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SUMMARY 

I. Chlorella cells will accumulate  K + to a high in ternal  level if this cation is 
present  in the ba th ing  medium. 

2. In  tile absence of external  K + these cells will accumulate  Na +. 
3. When  K + was added to a suspension of these Na±-rich cells a relatively rapid 

exchange of in terna l  Na + for external  K ~ occurred with a half t ime of less than  IO rain. 
4. During this change of in terna l  Na + for K + there was no obvious change in 

the rates of respirat ion or photosynthesis.  
5- The N a + - K  + exchange was sensitive to light and temperature  and seemed to 

be under  metabolic  control. 
6. Inh ib i t ion  of the net  fluxes with carbonyl  cyanide m-chlorophenylhydrazone 

and  N,N'-dicyclohexylcarbodiimide implicates phosphorylat ion and  a membrane-  
bound  ATPase with the exchange. 

7 -The  action of 3-(3,4-dichlorophenyl)-I , I -dimethylurea and anaerobic con- 
di t ions on i l luminated  cells suggested tha t  the Na + - K  + exchange can be supported 
b y  cyclic phosphorylat ion.  

8. The Na + K + exchange was not  inhibi ted  by  tlle cardiac glycoside, ouabain.  
9- In  addi t ion to the N a + - K  ~ exchange there also seemed to be a H ~ - K  + ex- 

change which represented about  o/ IO /o of the total  net  cation movement .  

INTRODUCTION 

Like m a n y  other microorganisms Chlorella pyresoidosa is able to accumulate K + 
in preference to Na +. I t  has been suggested tha t  the dis t r ibut ion of these two ions 
between the cell interior and  env i ronment  resulted from active t ranspor t  mechanisms 
possibly sited in the plasma membrane  1. This conclusion was par t ly  based on measure- 
ments  involving the est imation of the electrical and ionic gradients  across the cell 
membrane  1 and par t ly  from tracer studies under  s teady-state  conditions 2-4. However, 
unlike Escherichia coli 5 and Streptococcus faecalis 6, it has not  been possible with 
Chlorella to observe large net  movements  of K ~ and Na ~ across the cell membrane  
s imply by  d is turbing metabolic activity.  For  example, with the above bacteria it is 
found tha t  their capaci ty to retain Na + and K + is lost under  condit ions of l imited 

Abbrev ia t ions :  CCCP, ca rbonyl  cyan ide  m - c h l o r o p h e n v l h y d r a z o n e  ; DCMU, 3-(3,4-dichloro- 
p h e n y l ) - i , t - d i m e t h y l u r e a ;  DCCD, N, :V ' -d icyclobexylcarbodi imide .  
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energy supply. On addition of substrate to these non-metabolising cells, Na + together 
with H + are pumped out while K + is accumulated. In the case of Chlorella 4, however, 
and possibly other microorganisms which live in dilute medial  the leakage of Na+ 
and K + down their electrochemical potential gradients seems to be very much limited 
by the low permeability of the outer membrane. 

In this paper we report experiments designed to study the mechanism of Na + 
and K + distribution and transport in Chlorella. We have been able to induce net 
fluxes of these ions by adding K + to cells which have relatively high internal Na + 
concentrations. The method of obtaining these Na+-rich or K+-depleted Chlorella cells 
is described. 

MATERIALS AND METHODS  

The alga, Chlorella pyrenoidosa, was an Emerson strain obtained from the 
Indiana University Algae Collection. The cells were grown at room temperature in 
liquid culture medium, gassed with CO~-air (4:96, v/v), and illuminated at 500 ft- 
candles by two Ioo-W incandescent spotlights. The composition of the liquid medium 
was a modified medium of BARBER 1 which had its Na + concentration increased to 
4 mM and K ÷ concentration reduced to 3 mM and with other ionic levels the same. 
Procedures employed in the present study have also been fully described elsewhere 1. 
For obtaining K+-depleted cells, cells grown in normal K+-containing medium were 
harvested by centrifugation, washed twice with distilled water and resuspended in 
sodium culture medium in which all the K + salts were replaced by the corresponding 
Na + salts. These were then allowed to grow in this medium for 5-6 days under the 
same gassing and lighting conditions as above. 

