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SUMMARY 

I. The s t eady- s t a t e  concent ra t ions  of chloride, mono-  and d iva len t  phospha te  
ions in the  cellular and  ex t race l lu la r  phases of Ehr l ich  ascites t umor  cells were 
de te rmined .  

2. The d is t r ibu t ion  rat ios  of these ions were:  /Cl-~een/ C1-Tex. = o.365, 

, 2 - , ~  ; ~- ~ , ~ i  ~H2PO4-ieen/~H2PO4-]ex 0.627. H P O  4 Jcdl /HPO4 . . . . . .  o.385 and 
3. These resul ts  indicate  tha t  the  d iva len t  ion is pass ive ly  d i s t r ibu ted  across 

the  t umor  cell membrane ,  while the  monova len t  ion is not.  

INTROI)UCTION 

Tile impor tance  of inorganic phospha te  as a subs t r a t e  in cellular  metabol i sm is 
well documented .  Recent  evidence indicates  t ha t  in the  Ehrl ich ascites t umor  cell, 
phospha te  also p lays  a ma jo r  role in the  regula t ion of glycolysis  1, 2, resp i ra t ion  2, a and  
adenine  nucleot ide  balance  4. If this  ion acts as a metabol ic  regulator ,  control  of i ts  
in t race l lu la r  concent ra t ion  is necessary.  Therefore,  passive d i s t r ibu t ion  across the  cell 
m e m b r a n e  would reduce its effectiveness in metabol ic  regulat ion.  

in  a previous  publ ica t ion  5 i t  was shown tha t  t i le cell membrane  media tes  t i le 
t r anspor t  of phospha te  into and out  of the  cell. In  order  to define the  role of the cell 
membrane  in phospha te  t r anspor t  and  metabol i sm,  a knowledge of the s t e a d y - s t a t e  
concent ra t ions  of phospha te  in both the in t race l lu la r  and  ex t race l lu la r  phases is es- 
sential .  Therefore,  the  measurement  of the  s t eady- s t a t e  d i s t r ibu t ion  ra t io  of phospha te  
and chloride at  various ex t race l lu la r  concent ra t ions  was under taken .  

METHODS 

Expe r imen t s  were per formed with Ehr l ich  Let t r6  mouse ascites t umor  cells 
(~ - -  4 I) t ha t  were ma in t a ined  in Swiss whi te  mice (HA/ICR)  b y  weekly  t r ansp lan-  
ta t ion.  Tumor -bea r ing  animals  with growths  between 9 and 11 days  were used. 

Cell suspensions were removed  from unanes the t i zed  animals  by  per i toneal  aspi-  

Abbreviation: DMO, 5,5-dimethyl-2,4-oxazolidinedione. 
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ra t ion  and  t ransfer red  to a large volume of sodium and potass ium Ringer  solution 6 
(9 g NaC1, 4 ° ml o.154 M KC1, 15 ml o.I1 M NaH2PO 4 and 85 ml o . I I  M Na, ,HPO 4 
solut ions  to x 1 with glass-dis t i l led water) a t  room tempera tu re .  

The cell suspension was d iv ided  into two or more equal  a l iquots  and washed 
in Ringer  solut ion of va ry ing  phost)hate  concentra t ion.  {Pi (1.44 I35 . I  raM) was 
var ied  by  isosmotic rep lacement  of NaC1 in the envi ronment .  The final solut ions were 

pH 7.37 7-44 and 3o5-3I  5 mosM. 
Io- 15 ml of cell suspension (6. io  7 8. IO ~ cells/ml) were incuba ted  in I-1 flasks 

under  Ioo °o 02 at  37 °. To insure tha t  s t eady- s t a t e  condi t ions with respect  to cell 
water ,  chloride and phospha te  content  were obta ined ,  cell suspension from each flask 
was sampled  at  35 rain and again at  5o min, and  t ransfer red  to preweighed \Vint robe  
hematoc r i t  tubes  (5 mm > 0o ram) in t r ip l ica te ,  and  centr i fuged for 23 rain at  
23oo g. After  r emova l  of the supe rna t an t  fluid, the  tubes  were reweighed, and  the 
packed  cells dr ied at  9 °° for I6 h. \Vet weight,  d ry  weight and  cell wate r  content ,  
correc ted  for ex t race l lu la r  fluid volume (see below), was then calculated.  The ra t io  of 
wet to dry, weight in 36 de te rmina t ions  was 4 . I4 I  Z 0.o4o7 (S.E.), and the cell wate r  
con ten t  was 75.85 ± o.75 % (S.E.) of the wet weight.  

