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SUMMARY 

I. When  suspensions of  Ehr l ich  mouse asc i t es - tumor  cells are chil led to 2 ° in 
med ia  free of K ÷, the  cells gain large amoun t s  of Na  + and lose K +. 

2. When  re -warmed  to 23 ° the  net  act ive ext rus ion  of Na  + m a y  be to t a l l y  
uncoupled  f rom the net  act ive accumula t ion  of K +. 

3. Cell suspensions t r ans i t ioned  f rom low t e m p e r a t u r e  to 23 ° in K+-free 
m e d i u m  respire at  ra tes  only  one-s ix th  the  ra te  of cells no rma l ly  m a i n t a i n e d  at  23 ° 
wi th  6 mM K ÷. Add i t ion  of  K + to the  ex te rna l  m e d i u m  s t imula tes  respi ra t ion .  

4. The re la t ion be tween  resp i ra t ion  ra te  and  ex te rna l  K + follows Michael i s -  
Menten kinetics.  The Km was o.43 mM and  Vma x was 1 . 0  btmole 02/lO 7 cells ,  h. 

5. Ouaba in  inh ib i ted  K+-s t imu la t ed  resp i ra t ion  at  a concen t ra t ion  effective 
agains t  the  ac t ive  t r a n s p o r t  of  Na  + and  K +. 

6. Ex te rna l  K + and 2 ,4-din i t rophenol  affect a common source of r e sp i r a to ry  
in t e rmed ia te ,  bu t  act  a t  different  sites. 

7. The hypothes i s  is p roposed  t h a t  componen t s  of  ox ida t ive  phosphory la t i on  
pa r t i c ipa t e  in the  t r a n s p o r t  of  Na ÷ and  K + and t h a t  i n t e rmed ia t e s  m a y  communica te  
be tween  cell m e m b r a n e  and mi tochondr ia .  

INTRODUCTION 

Many cells ma in t a in  low in t race l lu la r  Na  + and  high in t race l lu la r  K+ concen- 
t r a t ions  b y  sys tems  of  ac t ive  t r a n s p o r t  which depend  on an adequa te  supp ly  of 
metabo l ic  energy.  The m a m m a l i a n  e r y t h r o c y t e  der ives  energy for this  process ex- 
c lus ively  f rom glycolys is l ,  2, while t issues such as adu l t  k idney  cor tex  3,4, adu l t  l iver  
slices ~,toad b l adde r  6, r abb i t  i leum 7, squid  axon s, and  gas t r ic  mucosa  9, depend  to a 
grea t  ex t en t  upon respi ra t ion .  Other  ceils l ike Ehr l ieh  mouse ase i t es - tumor  cells TM, 
leucocytes  TM, duck  e ry th rocy te s  13, seminal  vesicle mucosa1% fetal  l iver  slices 5, fe tal  
k idney  cor tex  slices15 frog skin TM, frog skele ta l  muscle 17, and  tu r t l e  b l adde r  TM ,derive 
energy f rom bo th  pa thways .  
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Considerable evidence indicates that tile linkage between cell metabolism and 
active transport is mediated in part through ATP and that the active transport 
mechanism acts as an ATPase 19. It  has been hypothesized also that metabolic 
energy in the form of an intermediate of oxidative phosphorylation can be utilized 
directly for active cation transport in liver cells 5 and ascites tumor cells 2°. 

Since ion transport and respiratory metabolism are coupled, ion transport 
may be expected to influence respiratory activity. LUNDEGARDH 21 had obser, ed this 
phenomenon when plants actively accumulated anions and coined the term "anion 
respiration". ZERAHN reported that the extent of Na + transport in the frog skin 
determined the respiration of the tissue (see ref. 22). CI~ANCE 23 intimated that any 
cellular process, such as active transport, acting as an ATPase was a potential source 
of metabolic regulation, basing his conjecture on observations that ADP could 
regulate respiratory activity 24. In a series of papers, WHITTAM and his associates 
have provided considerable evidence that the active transport of Na + and K + regulate 
glycolytie activity in human erythrocytes and respiratory activity in slices of rabbit 
kidney cortex and guinea-pig brain cortex 25. 

Recent work of WEINSTEIN AND HEMPLING 26 a n d  HEMPLING 2° has emphasized 
the importance of ATP for the transport of K + and Na + in the Ehrlich mouse ascites- 
tumor cell. This cell lends itself readily to the activation of net fluxes of these ions 
against electrical and chemical gradients as well as the release of considerable uni- 
directional flux activity by transition experiments from 2 ° to 25 ° (refs. 27, 28). 
Preincubation at 2 ° for as short a time as 2 h in media free of K + is sufficient to 
convert cells with high K + and low Na + to cells with high Na+ and low K +. Reincu- 
bation at 25 ° is all that is needed to activate the energy-requiring extrusion of Na + 
and reaccumulation of K+, drawing on endogenous respiration, provided that external 
K + is made available TM. In this system then we have investigated the extent to 
which external K + may regulate respiration in the aseites-tumor cell, recognizing 
that external K + is serving as the means to initiate ion transport. 