For experiments, the K+-depleted cells were harvested by centrifugation at 
250o × g for 2 rain, washed once with distilled water and once with K+-free culture 
medium containing 4 mM Na + and finally resuspended in this same K+-free medium. 
The experimental suspensions of i % packed cell volume were contained in a ~5o ml 
pyrex flask placed in a constant temperature tank at 25 ± o.5 o and illuminated with 
two 4o-W white fluorescent tubes at 800 if-candles except for dark-treated cells which 
were placed in similar vessels covered in black tape. The cells were kept in suspension 
by bubbling with moist air and shaking. The time courses of net K + uptake and 
extrusion of Na ÷ induced by the addition of 3 mM KC1 were followed by withdrawing 
io-ml aliquots into test tubes. These were initially centrifuged at 2500 × g for 2 rain 
and then again after washing once with 15 ml of distilled water. The harvested cell 
pellets were digested in I ml of conc. HNO~ by heating in a water bath. When the 
solutions became clear they were diluted to a total volume of IO ml and analysed 
for Na + and K+ on a Gallenkamp flame photometer by comparison with standards. 

Continuous measurements of pH were made with a Beckman pH electrode using 
a Beckman expanometer which had its output connected to a Smiths potentiometer 
chart recorder (Type RE5I  ). These measurements were carried out under CO2-free 
nitrogen on 5 ml of 1% cell suspension in distilled water. The suspensions were con- 
tinuously stirred in a temperature controlled vessel (25 nh o.5 °) and could be illumi- 
nated with light from a projection lamp at an intensity of IOOO ft-candles. 

Approximate determinations of changes of intracellular H + content were carried 
out using a modified method of GEAR et al. 8 and HAROLD et al. 6. Essentially 2 ml of 
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e thano l  was added  to a sample  of washed cell pellet  ob ta ined  in the  same way  as for 
N a * - K  + exchange exper iments .  The suspension was evapora t ed  to dryness  in a wate r  
ba th .  The resul t ing  residue was resuspended  in 7 ml of dis t i l led wa te r  and  the pH 
de te rmined .  Changes in H + conten t  of the  cells were e s t ima ted  b y  conver t ing  the  
differences in p H  using a ca l ib ra ted  t i t r a t ion  curve. The  concomi tan t  ne t  movemen t s  
of Na  + and  K + were de t e rmined  a t  the  same t ime.  

Oxygen  measurement s  were made  wi th  a R a n k  oxygen  elect rode and  carr ied 
out  under  s imi lar  s t i rr ing,  t empe ra tu r e  and  i l lumina t ion  condi t ions  as employed  for 
cont inuous  recording of ex t race l lu la r  p H  changes. Var ia t ions  in oxygen tensions were 
de t ec t ed  as po ten t i a l  difference changes regis tered on a Smi ths  char t  recorder  (Type 

R E  51). 

RESULTS 

Dis tr ibut ion  of  N a  + and K + 
The differences in in te rna l  concent ra t ions  of Na-- and  K + in cells grown ei ther  

in no rma l  cu l ture  or in N a  + cul ture  m e d i u m  are shown in Table  I. In  the  normal  
m e d i u m  where the  ex te rna l  K+/Na  -~ ra t io  was 0.75 the  in te rna l  ra t io  was found to 
be abou t  33. In  compar ison  i t  can be seen t ha t  cells grown in only Na  + conta in ing  
cul ture  med ium have an in te rna l  ra t io  of K+/Na + less t han  I .  The ac tua l  ra t io  of 
in te rna l  K+/Na  + for these Na+-r ich cells va r i ed  somewhat  from cul ture  to cul ture  
being ma in ly  dependen t  on the  length  of t ime  be tween inocula t ing  the  Na  + med ium 
wi th  no rma l  K+-cells and  harves t ing .  We usua l ly  found t h a t  cells conta in ing  Na  + 
levels in the  region of 40-60 mM could be ob ta ined  af ter  6 days  under  our pa r t i cu la r  
cu l tur ing  condi t ions .  

T A B L E  I 

CATION CONCENTRATIONS IN NORMAL AND Na+-R1CH CHLORELLA CELLS 

The va lues  l i s ted  are the  i n t e r n a l  levels  of Na* and  K+ expressed  in t e rms  of cell water .  For  
b o t h  cu l tu re  cond i t ions  the  cells were grown in vessels  i l l u m i n a t e d  a t  50o foot -candles  a t  25 °. 
The Na+-r ich  cells were h a r v e s t e d  5 or 6 days  a f te r  i n o c u l a t i n g  the  K+-free cu l tu re  med iu ln  w i t h  
n o r m a l  K+-con ta in ing  cells. The figures g iven in the  pa ren theses  r ep resen t  the  n u m b e r  of s epa ra t e  
cu l tu res  ana lysed  and  va lues  are quo t ed  as the  m e a n  ± S.E. In  a d d i t i o n  the  ex t e rna l  Na  ÷ and 
K+ concen t r a t i ons  are g iven  for b o t h  cu l tu re  so lu t ions  t o g e t h e r  wi th  the  in t e rna l  and  ex t e rna l  
K+/Na  + rat io .  

