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SUMMARY 

I. Changes in ATP and phosphoprotein turnover observed when liver slices are 
suspended in media low in Na + are in part due to influx of Ca 2+. 

2. These changes are reversed by  addition of Na +, and the amount of Na + 
required for reversal is dependent on the concentration of external Ca ~+. 

3- Lesser amountsofNa+arerequiredto stimulate ATP turnover than are required 
for phosphoprotein. 

4- Li ions fail to stimulate phosphoproteJn turnover, though they may increase 
the activity of ATP. 

5- Na+, Ca~+ and the drugs ouabain and promethazine comDete for phospho- 
protein groups. 

6. K ions appear to be necessary for a dephosphorylating reaction of the phos- 
phoproteins observed within 3o sec of K + addition. This is blocked by ouabain and 
promethazine. 

7. The metabolism of ATP and phosphoproteins in liver cells is thus dependent 
on a balance between the activities of Na +. Ca ~+ and K+. 

L%TRODUCI~ION 

In previous workl, 2 we reported that liver slices suspended in sodium-free media 
showed reduced turnover of phosphoprotein phosphorus. The addition of Na + in small 
amounts increased the activity of the phosphoproteins of these systems, and drugs 
inhi'biting Na + transport also inhibited phosphoprotein turnover. In the present paper 
we deal with the relationship between Na + and Ca ~+ ha the external medium. I t  is 
shown that the external Ca 2+ level determines to a large extent the degree of response 
of phosphoproteins and ATP to external Na+ concentration and that Na+ and Ca t+ 
~ppear to compete for a site in the plmsphoprotein. It is also shown that the turnover 
of ATP, which was shown to be Na+-dependent 1, reveals the competition between 
Na+ and Ca ~÷. That phosphoprotein changes do, not merely follow ehang~ m AFP 
is clearly established by the use of IA +, which stimulates .ATP but not phosphoprotein 
turnover, and by the use of drugs such as ouabaln which dissociate the one from the 
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other. I t  is also shown that  Na ~ and K + interact  at  the level of the cellular phosph~- 
proteins, and the mechanism of these interactions is discussed. 

METHODS 

These are identical with tho.~e used previously 1. However, it  should be emphasized 
tha t  [32P3PI as received is usually impure. I t  should be hydrolysed in I N HC1 for 
IO min and thereafter  precipi ta ted as the magnesium ammonium salt 3. Before dis- 
solving this for use, i t  is wise to reject a small amount  of the precipitate.  This may  
be done by  careful neutral ization of the suspended crystals and centrifugation before 
all the precipi tate  has dissolved. 

The extract ion of the tissue may  also present some difficulties. If tissues are 
ex t rac ted  with organic solvents such as ethanol,  e thano l -e ther ,  etc. par t icular ly  after 
acid t rea tment  as is commonly done, a large par t  of the phosphoprotein fraction will 
go into the solvent together  with the lipide. In red-cells, such losses can be complete,  
even in the presence of carrier protein or phospho~',rotein (phosvitin, casein). The losses 
m a y  be minimized by  extract ing at room temperature,  or by  first washing the tissue 
residue with water  several t imes to remove traces of acid. This subject  has recently 
been touched upon*. 

RESULTS 

The effect of  Ca 2+ 

The effect of Ca 2+ in the external  medium has been discussed by  SHANES 5 in terms 
of "s tabi l iz ing" act ivi ty.  This means that  Ca 2+ direct ly  influon~os the permeabi l i ty  
of cells so tha t  in higher concentrat ion permeabi l i ty  is reduced, while in lowe, con- 
centrat ion,  it  tends to increase. The experiments  shown here direct a t tent ion to an- 
other  aspect of the action of Ca 2+, namely  its metabolic effects, and the antagonism 
of these by  Na +. In  order to investigate these phenomena, use has been made of 
media  lower in Na+ where choline chloride has been used as a subst i tute  for NaC1. 
This  makes  i t  easier to  add or withhold Na + a t  will and to vary  their  concentration. 