The  volume of the  ex t race l lu la r  fluid phase was de te rmined  by  mixing cell sus- 
pensions with t racer  amoun t s  of Na2a'%O4 and t ransfer r ing  cell suspension at  var ious  
t imes to preweighed Win t robe  hematocr i t  tubes.  Af te r  cent r i fugat ion  at  23oo x g 
for 23 min the tubes  were reweighed and the packed  cell surface r insed three  t imes  
with Ringers solution followed by  the add i t ion  of o. 3 ml of 6 °o (v/v) perchloric  acid. 
Al iquots  of the perchloric  acid ex t rac t  and  supe rna t an t  solution were then counted  
in IO ml of B l o w ' s  cockta iF  in the  Packa rd  Model 3375 l iquid scint i l la t ion spectro-  
meter .  This procedure  made  i t  possible to correct  for any  u p t a k e  of a5so4 e by the 
cells by  ex t r apo l a t i ng  to zero t ime. l:ig. I shows the resul ts  of a represen ta t ive  experi-  
ment .  The t r a p p e d  volume in three  separa te  exper imen t s  was o.2o ~ o.oI (S.E.) ml 
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• - " } a  Fig. i. The measurement of extracellular fluid volume with Na, 2' "S() 4. Consult METHODS for details 

of the procedure. Data from a representative experiment. 
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per g wet cell weight, which agrees with the values reported by  HF.INZ AND ~{ARIANI 8. 
This correction factor  was applied to all determinations of cell water  content.  

Concomitant  with the determinat ion of wet weight, dry  weight, and water 
content,  samples of cell suspension were removed to centrifuge tubes, centrifuged 
for 35 sec and stopped by  mechanical  braking. The cellular environment  (ex.) was 
saved for analysis of pH, chloride, and Pi and the packed cells washed twice with 
unbuffered ice-cold isosmotic NaNOa solution (7.25 g NaNOa to 5oo ml distilled water). 
Less than 3 min elapsed from the initial to final centrifugation. The packed washed 
cells were immediately placed in an ice bath and 3 ml of cold water were added 
followed bv o.5o ml of 35 ..../o (v/v) cold perchloric acid. 2 ml of the perchloric acid 
extract  were used for the analysis of Pi (ref. 9). To correct for possible spontaneous 
hydrolysis of labile phosphate  esters, 0.80/zmole of ATP contained in a final volume 
of 3.5 ml perchloric acid water  was run parallel to the experimental  samples. In 25 
experiments ATP breakdown was 2.84 :~ 0.46 °o (S.E.). Since tile ATP content  of 
tile tumor  cell is 0.02 0.05/~mole per Io  v cells ~°, u and in these experiments each cell 
sample contained 6"zo v 8 . zo  7 cells, the total ATP content  of the perchh)ric acid 
extract  never exceeded 0.40/2mole. Consequently, 2.84 °'o breakdown of ATP repre- 
sents a maxinmm value. 

Chloride analysis of the perchloric acid extract  and cellular environment  was 
done with tile Buchler-Cotlove automat ic  t i t ra tor  at low ti trat ion rate. The chloride 
and Pi concentrat ion of each sample was calculated from the ion content  of the per- 
chloric acid extract  of the packed, washed cells (#moles per g wet weight) divided 
by its corresponding cell water content  (mg water per g wet weight). No a t t empt  
was made to measure the act ivi ty coefficient of phosphate  or chloride ions. Therefore, 
in this paper it is assumed tha t  the ratio of intracellular to extracellular act ivi ty  
coefficients was unity.  

At the end of the experiment,  samples of cell suspension were transferred to 
centrifuge tubes and centrifuged for 35 sec at 230o X g. The cellular environment  
was saved, and the packed cells washed twice with unbuffered, cold, isosmotic NaNO a 
solution. The washed, packed cells were then frozen and thawed three times in a d ry  
ice acetone mixture.  The cellular environments  and cytolyzed cells were then incu- 
bated at 37 ° for I5-25 min. After temperature  equilibration, the pH of the samples 
was measured with a Coming Model zo expanded pH meter  equipped with a Coming 
No. H-4332-I combination pH electrode. The pH meter  was standardized at 37 ° with 
o.oz M potassium phosphate  buffer (pH 7.05). 