I o n  K + m e d i u m  N a  + m e d i u m  

E x t e r n a l  concn. I n t e r n a l  conch. E x t e r n a l  conch. In te rna l  conch. 
(mlVI) (raM) (m~'~I) (raM) 

K+ 3.0 142 2_ 7 (I8) 0.04 28.2 ~_ 1. 3 (2 I )  
Na + 4 .0 4.3 -L 0.8 (I7) 7.0 54.0 ~' 2.8 (23) 
K+/Na  + 0.75 33 o.oo6 o.52 

In  Table  I I  we have  p resen ted  fur ther  d a t a  which emphasises  the  ab i l i ty  of 
Chlorella to accumula te  high levels of K + from med ia  conta in ing  low concent ra t ions  
of th is  cat ion.  The  resul ts  of Table  I I  also suggest  a ve ry  pronounced  homeos ta t ic  
mechanism ma in t a in ing  the  in te rna l  K+ independen t  of ex te rna l  K+ in the  range 
I-IOO mM K +. 
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T A B L E  I I  

T H E  E F F E C T  O F  V A R Y I N G  T H E  E X T E R N A L  } ~ + / N a  + R A T I O  ON T H E  I N T E R N A L  C O N C E N T R A T I O N S  O F  

T H E S E  C A T I O N S  

T h e  ce i l s  w e r e  g r o w n  b y  g i v i n g  a n  i n o c u l a t i o n  of  n o r m a l  K + ce l l s  t o  c u l t u r e  m e d i u m  c o n t a i n i n g  
v a r i o u s  r a t i o s  o f  N a  + a n d  K+ .  F o r  e x t e r n a l  K + c o n c e n t r a t i o n s  o f  3 .o  m M  a n d  b e l o w  t h e  N a + / K  + 
r a t i o s  w e r e  v a r i e d  w h i l e  k e e p i n g  t h e  a n i o n  c o n c e n t r a t i o n s  i d e n t i c a l .  A b o v e  t h e  e x t e r n a l  c o n c e n -  
t r a t i o n  of  3 .0  m M  K +  t h e  a d d i t i o n a l  K + l eve l s  w e r e  a c h i e v e d  b y  a d d i t i o n  of  KC1. T h e  v a l u e s  
a r e  q u o t e d  in  t e r m s  of  ce l l  w a t e r .  

Ion External cohen. (raM) 

K + o .o  o . i  i . o  3 .0  i o  5 ° i o o  
N a  + 7 .0  6 .9  6 .0  4 .0  4 .0  4 .0  4 .0  

Internal conch. (raM) 

K + 28 7 6 163 173 162 174 172 
N a  + 98  51 4.1 3.2 3 .2  4 .2  2. 4 

K+-induced net N a  + eff lux 
We were interested to test  whether  the Na+-rich cells described above were 

able to p u m p  out  Na + and  accumulate  K+when  K + was added to the external  medium.  
In  fact we were able to detect  a relat ively fast net  exchange of Na + for K + as shown 
in Fig. I. As the in te rna l  K + level rose there was a corresponding net  efflux of Na +. 
The kinetics for the K + t ranspor t  seemed to consist of a rapid ini t ia l  up take  followed 
by  a slower phase while the Na + content  decreased to a low level dur ing  the first stage 
of the K + uptake.  

Because of the relat ively slow sampling t imes there was some difficulty in ob- 
t a in ing  the precise values of the ini t ia l  rates bu t  for i l luminated  cells the rates of 
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F i g .  I.  T h e  t i m e  c o u r s e  o f  n e t  N a  + e x t r u s i o n  ( [ ] )  a n d  K + a c c u m u l a t i o n  ( © )  i n d u c e d  b y  i n j e c t i n g  
3 m M  KC1, a s  i n d i c a t e d  b y  t h e  a r r o w ,  i n t o  a s u s p e n s i o n  o f  N a + - r i c h  cel ls .  T h e  c o m p o s i t i o n  o f  t h e  
s u s p e n s i o n  m e d i u m  b e f o r e  t h e  KC1 a d d e d  w a s :  2 m M  N a N O 3 ,  I m M  NaC1,  o. 5 m M  N a H 2 P O 4 ,  
o. 5 m M  N a 2 H P O 4 ,  2 m M  M g S O 4 . T H 2 0  , o .25  m M  C a ( N O s ) 2 . 4  I{~O a n d  2 ml/1 of  t r a c e  e l e m e n t s  1 
a t  p H  7.o .  T h e  ce l l s  w e r e  i l l u m i n a t e d  a n d  h a d  b e e n  s u s p e n d e d  f o r  I h in  t h e  a b o v e  m e d i u m  b e f o r e  
a d d i n g  t h e  K +. 