In  work a l ready reported t we used NaHCO~ buffer throughout,  even in the Na +- 
free systems, thus providing 12 mM Na + in the  medium. While this was adequate  for 
the  medium then in use (containing 2.8 mM Ca2+), i t  was found tha t  reduction of the 
Ca 2+ concentrat ion to o.93 mM resulted in a system which was quite different in its 
response to Na +. Wi th  the lower level of Ca 2+, i o  mM Na + provides a great  s t imulat ion 
of phosphoprotein turnover.  This is shown in Table I, where Ca -°+ at  three concentra- 
tions and the effects of zero, IO mM and 36 mM Na + are compared. Two points should 
be noted:  (a) the lower levels of Na + in each case s t imulate  ATP turnover  almost to the 
full extent ,  while having relat ively less effect on phosphoprotein turnover and (b) 
there is clearly a greater  effect of Na + in the lower as compared to the higher level of 
Ca ~+. The conclusion from the first observation is tha t  phosphoproteiu and ATP 
activit ies do not s imply follow one from the other, but  tha t  Na + is required for the 
full act ivat ion of the protein phosphorus. This conclusion is s t r en~hened  b y  the 
exper iments  shown in Table I I ,  where the effect of Li + is compared -to that  of Na +. 
I t  is clear tha t  Li+ has no effect upon the phosphoprotein turnover whatever,  even 
when the rad ioac t iv i ty  of the ATP is elevated by  Li +, as i t  is in the presence of 2.8 mM 
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T A B L E  I 

EFFECT OF VARYING ~Nq'a+ AND Ca. ~+ ON A T P  AND PHOSPHOPROTEIN 

Slices (abou t  2oo m g  w e t  wt . )  were  s u s p e n d e d  in  cho l ine  R i n g e r  w i t h  Ca z+ c o n t e n t  as  no ted .  
Af te r  lo  ra in  Na  + or  chol ine  was  a d d e d  as  shown,  a n d  a f t e r  a n o t h e r  15 rain,  t h e  sl ices were  re-  
m o v e d  a n d  h o m o g e n i z e d  a t  once  in 5 % t r i ch lo roace t i c  acid.  a2p of specific a c t i v i t y  2. i o  8 c o u n t s /  
m i n / t l m o l e  Pl w a s  p r e s e n t  in  the  m e d i u m .  Gas  p h a s e  O . - C O  2 (95 : 5). The  buffer  w a s  e i the r  N a H C O  a 

or K H C O  s to  g ive  p H  7.2 T e m p e r a t u r e  38°. 

Specific activity, counts/min/pmoh' P ( x xo-s) of 

Eapt. Cat* A TP in prithee of Phosphoprotein in presence of 
c oncentrat ion 

Na Na Na Na 
Choline. (zo raM) (36 raM) Choline (to raM) (36 raM) 

z 2.8 97 134 I47 I2.o I4.o t8 .o  
0.93 155 216 230 I7.O 28.0 39.0 

2 2.8 1o3 13o I59  5.0 5.6 8.6 
1.86 1o 7 148 205 5.8 8.6 I I .  4 

__ 

T A B L E  I I  

EFFECT OF Li  + O,~ A T P  AND PHOSPHOPROTEIN AT 2 LEVELS OF Ca ~¥ 

Cond i t ions  as in Tab le  I ,  e x c e p t  t h a t  a d d i t i o n s  of chol ine,  L i  + a n d  N a  ÷ were  a l l  a t  36 raM. 

Ca Z+ e.8 mM plus Ca ~+ o 93 raM plus 

Choline Li + Na + Choline Li + Na + 

A T P  specific a c t i v i t y  134 ooo 198 ooo 19o ooo 9 ~ ooo IO 3 ooo 132 ooo 

P h o s p h o p r o t e i n ,  specific 
a c t i v i t y  17 ooo 16 800 25 ooo 9 ooo 8 500 16 ooo 

Phosphose r ine ,  
specific a c t i v i t y  445 440 61o - -  - -  - -  

T A B L E  I I I  

EFFECT OF ~ a  "1" AND Ca 2÷ ON Pl  AND A T P  OF SLICES 

Cond i t i ons  e x a c t l y  as  in  T a b l e  I, e x c e p t  t h a t  N a  + w a s  p r e s e n t  f rom t h e  s t a r t  of i n c u b a t i o n ,  w h i c h  
w a s  of Io  ra in  du ra t i on .  3zp was  a d d e d  to  g ive  a specific a c t i v i t y  of 6ooooo  c o u n t s / m i n / p m o l e  P l ,  