R E S U L T S  

Table I summarizes the results of 20 experiments performed in exactly the same 
manner  on Io different tumor  cell populations. In each experiment the values for 
cellular and environment  chloride and Pi represent the mean of samples taken at 
35 rain and 5 ° rain. Prel iminary experiments indicated tha t  cells when incubated in 
increasing concentrat ions of Pi (decreasing chloride) reached a s teady state with 
respect to pH, chloride and Pi within 3o min at 37 °. Consequently, the 5o-min sample 
was in most  cases a duplicate of the 35-min sample. However,  at high phosphate  
concentrat ions (5o-z35 mM) a difference between cell samples taken at 35 rain and 
5 ° rain was noted. This difference was usually 5 IO ° o greater Pi concentrat ion or 
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T A H L E  1 

RESULTS OF 20 EXPERIMENTS \VITH 10 DIFFERENT POPULATIONS OF TUMOR CELLS 

In  e a c h  e x p e r i n l e n t  t h e  v a l u e s  l i s ted for  e n v i r o n m e n t  (ex.) a n d  ce l lu la r  ch lo r ide  a n d  p h o s p h a t e  
r e p r e s e n t  t h e  m e a n  of  s a m p l e s  t a k e n  a f t e r  35 ra in  a n d  5 ° ra in  of i n c u b a t i o n  a t  37 '~ u n d e r  ioo  (~', 02 .  
p H  m e a s u r e n l e n t s  w e r e  m a d e  a f t e r  5 ° r a in  incu lmt io l l .  

i ) .  Cell [ Pi, totaliez. [C1 i,'.,', p H  Lf , ,  total]celt , Cl- ceu p H  
preparation (m3I) (m3[) (ex.) (mmoles/kg (mmoh,s/kg (cell) 

cell water) cell water) 

~, 1-44 105 . 3 S 7. I S 13-94 62. H8 0 .59o 

3 1.7o 16o.16 7.23 16.2:~ ~3.6o 6.625 

7 2.49 168.68 7.19 13-31 68.1 i 0.595 

9 2.76 [62 .89  7.24 I6 .67  64.58 6.620 

l I t . O 0  161.7o 7.31 12.05 09.41 0.055 

2 I 1.5 ° 103.5o 7.2.5 15.79 56.67 0.625 

4 1 i "53 107.55 7.32 I5 .69  7 o. I I 6 .070 

5 I 1.05 t 7 1.9,S 7.27 13.05 04.49 6.35 ° 

3 12.28 t07 .00  7"33 16.~S 71.55 6.665 

8 I8.1 i I55.21 7.31 I7.I2 01.5o 6.685 

1o 23"°0 T35.92 7"37 r 7.611 67.23 0.685 

7 31 .oo 137.90 7.3 ° 20.05 5 ~. 21 0.675 

I 44-12 t 32.oo 7.4 o 17.06 57.34 (~.7°5 

2 5 o. 2 w 125.0 t 7.3,~ '3..5 o .5 ~ .oo o.695 

io  57.23 i l ,S.7o 7.4 o 22.97 46.65 ('. 7o5 

,s 57.67 IO4.°2  7.41 23.41 53.97 0-72°  

9 65 . ~ 1 ~1o. ~ t 7-38 20.50 3 S.o ~ (5.695 

5 102.13 7 r .oo 7.42 33-74 30.93 6.72o 

0 lO4.OO 78.oo 7-39 34-44 28.91 6.7 I9 

4 135"1° 52.53 7-41 46-64 21-13 6-745 

RCI_= ~ Jco" = 0.365 
80q [C,'] ,, 

[ c rL  

7 0  - -  

6 0 - -  

5 0 =  

ul 
_~ 4 0 H  

E 
30q 

,5 2o ~ . . . 4 - - -  

l 
i 
l 

04 
4 0  5 0  6 0  

J 

• / 

170 180  

[ e l - ] ,  x m m o l e s / l  

Fig .  2. T h e  ef fec t  (If e x t r a c e l l u l a r  ch lo r ide  c o n c e n t r a t i o n  on  s t e a d y - s t a t e  i n t r a c e l l u l a r  c h l o r i d e  
c o n c e n t r a t i o n .  E a c h  p o i n t  r e p r e s e u t s  t h e  n l e a u  v a l u e  for  sanaples  t a k e n  a f t e r  35 ra in  a n d  5 ° nl in  
i n c u b a t i o n  a t  37 ¢ . y  = 5 .528 F o . 3 6 4 8 x .  
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lowered chloride concentrat ion in the 5o-min samples. Since incubation of tmnor  cells 
at 37 ° for more than I h often results in cell damage (unpublished observation), the 
difference between tile 35-rain and 5o-min samples was considered small when com- 
pared to the adverse effects of prohmged incubation. 