F i g .  2. T h e  e f f ec t  of  l i g h t  ((2), [ ] )  a n d  d a r k  ( O ,  • )  o n  t h e  N a +  e x t r u s i o n  (F1, • )  a n d  K +  a c c u -  
m u l a t i o n  ((2), O )  i n d u c e d  b y  a d d i n g  3 m 3 I  KC1 a t  t i m e  ze ro .  T h e  o t h e r  c o n d i t i o n s  w e r e  t h e  s a m e  
a s  g i v e n  f o r  F i g .  I .  

Biochim. Biophys. Aeta, 233 ( I97  I) 5 9 4 - 6 0 3  
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exchange were about  20 pmoles ,  cm 2.see-1 which represent  values  higher  than  re- 
por ted  for s t eady - s t a t e  fluxes of K + and  Na  + in this  organism 2 ~. 

The action of light 
In  Fig. 2 i t  can be seen t ha t  the  net  exchange was s t imula ted  by l igh t .  However ,  

th is  pho tosens i t iv i ty  d id  not  seem to be as grea t  as de tec ted  for the  fluxes of K ~ 
and  Na  + in no rma l  cells under  condi t ions  of no net  movement .  

The effect of nitrogen, low temperature and 3-(3,4-dichlor@henvl)-z,2-dimethylurea 
(DCMU) 

The ab i l i ty  of Chlorella to p u m p  out  Na  + and  accumula te  K + is charac ter i s t ic  
of s imilar  exchange sys tems found in an imal  cells, microorganism and  p lan t  cells. 
Whe the r  exac t ly  the  same mechanism is opera t ing  in these different  sys tems is doub t -  
ful bu t  t hey  ahnos t  ce r ta in ly  require  an energy source. The above sens i t iv i ty  to l ight  
suggests  t h a t  pho tosyn thes i s  can supp ly  some of the  requi red  energy.  The d a t a  shown 
in Fig. 3 c lear ly  demons t r a t e  the  energy r equ i remen t  for net  K + up take  and  Na  + 
extrus ion.  Both  the  net  fluxes of these cat ions  were inh ib i ted  b y  low t empera tu r e  
whe the r  t h e y  were i l lumina ted  or not.  

DCMU, a specific inh ib i to r  of Pho tosys t em I I ,  added  at  a concen t ra t ion  which 
t o t a l l y  blocks oxygen evolut ion  9 was found to s l ight ly  reduce the  exchange in the  
l ight  bu t  had  no effect in the  dark.  Under  N2 the  da rk  rates  of exchange were con- 
s ide rab ly  reduced  suggest ing a dependence  on respira t ion.  However ,  N2, like DCMU, 
had  l i t t le  or no effect on the  l ight  ra tes  ind ica t ing  t h a t  the  exchange mechan i sm is 
p r o b a b l y  independen t  of CO 2 f ixat ion and  p r o b a b l y  more closely associated wi th  
p r i m a r y  electron t r anspor t  in photosynthes is .  In  fact  under  anaerobic  condi t ions green 
pho tosyn the t i c  organisms can stil l  ma in t a in  Sys tem I ac t iv i ty  and are though t  to 
ca r ry  out  cyclic phosphory la t ion .  
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Fig .  3- The  effect  of v a r i o u s  t r e a t m e n t s  on  t h e  i n i t i a l  r a t e s  of N a + - K  + e x c h a n g e  i n d u c e d  f r o m  
N a + - r i c h  ce l l s  b y  a d d i n g  3 m M  KCI.  T h e  ce l l s  w e r e  s u s p e n d e d  in  t h e  K+-f ree  m e d i u m  g i v e n  in 
t h e  l e g e n d  of Fig .  I a n d  w e r e  e i t h e r  i l l u m i n a t e d  ( u n s h a d e d )  or  d a r k  t r e a t e d  ( shaded) .  T h e  r e s u l t s  
a re  p r e s e n t e d  as  t h e  p e r c e n t a g e  of t h e  l i g h t  c o n t r o l .  T h e  v a r i o u s  t r e a t m e n t s  w e r e :  (A) l i g h t  a n d  
d a r k  c o n t r o l s ;  (B) t h e  m a g n i t u d e  of t h e  l i g h t  a n d  d a r k  f luxes  m e a s u r e d  u n d e r  N v T h e  s u s p e n s i o n s  
w e r e  p r e t r e a t e d  w i t h  N~ b y  b u b b l i n g  for  I h be fo re  i n j e c t i n g  t h e  K+ ;  (C) t h e  n e t  f lux  r a t e s  of 
N a  + a n d  1,2 + a t  i °. T h e  ce l l s  w e r e  p r e t r e a t e d  for  3 ° r a in  a t  t h i s  t e m p e r a t u r e  be fo re  a d d i n g  I~+; 
(D) t h e  effect  of 5 " IO-~ M D C M U  on t h e  l i g h t  a n d  d a r k  N a + - K  + e x c h a n g e s .  P r e t r e a t i n e n t  t i m e  
o f l h .  