Ca s* ,'~'a ~ Z~t~cifi activity (countslmin/l~mole P~) of 
concemration concentration 

(raM) (raM) Pi A T P A T P/ Pt 

2.8 - -  4 ° C~O 17 500 0.44 
1.86 - -  37 4~:~O 2o o o o  0.54 
0.93 - -  48 5r, o 29 800 0.62 
2.8 36 30 6o~ 24 300 0.80 
1.86 36 27 800 27 700 1.oO 
0-93 36 27 800 27 800 L o o  

C a  z+. I t  h a s  b e e n  f o u n d  t h a t  l i v e r  s l i c e s  d o  n o t  t r a n s p o r t  L i +  t o  a n y  m e a s u r a b l e  r a t e ,  

a n d  t h i s  e x p e r i m e n t  s u p p o r t s  t h e  v i e w  t h a t  t h e  e f f e c t  o f  N a +  i s  s p e c i f i c .  

E f f e c t  o f  N a +  o n  A T P  t u r n o v e r  

T h e  e f f e c t  o f  N a  + o n  t h e  t u r n o v e r  o f  A T P  i s  s h o w n  i n  T a b l e  I I I .  T h e  e x p e r i m e n t s  
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were conducted at 3 levels of Ca 2+ and one of Na ÷ and show clearly tha t  ~vhile the  
specific ac t iv i ty  of the inorganic phosphate of the slices in the three different media  
is essentially the same, the radioact iv i ty  of the ATP is markedly  higher in the presence 
of lower concentrations of external  Ca 2+. The effect of Na + is to bring about an increase 
in the specific ac t iv i ty  of tile ATP relative to the specific ac t iv i ty  of the inorganic 
phosphate.  The experiments  shown here differ from those in the earlier tables in an 
impor tan t  respect:  the effect of presence or absence of Na+ was tested at the same 
time, whereas in the earlier experiments,  addit ions of Na + or other ions were made 
after  a preincubat ion in the appropr ia te  Na+-free medium. This has important  effects 
upon the rate  of response to Na ÷ as wilt be discussed later. The significance of the 
results in Table I I I  is tha t  the increased radioact iv i ty  of the ATP in the presence of 
lower concentrations of Ca 2+ is not due to greater permeabi l i ty  of inorganic phosphate  
into the cells and further, that  Na*- can be shown to have a direct effect upon the rate  
of transfer of Pt to ATP, as suggested previously 1. 

Site of action of Ca ~+ 

The results given above show that  Ca z+ and Na + cer ta inly interact  at  some point 
or points  involved in tile transfer of Pl to ATP. They also suggest that  Ca z+ and Na + 
interact  with phosphoproteins.  

Action f f  ouabain and promethazine 

In  order to get more direct evidence of the  lat ter ,  slices were preineubated in 
choline Ringer containing 2.8 mM Ca 2~ and transferred after  xo min to a medium 
containing o.93 mM Ca 2+ together  with IO mM Na+, the balance of the  monovalent  
cation conte being made up of choline chloride and KC1 (7 raM). [s2P]PI was included 
in the  la t te r  ntedium. Control slices were pre incubated in medium containing o.93 mM 
Ca 2+ and were transferred after  IO min to  the  same medium as described above, 
namely  one containing o.93 mM Ca 2+, IO mM Na + and [32P]Pt. After  Io  min in this 
medium, the slices were homogenized in 5 % trichloroacetic acid and the phospho- 
prote in  and ATP assayed for level and radioact ivi ty .  I t  was found tha t  slices pre- 
incubated in 2.8 mM Ca 2+ and t ransferred to  o.93 rnM Ca 2+ failed to respond to Io  mM 
Na +, while slices pre incubated in o.93 mM Ca '.+ and transferred to the same, showed 
the  normal response. The experiment  was therefore repeated bu t  this time, the pre- 
incubat ion in the  presence of 2.8 mM Ca'-+ was also conducted in the presence of 
ouabain and promethazine,  drugs known to block the  response of the phosphoproteins 
to  Na+ and to inhibit  Na+ transp6rO,Z,L The results of this experiment  are shown in 
Table IV. I t  is plain tha t  preincubation of the slices in the  presence of ize drugs 
nullified to a great  ex tent  the  effect of the high calcium concentrat ion of the sur- 
rounding medium, in  order to determine a n y  carry-over of the  drugs from the pre- 
incubat ion to the incubation medium, controls were carried out in o.93 mM Ca 2+, and 
as can be seen, the carry-over  was very  slight. 