METHODS 

Preparation of cell suspensions 
Experiments were performed with Ehrlich mouse ascites-tumor~cells that were 

maintained in Swiss white mice by weekly transplantation. Tumor-bearing animals 
with growths between 9 and 14 days were used. Cell suspensions were removed from 
the peritoneal cavity by aspiration and transferred to a large volume of ice-cold 
Tris-buffered saline (9 g NaC1, 1.21 g Tris, 0. 7 ml conc. HC1, to i 1 with glass-distilled 
water), which contained 305 milli-osmoles/1 at pH 7-3- Since the cell suspensions were 
usually bloody, red cells and leucocytes were removed by low-speed centrifugation 
and resuspension in fresh ice-cold Tris-NaC1. Two to four washes were sufficient to 
remove blood elements. A sample of the concentrated cell suspension was counted in 
a Neubauer-Levy hemocytometer. The cell suspension containing 2-4" lO 7 cells/ml 
was stoppered and placed in an ice-bath to permit the loss of K + and the gain of 
Na ÷ (refs. IO, 27). In some experiments a portion of the aspirated cell suspension was 
washed and incubated at room temperature in K+-Na + Ringer's solution 27 in order 
to maintain normal internal K + and Na+ content. 
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Measurement of oxygen consumption 
Oxygen  consumpt ion  was measured  po la r ig raph ica l ly  wi th  a Clark oxygen 

e lec t rode  (Yellow Springs I n s t r u m e n t  Co., Yellow Springs,  Ohio). The ou tpu t  was 
fed into  a Grass  Model 5 p o l y g r a p h  (Grass Ins t rument s ,  Quincy,  Mass.) and  measure-  
men t s  recorded cont inuously .  The e lect rode was ca l ib ra ted  wi th  IO nil of Tris-NaC1 
equ i l ib ra ted  wi th  IO% oxygen 90% ni t rogen gas (v/v) and  IO ml equ i l ib ra ted  with  
room air. I ml  of cell suspension (2-4"1o 7 cells) was washed in cold Tris-NaC1 
i m m e d i a t e l y  before the  measu remen t  of oxygen consumpt ion ,  and  added  to 9.0 ml 
of Tris-NaC1. Oxygen  consumpt ion  expressed a s / z m o l e s / I o  7 ce l l s .h ,  was measured  
under  oxygen  tensions  be tween  room air and  IO% oxygen.  A magne t i c  s t i r rer  kep t  
the  suspension well mixed.  T e m p e r a t u r e s  ranged f rom 20 ° to 23 °. I t  is i m p o r t a n t  to 
wash  the cells to reduce the  ex te rna l  K + to a min imum.  Fu r the r ,  the  concent ra t ion  
of  cells mus t  be kep t  low since the  exposure  of cells to K÷-free m e d i u m  resul ts  in a 
r a p i d  loss of  cell K + which when present  in the  m e d i u m  can s t imula te  respira t ion.  
Fo r  example ,  in one expe r imen t  2.2. lO 7 cells were added  to io  ml of Tris-NaC1 
buffer in the  resp i ra t ion  chamber .  In i t i a l ly  the  ex te rna l  K ÷ was 0.035 mM bu t  rose 
to 0.22 mM in 30 rain. Resp i ra t ion  increased 4-fold over  the  3o-min in terval .  This 
same s t imula t ion  of resp i ra t ion  would also occur if  the  K + were added  in i t ia l ly  to a 
final concen t ra t ion  of  0.22 raM. This observa t ion  d e m o n s t r a t e d  t h a t  cel lular  K ÷ 
upon  reaching the  ex te rna l  m e d i u m  was capable  of  s t imula t ing  respi ra t ion .  

Additions of K +, 2,4-dinitrophenol and oligomycin 
A number  of s tudies  requi red  the  measu remen t  of oxygen  consumpt ion  con- 

t inuous ly  while increments  of K + or metabo l ic  inhib i tors  were added  to the  cell 
suspension in the  respi ra t ion  chamber .  The usual  technique  was to measure  oxygen 
consumpt ion  for 5 min. Whi le  cont inuing  to record,  a l iquots  of O.Ol-O.O5 ml of tes t  
solut ion were in jec ted  into IO ml of cell suspension wi th in  the  chamber .  Mixing and 
e lect rode equi l ib ra t ion  were comple te  in 15 see or less. The response of the  cells was 
followed ff)r an add i t iona l  5 rain or unt i l  a cons tan t  ra te  of oxygen consumpt ion  was 
a t t a ined .  This procedure  was r epea t ed  wi th  each increment  added.  Cell suspensions 
were so di lute  t ha t  oxygen consumpt ion  could be followed cont inuous ly  for I h 
wi thou t  reducing  the tension wi thin  the  suspension below IO°/o . Ol igomycin was 
ob ta ined  from the  Wisconsin  Alumni  Research  In s t i t u t e  and  2 ,4-dini t rophenol  from 
E a s t m a n  K o d a k  (Rochester ,  N.Y.).  

Electrolyte measurements concomitant with oxygen consumption 
I t  was often desirable  to follow changes in e lec t ro ly te  conten t  of the  cells as 

increments  of K + were a d d e d  to the  resp i ra t ion  chamber .  To do so, a comparab le  
sys t em on a larger  scale was employed .  Thus  IO ml of cell suspension,  washed in 
cold Tris-NaC1, were a d d e d  to 9 ° m l  of Tris-NaC1 in a 5oo-ml flask at  room t empera -  
ture.  Since the  cell suspension was di lute  and  the large flask p rov ided  a th in  l ayer  of 
suspension wi th  a large surface area,  adequa te  oxygena t ion  wi th  room air  was assured.  