F ig .  4" The  effect  of IO -s  M (@, [] ) a n d  5" I ° - 5  M C C C P  ( O ,  • ) on  t h e  n e t  N a  ~ e x t r u s i o n  ( K], • ) 
a n d  K + u p t a k e  ( O ,  0 ) .  The  s u s p e n s i o n s  w e r e  p r e t r e a t e d  fo r  3o m i n  w i t h  CCCP. The  f igure  a l so  
s h o w s  t h e  c o n t r o l  f luxes  fo r  N a  + ( ~ )  a n d  K+  ( O )  o b t a i n e d  w i t h  u n t r e a t e d  cells .  The  ce l l s  w e r e  
i l l u m i n a t e d  a n d  s u s p e n d e d  in  t h e  s a m e  m e d i u m  as  g i v e n  in t h e  l e g e n d  of Fig .  I. 

Biochi~n. 14~ophys..4eta, 233 (1971) 594 -603  
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The effect of carbonyl cyanide m-chlor@henylhydrazone (CCCP) 
The net Na+-K + exchange was sensitive to CCCP as shown in Fig. 4. An inhi- 

bition of about 50 % was found with a concentration of Io -5 M while 5" Io-5 M com- 
pletely inhibited the exchange mechanism. This compound acts as an uncoupler of 
both oxidative and photosynthetic phosphorylation ~° and has already been shown to 
inhibit the transport of Na + and K + in normal K+-containing Chlorella cells. 

Effect of N,N'-dicyclohexylcarbodiimide (DCCD) 
The above experiments using CCCP strongly suggest that  the exchange of Na+ 

for K + is utilizing ATP as its energy source. If this is so, the mechanism would 
probably involve a membrane ATPase. We, therefore, chose to test the sensitivity of 
the exchange to DCCD, a compound which has been reported to be a potent inhibitor 
of membrane-bound ATPase but not an inhibitor of the solubilized form of the en- 
zyme n. Indeed this compound has already been shown to inhibit energy dependent 
transport processes in the microorganism S. faecalis n. We had some problem with its 
low water solubility and found it necessary to treat the K+-depleted cells with DCCD 
overnight in the darkness at 5°- As shown in Fig. 5 after such treatment the control 
cells having no DCCD were still able to maintain the capacity to pump out Na + on 
addition of K + while those treated with DCCD were either partially or completely 
unable to carry out the Na+-K + exchange. 

Lack of effect of ouabain 
The Na+-K + exchange induced by adding K+ to Na+-rich Chlorella cells seems 

to require a supply of ATP, either from oxidative or photosynthetic phosphorylation, 
and the presence of a membrane-bound ATPase system. However, there is some doubt 
whether this exchange system is similar to that found in animal tissues since it was 
found earlier that  both the K+ influx and Na + efflux from normal K+-containing cells 
were not inhibited by ouabain. MITCHELL la has recently suggested that certain 
eukaryotic organisms like Chlorella, Saccharomyces cerevisiae, Neurospora and also 
plant cells are more analogous to prokaryotic cells and mitochondria in that  they do 
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F i g .  5" T h e  e f f ec t  of  IO 4 M ( © ,  El) a n d  5" I ° - 4  M D C C D  ( O ,  I )  o n  t h e  n e t  N a  + e x t r u s i o n  (El,  I )  
a n d  N +  i n f l u x  ( O ,  Q ) -  T h e  s u s p e n s i o n s  w e r e  p r e t r e a t e d  w i t h  D C C D  f o r  a b o u t  2o ix a t  5 ° in  t h e  
d a r k n e s s .  T h e  f i g u r e  a l so  s h o w s  t h e  c o n t r o l  f l u x e s  f o r  N a  + ( [ ] )  a n d  K + ( © )  o b t a i n e d  f r o m  ce l l s  
t r e a t e d  in  a s i m i l a r  w a y  b u t  w i t h o u t  D C C D  p r e s e n t .  O t h e r  c o n d i t i o n s  w e r e  t h e  s a m e  as  f o r  F ig .  4. 