I t  m a y  be concluded, therefore, tha t  Ca '.+ interacts  with the  phosphoproteins,  
tha t  i t  is antagonizect at  this site by  Na +, and that  drugs such as promethazine and 
ouabain compete with both ions for the same site. 

The effect of zero external Ca 2+ 

When the external  Ca '-+ concentrat ion is reduced to zero, l iver slices lose their  
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int racel lu lar  K +, ga in  Na + and  water .  In  addi t ion ,  the  cell m e m b r a n e  becomes  per-  
meable  to prote ins ,  and  a cons iderable  loss of in t racel lu lar  e n z y m e s  occurs.  Ne t  t r ans -  

por t  of K + aga ins t  a g rad ien t  ceases when  t e s t e d  in su i tab le  sys tems .  The  t u r n o v e r  of 

A T P  and  phosphop ro t e in  in  these  sy s t ems  is exceed ing ly  rap id  and  re la t ive ly  in- 

TABLE IV 

COMPETITION BET~VEEN Ca s+, Na + AND DRUGS FOR PHOSPHOPROTEIN 

Slices were preincubated in choline Ringer containing 2.8 mM Ca s÷ or o.93 mM Ca s+ for to rain in 
presenee or absence of drugs as shown. They were then transferred to choline Ringer containing 
0.93 mM ('a s÷ + lo mM Na + and 3,p, specific activity L7' Io 8 counts/min/pmole P~. Time of 

incubation was Io min. Other conditions as in Table I. 

specific activity(counts/min/pmole phosphate) 
Preincubation in 

.4ddition during 
pr,,incubodion 2,8 mill Ca ~+ 0.9.7 mill Ca 2+ 

A TP Phospho. A TP Phospho 
protein protein 

Nil 53 ooo 13oo 80 ooo 4500 
Ouabain 3 . Io-4M 7 Z ooo 2500 Io9 ooo 4900 
Promethazine 

Io-*M 6z ooo zooo 84 500 3500 

TABLE V 

EFFECT OF Na + ON ATP LEVELS OF S L I C E S  I N C U B A T E D  1N Ca2+-FREE MEDIA 

The slices were allowed to equilibrate for IO rain in choline Ringer containing the desired Ca s+ 
concentration. Additions of choline, Na + or Li + to a final concentration of 36 mM were made and 

incubation carried on for an additional IO rain. All other conditions as in Table I. 

Cal+ A TP (pmoles 
Addition concentration phosphale/g 

OhM) original 
liver) 

Expt. I Choline 0.93 2.1o 
Na + 0.93 z.o5 
Choline Nil 1.76 
Na + Nil 0.97 

Expt.z Choline Nil 1.3o 
Na + Nil 0.85 
Li + Nil x .3z 

sens i t ive  to  a d d e d  Na +. A possible  reason for some of the  consequences  of zero ex t e rna l  
Ca "z+ is to  be seen in Table  V, which  shows t h a t  add i t ion  of Na  ÷, b u t  no t  of chol ine  or  
Li e, causes  a r ap id  loss of A T P  in t he  slices. This  loss is no t  p r e v e n t e d  b y  ouaba in  or  
by  p r o m e t h a z i n e  in concen t r a t i ons  a t  which  t h e y  inhibi t  ion t r a n s p o r t  in l iver  slices. 

T h e  effect of zero Ca ~+ i l lus t ra tes  t he  " s t ab i l i ze r"  func t ion  of th is  ion a l r eady  refer red  to.  