In order to determine whether Pi distribution across the tumor  cell membrane 
is determined solely by  the membrane potential,  the analytical  da ta  presented in 
Table I were plotted as shown in Figs. 2- 4. Fig. 2 shows the distribution of chloride 
between the intracellular and extracellular phases• Since the available information 
suggests tha t  chloride distribution across the tumor  celI meml)rane is passne" 1.,_.la, 
the intracellular chloride concentration should vary in a predictable manner  with 
changing environmental  chloride concentration. This prediction was realized aim the 
slope of the linear regression line which describes , C1- ]ee l l / ,  C1-]ex"  w a s  0 . 3 0 5 .  (Ton- 
sequently, if Pi is similarily distributed, a plot of intracellular to extracellular phos- 
phate  concentrat ion should produce the same slope. However, Pi can exist as four 
distinct species, and the relative proportion of each form in solution is determined 
by the pH. Therefore, when cah:ulating the Pi distribution ratio, it is imperative to 
specifiy tile ionic species under consideration. 

The equations derived in tile following were used subsequently for calculating 
the concentrat ions of monovalent  phosphate (H,,PO4-) and divalent phost)hate 
( H P O / - )  in both the environment  and cell phases. 

K l K° K~ 
Hat}()~ ~ Ho[}()4 : H + ~ l IP{)4  e ~ 11 ! 1}()4:3 ~ H ' (~) 

The analytically measured t)hosphate concentrat ion (P i  totalj  is given by: 
}( - [I ' i ,  h} ta l !  = !.Hal)()4 i 1121 )-1 - [111)()4 e-] ~- [I)O4 :~ (e) 

but at pH 7.I 7.4 only negligable amounts  of HaPO 4 and PO4 a- exist. Therefore, 

[ l } i ,  t o t a U  : LH2P()4 i [ H I } { ) 4  e ]) 

and from (I),  

[ H - ]  [ H I ' O 4  ° - '  
No . . . . . .  n (4) 

[ H s P O 4 - ]  

Substi tut ion of (3) iuto (4)  

[I}i, t o t a l ]  ! H :  i [1}i, t o t a l  i o  I'H 
[ t l zP( )4  j : - - (5) 

[ I D  ~ ice tX'2 @ IO-I,H 

Eqn. 5 shows that  the monovalent  phost)hate ion concentration,  i H 2 P O  4 ], can be 
obtained if the total t)hosphate concentration,  the second ionization constant  (£2), 
and the pH are known. The divalent p]losphate ion ( 'oncentration, [HPO4 2 ], can then 
be obtained from Eqn. 3. 

In the present experiments, /£,2 for the extracellular environments was cah'u- 
lated from the equation given by Bjerrum and cited by VESTERGAARI)-BOGIND AND 

• ) ~" - I ~  H~;SSELBO ~4 for the ionic strength range up to o.Io t I'22 = 7.I65 L545 2_ I . I2  I ,  
whero I is the ionic strength of tile solution. The ionic strength of the extracellular 
phase increased from o . i9 I  4 to o.33I as the extracellular phosphate concentration 
increased. This gave p K  2 (ex.) values of 6.7oz-6.649 , or K 2 (ex.) values of 2.21. IO- v- 
1.90. IO 7. Although K 2 (ex.) varied with the ionic strength of the extracellular phase, 
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tile value 2. lO -7 was used for calculating [H~PO4-]ex.. This simplification introduced 
an error of less than 4 % in the final result. The ionic strength of the intracellular 
water is unknown, but based on the total cation and anion composition of the tumor 
celP '~ o.197 would be a reasonable estimate. This gives pK 2 (cell) the value 6.7o. The 
a n a l y t i c a l l y  determined [Pi, total] and pH values listed in Table I were also used in 
computing ~H2PO 4 l- 

Fig. 3 shows the results of plotting the calculated values of r H2PO 4 ]een as 
a function of [H2PO4-]ex. for each experiment. In Fig. 4 the calculated values of 
rHPOa" ieeu as a function of IHPO42-~'ex. are presented in a similar manner. 

The slopes of the resulting linear regression lines are: !H2PO4-]eell/[H2POa-]ex. 
- -  o.627,  and rHPO ~ q~'~ /FHPO 2 q~.,~ = 0.383. k 4 Jcell/k ~ 4  Jex. 

Among the systematic sources of error, the values selected for pK 2 and pH (cell) 
are particularly important. The pK 2 (ex.) which depends on the ionic strength was 
calculated for the extracellular phase. However, it is rather difficult to select a value 
of pK 2 (cell), since precise knowledge of the ionic strength of the intracellular phase 
is unknown. As mentioned, we have chosen o.I97 as a reasonable estimate for intra- 
cellular ionic strength. This is based on the total anion, cation and organic phosphorus 
content of these cells 5,15. In these experiments intracellular pH was estimated on 
freeze-thawed, washed, packed cells with a conventional glass electrode. \¥ADDELL 
AND BATES 16 have criticized results based on this technique. These authors suggest 
5,5-dimethyl-2,4-oxazolidinedione (DMO) distribution as a more satisfactory indicator 
of hydrogen ion distribution. However, in their work with red cells, BROMBERG et a l Y  

showed a closer correlation between RcU and RH + (measured on freeze thawed 
hemolysates) than between RcK and RDMO-. 