Dur ing  the measuremen t  of resp i ra t ion  when no ex t r a  K+ was added,  two 
a l iquots  of  i o  ml each were removed.  Subsequent ly ,  whenever  an a l iquot  of KC1 
was in jec ted  into the  resp i ra t ion  chamber ,  a comparab le  a l iquot  was a d d e d  to the  
e r lenmeyer  flask. Care was t aken  to assure t ha t  the  final concen t ra t ion  of ex te rna l  
K s in each con ta iner  was ident ical .  I m m e d i a t e l y  upon the r emova l  of  the  two 
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samples, the aliquots were centrifuged at maximal  speed in the Internat ional  centri- 
fuge for 3o sec. The supernatants  were quickly decanted and saved for analysis. 
One sample was washed two more times with ice-cold isosmotic choline chloride and 
saved for K + and Na+ analysis of cells. To the second sample was added o. 5 ml of  
6% (v/v) perchloric acid. Electrolyte analysis was done by  flame photometry .  

Analysis of ATP was carried out enzymat ical ly  with glyceraldehyde-3-phos- 
phate  dehydrogenase (EC 1.2.I.I2) and 3-phosphoglyceric acid kinase (EC 2.7.2.3) 
(ref. 26) on the perchloric acid extract .  

RE SU L T S 

Effect of external K+ on cellular respiration 
To determine how the respiration of  the asci tes-tumor cells depended on the 
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Fig.  1. T h e  effect  o f  i n c r e a s i n g  e x t e r n a l  K ~ c o n c e n t r a t i o n  on  r e s p i r a t i o n .  Cells w e r e  i n c u b a t e d  a t  
2 ° in T r i s  NaC1 for  9o ra in .  A f t e r  w a s h i n g ,  t h e  cells w e r e  w a r m e d  to  23 ° a n d  t h e  r a t e  of  o x y g e n  
c o n s u m p t i o n  w as  m e a s u r e d  as i n c r e m e n t s  of  K + w e r e  a d d e d .  

external K ÷ concentrat ion,  the cells were followed cont inuously as successive in- 
crements  of K + were added. The variat ion of  the rate of respiration with external 
K+ is shown in Fig. I. Between o.Io mM and 2.o mM K+ st imulated respiration 
with a ha l f -maximum at o.4o mM. The Km was evaluated from a plot of  [K+ext.]/ 
respiratory rate versus [K+ext.l (ref. 29) and in five separate experiments was equal 
to o.43 :k o.o98 mM (S.E.). 

Oxygen consumption and Na + and K + transport 
The effect of  external  K + on Na + and K+ t ranspor t  and on oxygen consumption 

is i l lustrated in Fig. 2. When  the cells were transferred to 23 °, at t ime zero, Na + was 
ext ruded from the cell almost  immediately,  at an external K + concentra t ion between 
0.075 mM and 0.322 raM. In  contrast ,  at  these low external K+ concentrat ions,  K+ 

Biochim. Biophys. Acta, 135 ( I967)  3 o 6 - 3 1 8  



310 C. LEVINSON, H. G. HEMPLING 

was lost from the cell. At this same t ime densimeter  measurements  a° indicated a 
maximal  decrease in cell water  of 25%. Taking  this into account,  the Na + concen- 
t ra t ion  was ini t ia l ly  85-87 mequiv  per kg cell water  and cont inued to fall while the 
K ÷ concent ra t ion  was 7 ° 73 mequiv  per kg cell water. Since external  Na + was 155 
mequiv  per lwater  and [Cl-il/[Cl-ol was less than  I, indicat ive of a potentialdifference 
with inside negat ive to outside, the movemen t  of Na ÷ was against  an electrochemical 
gradient  th roughout  the entire course of the experiment .  On the other hand,  K ÷ 
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Fig. 2. The effect of increas ing  ex t e rna l  K + concen t ra t ion  on resp i ra t ion  (insert  a t  upper  r ight ) ;  
ne t  Na+ flux ([2]--[~);  ne t  K + flux ((2)--@), and  A T P  con ten t  × IO (O---Q). Respi ra t ion ,  Na  +, 
K + and  A T P  con ten t  were s im u l t a ne ous ly  measured  on the  same popu la t ion  of cells. (See t e x t  for 
details.)  

left the cell down a concent ra t ion  gradient  dur ing  the early periods of the experiment .  
Note tha t  net  Na + extrusion was not  balanced by  net  K+ accumulat ion.  Rather ,  at 
external  K+ concentra t ions  between o.o75 mM and o.55 mM both  Na+ and K + 
were leaving the cell with a concomi tan t  loss of water. However, when the external  
K + concent ra t ion  was increased to 1.2 mM, K + changed direction and entered the 
cell against  an electrochemical gradient .  Na + cont inued  to move against  an electro- 
chemical gradient ,  a l though not  coupled to K + in a I : I  ratio. Thus  over the range 
of external  K+ concentra t ions  tested, the net  outward movemen t  of Na + and  the net  
inward movemen t  of K + could vary  from complete uncoupl ing  to ratios as high as 
2 Na + to I K +. 

