNC to be an extreme example of the anionic 
series described by Wieth. They found TNC to be 20 times more effective 
than salicylate in promoting Na + influx in LK sheep erythrocytes. It is 
interesting to observe that in Halobacterium the loss of :K induced by 
1 �9 1 0 - 1 M  salicylate was approximately twice as fast as that induced by 
2 . 1 0 - a M  TNC, and thus the effect of TNC at 37 ~ is approximately 
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25 times that of salicylate. The relative effectiveness of TNC and salicylate 

is thus similar in the erythrocyte and in the Halobacterium system. As in 
sheep and human erythrocytes, thiocyanate was much less effective than 
was TNC or salicylate. 

Thus, cation permeability in erythrocytes and loss of K in Halobacterium 

are promoted by the same anions in the same order of effectiveness. Even 
the quantitative relationships between TNC and salicylate appear the same. 
There must, however, be important differences between the two, since TNC 
modifies the permeability of the erythrocyte membrane to ions whereas 
such a membrane effect is unlikely in Halobacterium, in which the membrane 
is highly permeable to cations, and K is apparently retained within the cell 
by some kind of specific binding [3]. It is possible that a similar general 

mechanism is involved in both cases; thus, the effect in erythrocytes has 
been explained as being due to the absorption of the test anions (TNC, 
salicylate, etc.) onto ion binding sites in the membrane. Conceivably, the 
Halobacterium results can be explained by postulating an interaction 
between these test anions and ion binding sites located in the bulk of the 
cell [3]. 

A major observable difference between the anion-induced release of K 
in Halobacterium sp. and the increased cation permeability in erythrocytes 
is in the effect of temperature on these phenomena. In erythrocytes, maximal 
effects occurred at 0 and 37 ~ with a minimum at 23 ~ [4, 8]; this is 
thought to represent a summation of two processes with different tem- 
perature coefficients. In the Halobacterium sp., on the other hand, the rate 
of K release increased monotonically with temperature, with a sharp dis- 
continuity at around 20 ~ in the amount  of total K released at equilibrium. 
In other systems this discontinuity indicates a phase transition [5]. Possibly 
some sort of phase transition occurs in Halobacterium between 20 and 

30 ~ If so, it will be necessary to consider the interrelations of cations 
with cellular macro-molecules and possibly ordered water in these bacteria. 

We are grateful for discussions with our colleagues, notably Drs. J. Wieth, R. Gunn, 
and D. Davis. This work was supported by NIH, USPHS grant HE-12157. 
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