F i g .  6. A r e c o r d i n g  of  t h e  r a t e  of  o x y g e n  e x c h a n g e  u n d e r  l i g h t  (L) a n d  d a r k  (D) c o n d i t i o n s  r e c o r d e d  
w i t h  cel ls  s u s p e n d e d  in  K + - f r e e  m e d i u m  c o n t a i n i n g  i m M  N a H C O  3. T r a c e  a w a s  r e c o r d e d  w i t h  
n o r m a l  K + - c o n t a i n i n g  ce l l s  w h i l e  T r a c e  b w a s  o b t a i n e d  w i t h  N a + - r i c h  C h l o r e l l a  cel ls .  
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not  have a (Na+-K+)-ATPase system similar to tha t  found in animal  cells. Certainly 
the action of ouabain  has been reported to have little effect on these systems, there 
being only a few exceptions ~4,15 

Since we apparent ly  had a clear case of a K+-st imulated Na -: efflux from 
Chlorella we were interested to establish whether  or not  ouabain  would influence these 
net  cat ion fluxes. To be sure tha t  our ouabain  preparat ion was satisfactory we tested 
its ac t iv i ty  by  conduct ing experiments  on frog skin similar to those of MACROBBIE 
AND USSING 16. This involved checking the sensi t iv i ty  of the electrical potent ia l  across 
isolated frog skin ba thed  on both sides with chloride ringer solution. Although IO ~ M 
ouabain  was able to induce a rapid drop of potent ia l  difference across the frog skin 
we were unable  with the same preparat ion to inhibi t  the K + Na + exchange in Chlorella 
even at concentra t ion  as high as 5" IO ~ M. 

Oxygen measurements 
To check whether  photosynthet ic  or respirat ion rates were different in Na+-rich 

and  K--r ich  cells we looked at oxygen exchange. Essent ia l ly  it appeared tha t  the 
high Na~--containing cells had a lower rate of photosynthesis  t han  the normal  K+- 
conta in ing  cells while the reverse was true for respirat ion (see Fig. 6). In  addi t ion 
we also checked on the oxygen exchange rates both for light and  dark condit ions 
after adding K ~ to Na~-rich cells. We were unable  to detect any  significant change 
in photosynthesis  or respirat ion during the course of net  ionic movements .  

Release of H~ 
In  all the experiments  it was found tha t  the net  uptake of K + was not  com- 

pletely balanced by  Na + extrusion.  This suggested tha t  other ions are balancing the 
addi t ional  K + influx. One obvious possibili ty is tha t  a net  H + extrusion is occurring 
in the same way as reported for other microorganisms. Fig. 7 clearly demonstra tes  

I10  ~mOlewoH[ePrer rnl cell 

t t 
x 

pH 
12( 

10( 

8c 

4( 

1.'O umole H* pe-  r,71 

~6 2'0 3'0 2:, s'o dc 
T ime (mJn) 

6 9  

5 5  

5 "  

5£ 

3 9  

54  

Fig. 7. Traces  of ex t r ace l lu l a r  pFI changes  w i t h  t ime.  Trace a was recorded wi th  Na*-r ich  cells 
suspended  in d i s t i l l ed  w a t e r  bubb led  w i t h  COz-free N 2. At  po in t  X 3 mM NaC1 was in jec ted  
fol lowed by  a 3 mM KC1 in jec t ion  a t  Y. Trace b was ob t a ined  by  add ing  3 mM KCI, as ind ica t ed  
b y  the  arrow, to  Na+-r ich cells which  had  p rev ious ly  been p r e t r e a t e d  wi th  3 inM KC1 for 4 h. 
These K+ p r e t r e a t e d  cells were resuspended  in d i s t i l l ed  w a t e r  for th is  measu remen t .  Trace c shows 
the  effect of in jec t ing  3 m.~'I KC1 in to  a suspens ion  of no rma l  K+-con ta in ing  cells. 