Net flux of Na+ was highest at low external  K+ and fell progressively with t ime 
as the cell approached the s teady state. The addi t ion of increments  of K + did not  
produce any  t rans ient  changes in the net  flux of Na +. Nevertheless, respirat ion in- 
creased with an increase in external  K +, with the same pa t t e rn  as Fig. I. Therefore 
no positive correlation between net  active extrusion of Na+ at any  par t icular  t ime 
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and  the s t imula t ion  of resp i ra t ion  a t  t h a t  same t ime  was demons t rab le .  Similar ly ,  
even though  K + left  the  cell, r esp i ra t ion  was s t imula ted .  Fu r the r ,  no ex t r a  s t imula -  
t ion occurred  when a ne t  loss of K + was conver ted  into  a net  gain, at  1.2 mM ex te rna l  
K + . 

I t  is i m p o r t a n t  to  emphasize ,  however ,  t ha t  a re la t ion be tween the ra te  of 
resp i ra t ion  and the un id i rec t iona l  ac t ive  efflux of Na  + or un id i rec t iona l  act ive influx 
of K + is not  ru led  out  b y  the  resul ts  summar i zed  in Fig.  2. This re la t ionship  can 
only  be tes ted  wi th  s imul taneous  measu remen t s  of isotopic fluxes and respi ra t ion ,  
and  the  select ion of some opera t iona l  defini t ion to f r agment  the  unid i rec t iona l  fluxes 
in to  ac t ive  and  passive components .  I t  mus t  be fur ther  emphas ized  t ha t  the  absence 
of coupl ing be tween the  net  movemen t s  of Na  + and K + does not  rule out  the  possi- 
b i l i ty  of  coupl ing be tween  the  unid i rec t iona l  fluxes of Na  ÷ and K ÷, again af ter  
defining the fluxes as ac t ive  and  exchange  or leak componen t s  by  some opera t iona l  
defini t ion.  

W h a t  is significant,  however ,  is t h a t  if  Na  + and  K ÷ can be uncoupled  in thei r  
ne t  movemen t s  and  a ne t  loss of  Na  + occurs aga ins t  an e lec t rochemical  gradient ,  then  
one mus t  look for some o ther  ca t ion  in the  m e d i u m  for exchange or hypothes ize  an 
electrogenic  phenomenon,  a t  least  on a gross level. 

The A T P  conten t  of the  cells was measured  to de te rmine  whe the r  a fall in 
A T P  preceded  the s t imula t ion  of resp i ra t ion  b y  ex te rna l  K +. A l inear  re la t ionship  
be tween  A D P  concen t ra t ion  and  the ra te  of  oxygen  consumpt ion  had  been des- 
c r ibed  b y  CHANCE AND WILLIAMS 24 in mi tochondr i a  and more  recen t ly  b y  BLOND 
AND WHITTAM 31 in k idney  cor tex  homogenates .  As evidenced in Fig.  2, the  A T P  
conten t  of the  cells d id  not  change dur ing  the course of the  exper iment .  However ,  we 
cannot  rule out  a s t imula t ion  of resp i ra t ion  m e d i a t e d  b y  A D P  because  the  levels of 
of  A D P  necessary  to s t imu la t e  oxygen  consumpt ion  might  have been too low to 
de tec t  as a dec rement  in cell A T P  content .  F o r  example ,  the  m a x i m a l  ra te  of  oxygen  
consumpt ion  in response to a d d e d  K + was 1 .o4/~moles/Io  7 ce l l s . h  or 5.7 #l  per  mg  
d r y  wt.  per  h (based upon  4 mg  d r y  wt.  per  lO 7 cells~7). Using the d a t a  p resen ted  b y  
BLOND AND WHITTAM, 0.06 mM A D P  would be requi red  to produce  this  ra te  of res- 
p i ra t ion .  Since 0.06 mM A D P  corresponds  to 0.8. lO -3/~mole A D P  per  lO 7 cells and  
the  mean  A T P  conten t  was 56" lO -3 #moles  per  107 cells, less than  2 %  of  the  cel lular  
A T P  would  have  been needed  to  provide  the  A D P  to s t imula t e  respi ra t ion .  This 
dec rement  in A T P  conten t  falls wi th in  the  expe r imen ta l  error  of the  enzymat i c  
m e t h o d  used. 

Effect of ouabain on K+-stimulated respiration 
Since i t  was possible  t h a t  ex t e rna l  K + could s t imu la t e  resp i ra t ion  because  the  

ion was invo lved  d i rec t ly  or ind i rec t ly  in t r a n s p o r t  processes,  the  effect of ouaba in  
on K+-s t imu la t ed  resp i ra t ion  was inves t iga ted .  The  card iac  glycosides have  been 
considered b y  m a n y  workers  to  in terfere  wi th  the  m e d i a t e d  t r a n s p o r t  of a n u m b e r  
of subs tances  32. I t s  ac t ion on the  t u m o r  cell was r epor t ed  b y  MAIZELS, REMINGTON 
AND TRUSCOE 1° and  b y  BITTNER AND HEINZ a3. 