I o n i c  c o n s t i t u t i o n  of l i v e r  s l i ces  

I t  was sh,)wn in previous  work  I t h a t  suspens ion  of l iver slices in choline Ringer  
resu l ted  in loss of in t racel lu lar  K+. R e c o v e r y  was  obse rved  to  begin  a f t e r  t r ans fe r  to  

n o r m a l  R inge r  solut ions ,  a f te r  a lag per iod  of 2o rain. I t  was  in t e r e s t i ng  to  see if th i s  
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r e c o v e r y  of  n o r m a l  c o n s t i t u t i o n  w a s  r e l a t ed  to  t h e  Ca 2+ c o n c e n t r a t i o n  of  t h e  cho l ine  

R i n g e r .  T a b l e  V I  s h o w s  t h a t  th i s  is i ndeed  so. Slices w e r e  p r e i n c u b a t e d  in  cho l ine  

R i n g e r  of  v a r i o u s  Ca 2+ levels  a n d  t r a n s f e r r e d  to  N a  + R i n g e r s  c o n t a i n i n g  e i t he r  2.8 or  

0.93 m M  Ca z+. I t  is e v i d e n t  t h a t  ~he c o n c e n t r a t i o n  of  Ca 2+ in t he  p r e i n c u b a t i o n  m e d i u m  

is a d e t e r m i n i n g  f a c t o r  in t he  r ecove ry .  I n  T a b l e  V I I  we  s h o w  the  effect  of o u a b a i n  

TABLE VI 

RECOVERY OF I~ + LEVELS IN SLICES AFTER PREINCUBATION IN CHOLINE RINGER WITH VARYING 
Ca z+ CONCENTRATIONS 

Slices (about 2o0 mg wet wt.) were preincubated in choline Ringer containing Ca -~ as shown in the 
first column for to rain. They" were then transferred for incubation to Na * llinger as shown in the 
second column for 2o rain. Slices were removed at the end of preincubation for l,~ ~ analysis and 
again at the end of incubation. Temperature and gas phase for preincubation and for incubation 

were the same as in "Fable I. 

Prei~lcuba&'d Imubal,'d tn 
DI choline Aa  ~ Ringer K* l~n'ds, tnequit /kg dr) ,~' . 

Expt .  R b  ger containing contaimng . . . . . . . . . . . . . . . . . . . . .  
di[/erent Ca ~-~ dd/erent Ca"* A[h'r ,-|/tcr / K 
concentrations concentrations preincubaticm ~m-ubation 

(mM) (raM) 

x 2.8 2.8 z9o I76 - -  14 
1.86 2.8 183 203 + 20 
0.93 2.8 I55 205 + 5 ° 

2 2.8 0.93 162 175 + 13 
1.86 0.93 I58 185 + z7 
0.93 0.93 I46 188 + 42 

TABLE VI I  

EFFECT OF OUABAIN AND PROMETHAZINE ON RECOVERY OF I{ ~ LEVELS 
AFTER PREINCUBATION IN CHOLINE RINGER 

Slices were preincubated in the choline Ringer as indicated for io rain at 38°. They were then 
transfe~cd to Na + Ringer as indicated. The time of incubation was x 5 min. Other conditions 

as in Table I. 

Expt.  

Preincubated in choline 
Ringer containing 
2.8 m M  Ca** ipl 

presence o/ 

K ÷ let.els (mequw/kg dry wt.)  

Incubated m N g  + A~er 
Ringer containing prei~,cuba- ..ifi,:g £~K 

incubation 
tion 

I Nil 0.93 mM Ca B+ I48 x47 - -  1 
Promethazine xo -4 M 0.93 mM Ca 2÷ 144 176 + 32 
Ouabain 5" io-* M 0.93 mM Ca *+ Hz xSI + 39 

2 Nil 2.8 mM Ca *+ I7I  z56 - -  z5 
Promethazine zo -4 M 2.8 mM Ca 2+ z7o x8o + io 
Ouabain 5" lO-4 M 2.8 raM Ca ~+ I39 i62 + 23 

a n d  p r o m e t h a z i n e  o n  t h e  r e c o v e r y  of K + levels.  T h e  d r u g s  w e r e  p r e s e n t  d u r i n g  pre-  

i n c u b a t i o n  of  sl ices in cho l ine  R i n g e r  c o n t a i n i n g  2.8 m M  Ca 2+. I t  is c lear  t h a t  t h e y  

of fe r  p a r t i a l  p r o t e c t i o n  in t h e  s ense  t h a t  r e c o v e r y  of  K + levels  is m o r e  r a p i d  in  t h e  

s l ices p r e i n c u b a t e d  in  t h e i r  p re sence .  I t  m a y  be  i n f e r r e d  t h a t  r e c o v e r y  f r o m  e x p o s u r e  

to  l o w  N a +  m e d i a  is d e p e n d e n t  u p o n  t h e  Ca 2+ c o n c e n t r a t i o n  of  s u c h  med ia ,  a n d  t h a t  

t h e  i n f l ux  of  Ca -°+ r e s u l t s  in  t h e  p a r a l y s i s  of  t r a n s p o r t  m e c h a n i s m s  u n t i l  t h e  c a t i o n  is 

d i s p l a c e d  b y  i n f l o w i n g  N a  +. 
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Demonstrat ion  o f  i n f lux  o f  Ca ~+ 