Fig. 8. The t i m e  course for i n t r ace l lu l a r  p H  changes  (&) induced  in i l l umi na t ed  Na+-rich cells 
by  the  a d d i t i o n  of 3 mM KC1 a t  zero t ime.  The ne t  m o v e m e n t s  of Na  + ([3) and  1,2 + (O) are also 
shown for the  same  suspension.  The o the r  cond i t ions  were the  same as g iven  for Fig. i.  
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a decrease in t i le  ex te rna l  p H  i m m e d i a t e l y  af ter  the  add i t i on  of 3 mM KC1 to Na+-r ich 
cells while the  add i t i on  of 3 mM NaC1 to the  same ceils had  ve ry  l i t t le  effect. This  
figure also shows t h a t  the  in jec t ion  of KC1 did  not  induce a s imi lar  p H  change wi th  
no rma l  K + cells or af ter  t r ea t ing  Na+-r ich cells wi th  K + for several  hours.  The ap-  
pa ren t  H + efflux induced  b y  K + add i t ion  to Na  ÷ cells was reduced  b y  da rk  condit ions.  
In  the  l ight  the  in i t ia l  ra tes  of the  K + induced  H + efflux were no rma l ly  below 
5 pmoles ,  cm -2- sec -1. 

We were also able to mon i to r  an increase in the  in te rna l  p H  of the  cells while 
following the  ne t  m o v e m e n t  of N a  + and  K + as shown in Fig.  8. The  rise of in te rna l  
p H  had  kinet ics  s imilar  to the  ne t  K + influx. I t  was usua l ly  e s t ima ted  t ha t  less t han  
IO °o of the  t o t a l  K + t r a n s p o r t e d  was ba lanced  b y  H + extrus ion.  

DISCUSSION 

The exper iments  r epor t ed  in th is  paper  c lear ly  demons t r a t e  the  ab i l i ty  of 
Chlorel la  cells to reduce the i r  in te rna l  N a  + concen t ra t ion  to a low value  in the  presence 
of ex te rna l  K +. The  ne t  N a  ÷ ex t rus ion  induced  from Na+-rich cells b y  add ing  K + to 
the  suspension is r e la t ive ly  r ap id  having  a half  t ime  of less t han  I0 rain. E lec t r ica l  
n e u t r a l i t y  seems to be ma in t a ined  b y  a ne t  up t ake  of K +. F r o m  these s tudies  we 
are unable  to decide whe ther  the  K + accumula t ion  is secondary  to the  Na  + ex t rus ion  
or t ha t  t i le  exchange  is b rough t  abou t  b y  a t i gh t ly  coupled mechanism.  A l t e rna t i ve ly  
the  K~ up t ake  could itself be the  p r i m a r y  process inducing the  effiux of Na  +. Which-  
ever  mechan i sm is opera t ing  there  is the  fur ther  observa t ion  t ha t  an add i t iona l  K+ 
up t ake  occurs dur ing  these ionic exchanges  which is poss ibly  associa ted with  a ne t  
H ÷ effiux. 

W i t h  normal  high K+ cells b a t h e d  in cul ture  med ium it  was prev ious ly  sug- 
ges ted  1 from t h e r m o d y n a m i c  a rguments  t ha t  bo th  N a  + and  K + are ac t ive ly  t rans-  
po r t ed  b y  this  alga. Dur ing  this  earl ier  s t u d y  i t  was shown t h a t  the  cell in ter ior  of 
Chlorel la  was e lectr ical ly  negat ive  wi th  respect  to the  ba th ing  med ium and t ha t  K + 
was closer to  equi l ibr ium t h a n  Na  +. Thus  i t  is feasible t h a t  the  ne t  ext rus ion of N a  + 
and  H + from Chlorella r epor ted  in this  paper  can genera te  a m e m b r a n e  po ten t i a l  
which is negat ive  on the  cy top lasmic  side. In  th is  case K + would t end  to be accumu-  
la ted  in response to the  electr ical  gradient .  A cri t ical  tes t ,  which has ye t  to be carr ied 
out,  would be to record  the  membrane  po ten t i a l  d i rec t ly  before and  af ter  the  add i t ion  
of K + to Na+-rich cells. Such measurements ,  however,  are difficult because of the  
d imensions  of Chlorella cells. 