Fig. 3 summar izes  the  effect of  ex te rna l  K + on the  resp i ra t ion  of cells, pre-  
v ious ly  kep t  a t  2 ° in Tris-NaC1 for 2 h and then  t rans fe r red  to a Tris-NaC1 solut ion 
at  23 ° con ta in ing  ouaba in  at  4 .5"1o-4 M (Sigma Chemical  Co., St. Louis,  Mo.). 
Control  cells were in Tris-NaC1. All  cells were washed  qu ick ly  in ice-cold Tris-NaC1 
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Fig. 31 The evaluation of the A'm for b2+-stimulated respiration in the presence and absence of 
ouabain.  Fig. 3a (upper) represents  the effect of external  K + on the respiratory rate under control 
conditions (see Fig. i). Fig. 3b (lower) is the effect of external K + on the respiratory rate in the 
presence of 4.5 " lO-4 M ouabain. The same populat ion of cells was used for both  experiments.  

before the  t ransfer  to the  resp i ra t ion  flask to reduce ex te rna l  K + to a min imum.  
E x t e r n a l  K + concent ra t ions  were then  increased in a s tep-wise fashion. A l though  
under  cont ro l  condi t ions  (Fig. 3a) a plot  of EK+ext.!/respiratory ra te  versus [K+ext.] 
p roduced  a s t ra igh t  line compa t ib le  wi th  Michael i s -Menten  kinet ics ,  the  response to  
ouaba in  was complex  (Fig. 3b). W i t h  ex te rna l  K ÷ be tween  zero and 5 mM, com- 
pa rab le  to  controls ,  ouaba in  increased the a p p a r e n t  Km f rom o.5o mM to 2. 4 mM. 
Likewise in the  same range,  Vmax was lowered f rom I . o 6 # m o l e s  O2/lO 7 ce l l s . h  to 
o.2o #mole  O2/lO 7 cells,  h. Note  also t ha t  the  control  Vmax compared  well wi th  t ha t  
r e sp i r a to ry  ra te  observed  when the  cells were uncoupled  wi th  2 ,4-dini t rophenol .  In  
the  presence of  ouabain ,  r e sp i r a to ry  ra tes  were not  zero bu t  r a the r  were comparab le  
to values  observed  a t  ve ry  low ex te rna l  K + concent ra t ions .  

Fig. 4 indica tes  t ha t  under  comparab le  expe r imen ta l  condi t ions ,  ouaba in  at  
4 .5"1o-4 M inhib i ted  the  net  ex t rus ion  of Na ÷ and accumula t ion  of  K ~ at  an ex- 
t e rna l  K + concen t ra t ion  of  3 mM. The evidence would indicate ,  therefore,  t ha t  the  
effect of ex te rna l  K + to s t imula te  resp i ra t ion  m a y  involve i ts  pa r t i c ipa t ion  in some 
process sensi t ive to ouabain .  

The effect of 2,4-dinitrophenol and oligomycin on K+-stimulated respiration 
Since it was possible t ha t  ex te rna l  K+ was ac t ing  ei ther  ind i rec t ly  as an un- 

coupler  of  ox ida t ive  phosphory la t i on  or d i rec t ly  as an ATPase ,  i ts effect on respi ra-  
t ion was compared  to t ha t  of 2 ,4 -d in i t rophenol .  The quest ion might  be asked:  
"Could  2 ,4-d in i t rophenol  s t imula t e  resp i ra t ion  fur ther  af ter  i t  was a l r eady  s t imu la t ed  
b y ) n c r e m e n t s  of ex te rna l  K+"?  In  these exper iments ,  i ml of cell suspension,  
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equ i l ib ra ted  a t  zero to  2 ° for abou t  an hour  in Tris-NaC1 solut ion and  af ter  a prel imi-  
n a r y  wash,  was t rans fe r red  to the  resp i ra t ion  chamber  con ta in ing  9.0 ml of the  same 
solution,  a t  20-23 °. Af te r  approx .  3 min to es tabl ish  a cont ro l  ra te  of  respi ra t ion ,  K + 
was a d d e d  to produce  the  lowest  ex t e rna l  concen t ra t ion  r epor t ed  in Table  I (o.I mM). 
Af ter  recording  the s t imula t ion  which occurred,  0.05 ml of 2 ,4-dini t rophenol ,  sufficient 
to produce  a final concen t ra t ion  of  5 "IO-~ M, was a d d e d  to assess whe ther  fur ther  
r e sp i r a to ry  a c t i v i t y  could be obta ined .  Af te r  recording for sufficient t ime to esta-  
blish any  change in r e sp i r a to ry  rate ,  the  run was t e rmina t ed .  A new run was then  
begun in which the final concen t ra t ion  of  ex te rna l  K + was raised pr ior  to the  add i -  
t ion of the  same dose (5" IO ~ M) of  2 ,4-dini t rophenol .  The resul ts  of  five successive 
runs on the same popu la t ion  of  cells is summar ized  in Table  I. Inc luded  for t om-  

T A B L E  I 

T H E  E F F E C T  O F  2 , 4 - D I N I T R O P H E N O L  O N  K + - S T I M U L A T E D  R E S P I R A T I O N  

[K+ext.] Respiration 2,4-Dinitro- Respiration 2,4-Dinitro- 
(raM) rate phenol rate phenol/ 

(#moles/Io 7 (M)  (/~moles/Io ~ [K+ext.] 
cells, h) cells, h) 

o . I  ° . 187  5 " 1°-5  I.OO 5-35 
0.5 o .374 5 ' I ° - 5  I.O6 2.84 
I.O 0 .500 5 " I ° - 5  1.o6 2 . I 2  
2.0 1.12 5 " 1°-5  1.18 1.o 5 
4 . 0  I , I 8  .5 " 1 0 - 5  1 , 2 0  1 . 0 2  

Con t ro l  0.333 + 5 " I O - 5  M 2,4- 0.525 1.59 
d i n i t r o p h e n o l  

C o n t r o l  o.318 + 4  m M  KC1 0.337 1.o6 

par ison  are the  r e sp i r a to ry  ra tes  of  cell suspensions f rom a separa te ,  r ep resen ta t ive  
expe r imen t  on a different  popu la t ion  of cells in K + - N a  + Ringer ' s  solut ion wi thou t  
any  pr ior  h i s to ry  of  cooling or  low K +. 