W h e n  l iver  slices are  i n c u b a t e d  in  a m e d i u m  of zero e x t e r n a l  Na+, a n e t  u p t a k e  of 
Ca 2+ is r ead i ly  d e m o n s t r a b l e .  Th i s  is s h o w n  in T a b l e  V I I I ,  w h i c h  also inc ludes  figures 

on  slices i n c u b a t e d  in n o r m a l  R i n g e r  so lu t ion .  T h e  m o v e m e n t s  of Ca z÷ in  t h e  p resence  
a n d  a b s e n c e  of Na+  a n d  K + will n o t  b e  d i scussed  f u r t h e r  here ,  b u t  will  be  t h e  sub jec t  of 
a n o t h e r  paper .  These  resul ts ,  however ,  c o n f i r m  t h e  f indings  in o t h e r  work  on  musc lO  ~. 

TABLE VIII  

INFLUX OF Ca 2+ INTO LIVER SLICES 

Slices (about 2oo mg wet wt.) were incubated in choline or Na + Ringer for I5 rain at  38 °. Freshly 
cut slices were used for the zero-time controls. All slices were soaked in Ca*+-free medium to wash 
out the extracelhflar space by a predetermincd technique. They were dried, weighed, and trans- 
ferred to o.I N HCI containing 30 % n-propanol for Ca I+ estimation as described previously t°. 

Cat+ 
Concentration 

Time Medium (meouit,/kg ACa 
dry wt.) 

o -- 3.4 --- 
15 Na + 4.1 0.7 
x 5 Choline 8.1 4.7 

Interact ion o f  N a  + and K + 

T h e  t u r n o v e r  of p h o s p h o p r o t e i n s  is d e t e r m i n e d  b y  t h e  p re sence  or  a b s e n c e  of 

N a  ions.  T h e  a b s e n c e  of K + f rom t h e  e x t e r n a l  m e d i u m ,  whi le  p r e v e n t i n g  N a +  e x t r u s i o n ,  

has  l i t t l e  effect  u p o n  t h e  u p t a k e  of 3.,p i n t o  A T P  or  p h o s p h o p r o t e i n s .  I n  o t h e r  w o r k  

w i t h  red  cells 6, we h a v e  f o u n d  t h a t  K ions  a p p a r e n t l y  t a k e  p a r t  in  a d e p h o s p h o r y l a t i n g  

r eac t ion  w h i c h  invo lves  t h e  p h o s p h o p r o t e i n s ,  a n d  e x p e r i m e n t s  were  u n d e r t a k e n  t o  
see if such  were  also t h e  case in  l iver  slices. To  do  this ,  sl ices were  f irst  l e a c h e d  of m o s t  
of t h e i r  K+ b y  cool ing to  o ° in  o.:r54 M NaCI for  30 m i n ;  a f t e r  t h i s  t h e y  were  t r a n s -  
fer red to  a K+-free R i n g e r  a t  38 °. .After 30 m i n  t h e i r  K + h a d  fa l len  to  b e t w e e n  3o a n d  

50 m e q u i v  K+]kg  d r y  wt .  f rom a n  in i t i a l  f igure of a b o u t  3o0 m e q u i v  K + / k g  d r y  wt .  

TABLE IX 

EFFECT OF OUABAIN AND PROMETHAZINE ON K + DEPLETION OF PHOSPHOPROTEIN 

Slices (about 2oo mg wet wt.) were cooled for 3 ° rain in o.154 M NaC1 at o °. They were then trans- 
ferred to a K+-free Ringer at  38°, containing sap, specific activity 2-xo 6 counts/min/pmole Pj. 
After 3o rain, KC1 to a final concentration of xo mM was added as shown, and 3o sec later, slices 
were removed and homogenized in 5 % trichloroacetic acid. Drugs, when used, were added 3 rain 

in advance of the K +. 