The in i t ia l  flux ra tes  for ne t  Na  + and  K ÷ t r anspor t  are ten or more t imes  higher  
t han  the  un id i rec t iona l  fluxes under  the  condi t ions  of no net  ion movement .  Unde r  
s t eady - s t a t e  condi t ions  the  K + influx is abou t  i pmole ,  cm -2.sec -1 (ref. 3) and  most  
of th is  seems to be closely coupled to the  efflux of th is  cat ion.  Only  a smal l  por t ion  
of t i le  K + influx is l ike ly  to be associa ted  wi th  the  N a  + ext rus ion  which effluxes at  
abou t  0.14 p m o l e . c m  2.sec -1 (ref. 2) from normal  i l lumina ted  K+-conta in ing  cells. 
This  low p u m p  ra te  for N a  + ext rus ion  is p r o b a b l y  due to a re la t ive ly  impermeab le  
cell m e m b r a n e  reducing the  back  leakage of th is  ca t ion down i ts  e lect rochemical  
po ten t i a l  gradient .  EAn es t ima te  of the  pe rmeab i l i t y  coefficient (PNa) for N a  + move-  
men t  across the  Chlorel la  cell m e m b r a n e  based  on the  Goldman  theory  gives a va lue  
of abou t  2 .10  -9 cm. sec  -1 (see refs. I and  3).] I t  would  seem from the  exper iments  in 
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th is  paper  t ha t  under  condi t ions where the  in te rna l  Na  + level has become high the  
p u m p  is able to opera te  cons iderably  faster.  

The net  up t ake  of K + and  corresponding ext rus ion  of Na+ from Chlorella cells 
represent  an energy requir ing process as ind ica ted  by  the sens i t iv i ty  of these ne t  
fluxes to changes in metabol i sm.  Our  exper iments  impl ica te  the  hydrolys is  of ATP,  
der ived  e i ther  from pho tosyn the t i c  or ox ida t ive  phosphory la t ion ,  as the  energy source. 
The  act ion of DCCD would seem to indicate  t h a t  a m e m b r a n e - b o u n d  ATPase  is 
i n t i m a t e l y  involved  in the  exchange mechanism.  As ye t  we would be caut ious  to 
iden t i fy  th is  enzyme with  the  well es tabl i shed  (Na+-K+)-ATPase sys tem of an imal  
cells. We have  been unable  to ob ta in  an inhibi t ion  of the  ne t  fluxes of Na  + and K + 
with ouabain.  This  observa t ion  m a y  give fur ther  evidence for a more loosely coupled 
ion exchange sys tem possibly  involving an electrogenic pump  as discussed above.  
A l t e rna t i ve ly  one is a lways  left  wi th  the  poss ib i l i ty  t ha t  this  cardiac  glycoside has 
not  been able to reach the  act ive sites in th is  alga responsible for the  specific exchange 
mechanism.  

Overal l  our resul ts  are s t r ik ing ly  s imilar  to s tudies  on non-pho tosyn the t i c  
microorganisms.  HAROLD et al. 8 have  ob ta ined  considerable  evidence t ha t  Streptococcus 
faecalis accumula tes  K+ in response to an act ive ext rus ion  of Na  + and H +. SLAYMAI~ 
AND SLAYMAN 17 were able to induce a ne t  N a + - K  + movemen t  wi th  Neurospora crassa 
b y  conduct ing  s imilar  exper imen t s  to those  repor ted  in this  paper .  These workers  
emphas i sed  several  common character is t ics  of the  microbiol  cell membrane  inc luding 
the  presence of not  only  the  N a + - K  + exchange mechanism b u t  also a 1,2+ H + system. 
These workers  t hough t  i t  un l ike ly  t ha t  an electrogenic mechanism is responsible for 
these  ne t  fluxes in Neurospora  and  suggested t h a t  a single carrier  sys tem m a y  be 
opera t ing  for all the  cat ionic  fluxes. In  Chlorella we have found t ha t  most  t r e a tme n t s  
which reduced the  K + K+ sys tem in s t eady- s t a t e  condi t ions  also intf ibi ted the  
N a + - K  + exchange.  However ,  a t  th is  s tage we would hes i ta te  to suggest a single carrier  
mechan i sm since we have  de tec ted  some differences in the  response of the  two 
processes to t r e a t m e n t  with low concent ra t ions  of HgC12 (J. BARBER AND Y..J.  SH1EH, 

unpub l i shed  observat ions) .  In  add i t ion  we have  genera l ly  found the  s t eady- s t a t e  
K + - K +  mechan i sm to be more l ight  sensi t ive t h a n  the  N a + - K  = exchange .This  could, 
however,  be expla ined  by  the  appa ren t  difference in the  re la t ive  ra tes  of respi ra t ion  
and  pho tosyn thes i s  in the  Na  +- and  K+-grown cells. 
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