The resul ts  in Table  I ind ica te  t ha t  r e sp i r a to ry  ac t i v i t y  m a y  be s t imu la t ed  to  
a cons tan t  level e i ther  b y  successive add i t ions  of ex te rna l  K + or a single dose of  
2 ,4-dini t rophenol .  Thus,  for example ,  a t  o . i  mM, ex te rna l  K + concen t ra t ion  was not  
sufficient to elicit  m a x i m a l  r e sp i r a to ry  a c t i v i t y  so t ha t  the  add i t ion  of  2,4-dini t ro-  
phenol  increased  oxygen  consumpt ion  5-fold. On the  o ther  hand,  a t  4.o mM ex te rna l  
K+ a lmos t  all  of  the  r e sp i r a to ry  ac t i v i t y  was re leased and  l i t t le  more remained  to 
be el ic i ted b y  the add i t i on  of  2 ,4-dini t rophenol .  Therefore,  the  ra t io  2,4-dini t ro-  
phenol  r a t e / ex t e rna l  K + ra te  was only  1.o2. 

To de te rmine  whe ther  o l igomycin  would  serve to d i f ferent ia te  the  s t imu la t ion  
p roduced  b y  2 ,4-d in i t rophenol  f rom tha t  b y  ex te rna l  K ÷, a popu la t ion  of cells was 
kept  a t  o-2 ° in Tris-NaC1 solut ion and  then  af ter  br ief  washing,  was t r ans fe r red  
to the  same solut ion at  23 ° for measu remen t s  of respi ra t ion .  Smal l  amoun t s  of 
ex te rna l  K ÷ (o.o9-o.25 mM) were present  a t  the  s t a r t  of  the  measu remen t .  In  Table  I I  
(a) the  charac te r i s t i c  s t imu la t ion  of resp i ra t ion  b y  ex t e rna l  K + is recorded.  In  
Table  I I  (b), s t imu la t ion  of  resp i ra t ion  b y  K ÷ was observed.  Then when o l igomycin  
was added ,  inh ib i t ion  occurred.  I f  2 ,4-d in i t rophenol  was added  on top  of ol igomycin,  
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this  inh ib i t ion  was reversed and  the resul t ing  resp i ra t ion  ra te  was higher  t han  t ha t  
recorded pr ior  to the  add i t ion  of a n y  K ÷. I f  a ve ry  low dose of o l igomycin  was added  
before K ÷ (Table I I  (c)), then  af ter  a shor t  per iod of  s t imula t ion ,  inhibi t ion  set in 
and  con t inued  af ter  the  add i t ion  of K +. Nevertheless ,  2 ,4-din i t rophenol  could re- 
verse the  inh ib i t ion  par t i a l ly .  F ina l ly ,  in Table  I I  (d) evidence is p resen ted  to show 
tha t  2 ,4-d in i t rophenol  could rel ieve the  inhib i t ion  p roduced  by  ol igomycin wi thou t  
pr ior  add i t ion  of 4.o mM K +. We m a y  conclude therefore,  t h a t  2 ,4-din i t rophenol  and  
ex te rna l  K +, a l though  equa l ly  effective in s t imula t ing  respi ra t ion  (Table I), behave  
di f ferent ly  t o w a r d  an o l igomycin- inh ib i ted  sys tem.  

T A B L E  I I  

THE EFFECT OF I~ +, OLIGOMYCIN AND 2,4-DINITROPHENOL ON RESPIRATION 

[K+exe.] Respirat ion rate A ddilion : total amount  Respiration rate 
( raM)  (l~mole/zo ~ cells .h)  or concentration in (l~mole[zo ~ cells, h) 

respiratory chamber 

(a) 0 .09  o. I62  4 m M  KCI  o . 4 8 6  
(b) o .25  o . 2 6 2  4 m M  KC1 o . 5 2 5  

t h e n  2 .5 /~g  o l i g o m y c i n  o .o61  
t h e n  5 " t o  5 M 2 , 4 - d i n i t r o p h e n o l  0 . 3 2 4  

(c) 0 .25  0 . 2 4 2  0 . 5 / ~ g  o l i g o m y c i n  0 . 3 2 4  - +  o .14  
t h e n  4 r a m  KC1 o . i o i  
t h e n  5 " i o  5 M 2 , 4 - d i n i t r o p h e n o l  0 . 2 5 2  

(d) 0 .25  0 . 2 2 9  2 . 5 / x g  o l i g o m y c i n  o 
t h e n  5 ' lO-5 M 2 , 4 - d i n i t r o p h e n o l  0 .25  ° 

D I S C U S S I O N  

When  mouse asc i t es - tumor  cells were cooled to 2 ° in no rma l  K ÷ Na  + Ringer ' s  
solut ion,  t hey  lost  K + and  ga ined  Na+. Signif icant  losses of K + m a y  occur wi th in  
3o min and  more  t han  ha l f  of the  cell K ÷ m a y  exchange wi th  Na + in 2 h. These 
t imes  are shor t  when compared  to  the  overnight  l ow- t empera tu re  incubat ion  re- 
qui red  for muscle 1~ or the  days  to weeks requi red  for h u m a n  e ry th rocy te s  1 to achieve 
the  same changes.  