S?.~cific activity 
(coumslmln/pmole phosphate of pkospho- 

protein) 
Drug 

Fadl in 
No K + + xomM K + presenc.eofK + 

(%) 

Nil x2 3o0 8 ~oo 33 
Promethazine, IO -i ~V[ io 700 io 900 Nil 

Ouabain 5" 1o-4 M x t 6oo x x ooo 5 
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Upon addition, of zo mM KC! to the flasks or upon transfer of the slices to a K ~- 
containing Ringer, rapid t ransport  set in, with a rate  of K+ uptake of about  I o - I 2  
mequiv/kg d ry  wt. /min in the initial stages. Na + was extruded at  the same time, 
in a rat io  of about I : I. Fig. I shows the uptake of K ÷ and the effect of ouabain. 

z~c 

k 

~ : :  ' '  2o :o ~' ~'o ,®' .', ~ . . . .  
"~]l~/~E (MIN) TIME (SEC) 

t 
~0 ,~o 

Fig. I. Effect of ouabain on K ÷ uptake  by liver Fig. 2. Effect of K+ on rad ioac t iv i ty  of phospho- 
slices. Slices of about  2o0 mg wet wt. were incu- proteins. Slices about  2oo mg wet  wt. were first 
ba ted  a t  o ° in o.[54 M NaCl (3 ° rain) and then leached of the i r  K + by  incubat ion at  o ° in 
for 3o min  a t  38 ° in K-free Ringer. Gas phase o.I54 M NaCI for 35 min. They were then in- 
Oo-CO s (95:5). NaHCO3 to give a pH of 7.2 cubated for 3 ° rain in a K÷-free medium at  38° 
was used as buffer. At the t ime indicated by  conta in ing 32p, specific ac t iv i ty  2. to 6 counts  
arrow, 1o mM K ÷ was added to al l  flasks, per min//*mole PI. At the end of this  incubat ion 
Curve A, control;  curve B, to *M ouabain:  (zero t ime  in the figure) I o m M  KCl was added 
curve  C, 5" Io-4 .M ouabain.  Ouabain  was added to half the flasks and samples  removed as shown 

immedia te ly  before K +. for phosphoprotein and ATP analysis.  The 
specific ac t iv i t ies  of the phosphoproteins  are 

corrected for the small  var ia t ions  in specific .~.ctivity of ATP ( I5oooo counts /min/ / ,mole  phos- 
phate).  Curve A, K + added;  curve B, control. 

If  [azP]Pt were included in the K+-free Ringer, phosphoprotein and ATP became 
labelled. Addi t ion of K ÷ to IO mM gave the result shown in Fig. 2. Within 3 ° sec 
there was a fall in radioact iv i ty  of the phosphoprotein,  after which recovery to normal 
level took place and was complete within 45 sec from t ime of addit ion of K +. These 
experiments  suggest tha t  K + is involved in a dephosphorylat ing reaction, but  tha t  in 
liver slices the phosphorylat ing reaction overshadows the breakdown so tha t  there is 
but  an evanescent effect. In  Table I X  it is shown tha t  promethazine 7 and ouabain 
block this effect of K + at concentrat ions at  which they  inhibit  ion t ransport  in liver 
slices. These effects on phosphoproteins were also connrmed b y  assaying the ac t iv i ty  
of phosphoserine. 

Effect of suspension in Li+ Ringer 
Since Li + has been tested in place of Na + in previous experiments ci ted in this 

paper,  we suspended iiver slices in Li + Ringer, containing [=P]Pt and compared them 
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with similar slices suspended in Na + Ringer. The results are shown in Fig. 3, where 
the radioactivity of the phosphoprotein is related to that  of ATP in the slices in both 
systems. It  is evident that,  in the presence of Na +, the phosphoproteins reach isotopic 
equilibrium far more rapidly than in the presence of Li+. An interesting feature of 
this experiment was that  though the total  radioactivity passing into ATP was the 

o. ,oooo t . . o  .... o o A 
v /. 