When  the cells were r ewarmed  to 23 °, Na  + was p u m p e d  out  and  K + p u m p e d  
in, aga ins t  e lec t rochemical  gradients1°,  27. The use of K÷-free solut ions  for p re ineuba-  
t ion at  2 ° and  la te r  for the  first phase  of t e m p e r a t u r e  t r ans i t ion  to  23 ° enabled  us to 
s t u d y  the  re la t ionsh ip  be tween  ne t  Na  + fluxes and  ne t  K + fluxes, and  the re la t ion  
of the  ne t  fluxes to the  ex t race l lu la r  K + concent ra t ion .  Fig. 2 shows t ha t  a t  low 
ex t race l lu la r  K + concent ra t ions ,  below I mM, there  was a ne t  efflux of Na+ agains t  an 
e lec t rochemical  g rad ien t  in the  face of  a passive loss of K ÷. However ,  when the 
ex te rna l  K + concen t ra t ion  was increased to 1.2 mM the direct ion of ne t  K + move-  
men t  was reversed  and  the cells accumula t ed  K+. Na  + ext rus ion  con t inued  a l though 
it was not  t i gh t l y  l inked to  K + accumula t ion .  We m a y  conclude from these results  
t h a t  the  net  ac t ive  componen t s  of  Na+ and  K ÷ t r a n s p o r t  are not  coupled obl iga tor i ly  
and,  indeed,  are uncoupled  comple te ly  at  low ex te rna l  K + concent ra t ions .  

W a r m i n g  the cells f rom 2 ° to 23 °, in add i t ion  to p romot ing  the charac te r i s t ic  
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a s ymmet r i c a l  d i s t r ibu t ion  of  N a  + and  K +, resul ts  in a large s t imula t ion  of the uni-  
d i rec t ional  fluxes of  these ions27, 2s. The un id i rec t iona l  fluxes m a y  exceed net  fluxes 
b y  5-fold or more and  are not  associa ted  wi th  de tec tab le  changes in Na  + and K+ 
content .  

The hypothes i s  has been proposed  2s t h a t  a t  low t e mpe ra tu r e s  the  t r a n s p o r t  
sys t em is conver ted  f rom a form capable  of  ne t  K + gain to one lacking  this  a sym-  
metr ic  specif ici ty and  capable  on ly  of  exchange.  The exis tence of the  K + exchange  
sys t em is revea led  upon  r ewarming  as an acce le ra ted  exchange  flux which far ex- 
ceeds concomi tan t  ne t  flux. W i t h  the  passage of  t ime,  however,  the  exchange  sys tem 
rever ts  a lmost  en t i re ly  to the  p u m p  sys t em and  a ba lance  is reached be tween uni-  
d i rec t ional  influx and efflux which is charac te r i s t i c  of  s t e a d y - s t a t e  condi t ions  at  
room t empera tu re .  

I t  was suspec ted  t ha t  changes which occurred in the  t r anspo r t  sys t em as a 
consequence of  low to room t e m p e r a t u r e  t rans i t ion  might  be cor re la ted  wi th  changes 
in energy metabol i sm.  The A T P  conten t  of the  cells d id  not  change af ter  the t rans i -  
t ion f rom 2 ° to 23 ° (Fig. 2), which sugges ted  t ha t  an adequa t e  supp ly  of energy 
was der ived  f rom respi ra t ion .  Since we had  observed  t h a t  the  net  fluxes of  Na  + and  
K + were sensi t ive to the  ex te rna l  K + concent ra t ion ,  the  effect of  this  ion on respi ra-  
t ion was examined .  

When  the ex te rna l  K + concen t ra t ion  was kep t  below o . I  mM, oxygen con- 
sumpt ion  was far  less than  t h a t  of cells in the  s t e a d y  s ta te  wi th  the  normal  concen- 
t r a t i on  of K + (4 raM) in the  medium.  However ,  ex te rna l  K + concent ra t ions  as low 
as o . I  mM or g rea te r  were s t i m u l a t o r y  and  the  r e sp i r a to ry  response to increas ing 
concen t ra t ions  of  ex te rna l  K + followed the  kinet ics  of a s a tu rab le  sys t em wi th  a 
Km of 0.43 mM and  a Vmax - -  I.O #mole  O2/lO 7 ce l l s -h  (Fig. 3a). 

The observa t ion  t ha t  the  card iac  glycoside,  ouabain ,  effect ively inh ib i ted  K +- 
s t imu la t ed  resp i ra t ion  (Fig. 3b) and  at  the  same t ime  inh ib i ted  K + accumula t ion  
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Fig .  4, T h e  e f f ec t  o f  4 .5 "  lO-4  M o u a b a i n  o n  n e t  N a  + a n d  n e t  K + f lux .  Cel ls  w e r e  i n c u b a t e d  f o r  
90  r a i n  a t  2 ° in  T r i s - N a C 1 .  A t  ze ro  t i m e  t h e  cel l  s u s p e n s i o n  w a s  w a r m e d  t o  23 ° in  t h e  p r e s e n c e  
( d a r k  f igures )  o r  a b s e n c e  ( o p e n  f igures )  o f  o u a b a i n .  N a  + c o n t e n t  is r e p r e s e n t e d  b y  s q u a r e s ,  K +  
c o n t e n t  b y  c i rc les .  
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(Fig. 4) favors the view tha t  a linkage exists between K+-st imulated respiration and 
transport .  Al though relatively high concentrat ions of ouabain (4-5"1o-4 M) were 
required, it is well known tha t  rodent  cells are highly resistant to tile drug and this 
level must  be used to demonst ra te  inhibition of t ranspor t  processes at 23 ° (refs. 32, 

33)- 
Grant ing tha t  K+-st imulated respiration and t ranspor t  are int imately asso- 

ciated, the question tha t  must  be answered is: " B y  what  mechanism does external 
K + st imulate tumor  cell respiration, and in so doing make energy available to the 
t ranspor t  sys tem" ? The answer to this question may  be found in the interrelationship 
between the enhanced respiratory effects of 2,4-dinitrophenol and external K + and 
the inhibi tory action of oligomycin, 

I t  is generally held tha t  2,4-dinitrophenol leads to loss of respiratory control 
because it dissociates a high-energy compound formed either by  the reaction of 
substrate  with intermediate  (C ~-~ I) or between two unidentified intermediates 
(I ~-~ X), releasing the free energy as heat  and allowing the intermediates to parti-  
cipate once again in the transfer of electrons from substrate  to oxygen 34. Oligomycin, 
on the other  hand, inhibits oxygen consumpt ion by  blocking the interaction of 
I ~-~ X with Pi to form X --~ P. 

Tile da ta  in Table I provided evidence tha t  external potassium and 2,4-dini- 
t rophenol  affected a common source of respiratory intermediate so tha t  every in- 
crement  of external  K + produced an increment in respiration and 2,4-dinitrophenol 
contr ibuted less to the total  increase in respiration. However,  with additions of  
external  K ÷, the cellular ATP content  remained normal  (Fig. 2), while we know tha t  
2,4-dinitrophenol depresses the ATP content  of the tumor  cell 2°. I t  required oligo- 
mycin  (Table II) ,  however,  to demonst ra te  unequivocally tha t  external K ÷ and 
2,4-dinitrophenol do not share the same site of action. Since 2,4-dinitrophenol relieved 
the inhibition of respiration produced by  oligomycin, but  external K ~ did not, then 
external  K + and 2,4-dinitrophenol have to be acting on two different forms of 
respiratory intermediate.  Thus, 2,4-dinitrophenol acts above the oligomycin-sensitive 
site and external  K + below it. 

POST, SEN AND ROSENTHAL a5, SKOU 36, and WHITTAM 37, have evidence tha t  
external K + promotes  the breakdown of a phosphoryla ted  intermediate formed from 
ATP and membrane  fragments.  F rom such evidence we might  speculate tha t  the 
intermediate  upon which K + acts in the tumor  cell membrane  is some such consti- 
tuent .  Since m a n y  investigators ~8 feel tha t  oligomycin blocks between I ~-- X and 
X ~-~ P, this choice of intermediate is consistent with the scheme tha t  the inter- 
mediate be below oligomycin in the chain of oxidative phosphorylat ion.  

The proposed scheme based upon mitochondrial  function depends upon our 
willingness to accept the possibility tha t  components  of the oxidative phosphoryla-  
tion sys tem are par t  of the membrane  of the tumor  cell and tha t  intermediates m a y  
communica te  between cell membrane  and mitochondria.  Several lines of evidence 
suggest tha t  such a hypothesis  might  be reasonable. First, s t imulat ion of respiration 
was produced by  an external ion and the st imulat ion was not  secondary to changes 
produced in the internal environment .  We have not been able to correlate K +- 
s t imulated respiration with any  part icular  level of intracellular Na + or K +. In  fact, 
we have observed the phenomenon when cells were low or high in K + subsequent to 
transition. Second, the effect of  2,4-dinitrophenol and various levels of external K ~ 
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on cell respiration suggests that  a common pool of intermediate is involved, acces- 
sible both to external K + and 2,4-dinitrophenol. 

Third, ouabain was effective in depressing K+-stimulated respiration at a 
concentration which effectively blocked net transport of Na+ and K +. For several 
other systems, the site of action of the cardiac glycoside has been localized at the 
external surface of the cell where it competes with K + for carrier sites 82. Taken 
together, the evidence suggests a close relation between classical mitochondrial 
function and external transport sites . 

Perhaps it appears puzzling to draw on a scheme for mitochondrial membrane 
function to explain a phenomenon elicited by an ion external to the cell. Whether 
we choose to think of intermediates shuttling between mitochondrion and membrane 
transport sites or prefer a patch in the plasma membrane with mitochondrial pro- 
perties, we are faced with the fact that external K + is acting upon a pool of high- 
energy intermediates accessible to 2,4-dinitrophenol, but separated from it through 
an oligomycin-sensitive site. 

Finally, now that we have evidence that considerable energy turnover occurs 
when we release extensive unidirectional flux activity in a transition experiment, 
the next step will be to examine the potential coupling between these two processes. 
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