5000 

U 

0 

~ ~0 o 5 ,o 
TIME (M[N) 

Fig. 3, Effect of suspension in Li + Ringer on phosphoprotein radioactivity. Slices about zoo mg wet 
wt. were incubated in normal Ringer solution or in a Ringer in which LiCl was substituted for 
NaCI. The Ca 2~ concentration was 2.8 mM and NaHCO 8 was used as buffer in both systems 
(pH 7.2) the small effect of Na + addition (due to NaHCO 3) being disregarded, s,p, specific activity 
2. xo 6 counts/min/#mole Pt was present in each case. The figures show specific activity of phospho- 
protein-phosphate corrected to specific activity of ATP of io ~ counts/min[t, mole Pl. Curve A, 

Na + Ringer; curve B, Li + Ringer. 

same both in Na + and Li + Ringers, the levels of ATP were substantial ly higher in the 
Li ÷ Ringer, thus tending to reduce the specific activity, especially at 2o min. 

We have also tested sucrose as a substi tute for Na ÷, and have obtained results 
identical with those already reported for choline 1 and now for Li ÷. 

DISCUSSION 

The interaction of calcium and the transporting system of liver cells is at least two-fold. 
The first type of effect, the stabilizing action of Ca z+ is well illustrated in work 

already published 7, where it is shown that  slices placed in Ringer solutions containing 
x.o mM Ca z+ lose more K + than slices placed in 2.8 mM Ca 2+, bu t  that  recovery to 
normal level~ is far more rapid in the former than in the latter medium. This will not be 
discussed further. The second type of interaction is reflected in metabolic changes 
induced by  alteration of the Ca z+ content  of the medium, and the relationship between 
Na+ and Ca ~÷. We have shown here that  Na ions stimulate the turnover of ATP, that  
this effect is determined by  the level of Ca z+ in the medium, and that  it is independent 
of pe .rm..eability of [a~PJPt into the cells. We have also dentonstrated that  Na ions are 
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needed for the maximum turnovor of phosphoproteins and that,  here again, Ca -°+ 
and Na + compete for the active sites. 

Drugs such as ouabain and promethazine which have been shown to block the 
effect of Na + on the activity of phosphoproteins also prevent to ,ome extent the effect 
of Ca 2+ on the same molecules. It  is concluded, therefore, that  drugs, Na +, and Ca .'.+ 
all interact together at a common site. 

Our results are in keeping with physiological work using heartS, 9 and skeletal 
muscle 1°, in which good evidence is brought to show that  Na+ and Ca ~+ share a 
common site of interaction. Work with smooth muscle also supports this view and will 
be published shortly. 

The sequence of events in cells suspended in media low in Na+ is probably as 
follows: first there is an influx of Ca 2+, together with a loss o~ K+. The binding of Ca 2+ 
with the active sites paralyzes the transport me2hanism so that  when slices are trans- 
ferred to a normal Ringer solution, there is a long lag period before the normal ion 
distribution of the cells is restored. During this lag period, Na + flow in, Ca 2+ ions 
are displaced and as transport  becomes free to commence, the Na + are themselves 
extruded, with uptake of K +. The effect of the drugs ouabain and promethazine, 
which block the action of Na +, may be brought about by preventing the displacement 
of Ca ~+ by Na +, but  our results shown here suggest that  in fact they compete directly 
for the active sites. 

The interaction of K + and Na ÷ must be discussed briefly. In previous work 1 
we postulated that Na+ was related to a phosphorylating reaction and K + to a de- 
phosphorylating one. This appears to be borne out by the results shown here, in which 
the addition of K + to Na+-filled cells causes a rapid, but  temporary decline in the 
radioactivity of the phosphoproteins. This effect of K + is also shown in other work 
with human red cells G. 

The rate of turnover of the phosphoprotein may be calculated from these ex- 
periments to be adequate for a role in active Na + transport. The level of phospho- 
protein phosphate is about 4.5 mmoles/kg dry wt. liver, and assuming that  2 Na + are 
carried per mole phosphate, this means that  9 mequiv Na* could be accommodated/kg 
dry wt. The maximum rate of Na + extrusion observed by us is about i2 mequiv/kg 
dry wt./min, which means that  each mole of phosphoprotein phosphate would have to 
turnover once in 45 see. Our results show that  this rate and more is entirely possible. 

It  must  be emphasized, however, that  despite the circumstantial evidence, there 
is still no proof that  any  phosphorylated intermediate is actua!ly concerned with 
carriage of Na +, but the evidence is now reasonable that  one or more n, ~- may have a 
close relationship with the transport  mechanism. 
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