Our data show that changes in the extracellular pH resulted in only small 
changes in intracellular pH. This is in accord with the results of POOLE et a l?  s w h o  

calculated the intracellular pH of tumor cells based on DMO distribution. However, 
the absolute values for intracellular pH measured here were o.Io 0.30 pH unit lower 
than those measured by DMO distribution ~s. When the values of extracellular and 
intracellular pH (Table I) are converted to hydrogen ion concentrations, the mean 
ratio of [HTiex./~H*]een is 0.389 which agrees favorably with the ratio [C1 ]een/ 
!C1 i~x. = o.365. 

DISCUSSION 

If the steady-state distribution of phosphate is determined solely by the Donnan 
potential, the ratio of intracellular to extracellular phosphate should be constant for 
all values of extracellular phosphate. In addition, this constant should be predictable 
from either the membrane potential (Era) or equal to the distribution ratio of other 
ions distributed in accordance with E m. Since in these experiments the membrane 
potential was not measured, the assumption is made that the chloride distribution 
ratio is a function of the Donnan potential or !C1-]cen/EC1-]ex. ~ f (Em). 

There is ample precedence for this assumption. Many investigatorslV, 1" have 
shown in red blood cells that  the distribution of chloride, bicarbonate, and hydrogen 
ions seems to accord with the Donnan potential, and there is no need to invoke a 
process involving the expenditure of metabolic energy to account for differences 
between intracellular and extracellular concentrations of these ions. A direct confir- 
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mation of this was recently made by J ay  AND BURTON 2° who showed that the theo- 
retical electromotive force corresponding to the ionic ratios of chloride was equal to 
the measured meinbrane potential. 

Unfortunately-, the situation in Ehrlich ascites tumor cells with regard t() pas- 
sively distributed ions is not as well defined. AULL 21 has recently measured the mem- 
brane potential of these cells using K('l-filled glass microelectrodes. Although the 
measured potentials were not stable for long periods of time, the mean potential 
difference was 11.2 mV inside negative, which was considerably less than that calcu- 
lated from the chloride distribution ratio. However, it was concluded that the chh)ride 
ion was passively distributed and the discrepancy between the measured Em and the 
potential predicted from the cldoride distribution ratio (Eel)  was due to high sodium 
permeability producing a shunt. Additional evidence supporting the view of passive 
chloride distribution comes from the work of GROBECKER ~'l a[. 22 who showed that 
the initial influx of chloride was directly proportional to the extracellular concen- 
tration. HEMPLING AND KROMPHARDT 2a also reported that the efflux rate coefficient 
remained constant when external chloride was varied. Consequently,, the most 
reasonable criterion for assessing passive distribution of an ion across the tumor cell 
membrane is to compare its steady-state distribution ratio to that of the chloride ion. 

The data shown in Fig. 2 demonstrate that when extracellular chh)ride was 
varied from 172 mM to 53 raM, intracellular chloride decreased by a constant amount. 
The slope of the linear regression line is o.365. If phosphate were distributed in a 
similar fashion, the ratio of intracellular to extracellular phosphate should also be 
0.365. Fig. 4shows that [HPO4"- ~n/THt'()42- ~x is 0.385, or 1.o 5 the chloride ratio. 
This result suggests that divalent phosphate ions are passively distributed. However, 
the distribution ratio of ;H2PO 4 ~een/ H2PO4-~ex. as shown in Fig. 3 is o .027 ,  or  

1.72 the chloride ratio. This indicates that monovalent phosphate ions are not pas- 
sively distributed and some force other than the membrane potential must be operative. 

Examination of Figs. 3 and 4 also indicate that when extracellular phosphate 
was reduced to near zero, cellular phosphate did not fall to zero. This fraction of 
phosphate may be weakly bound within the cell. Previous experiments have shown 
that tiffs fraction of phosphate participates in glucose phosphorylation and exchanges 
with extracellular phosphate '~. "Fherefore, while a constant fraction of cellular phos- 
phate may be bound, this apparently does not influence the steady-state distrilmtion 
of phosphate ions. 

The results of these and previous experiments ~ support the view that membrane 
transport of phosphate is not an example of passive diffusion, Instead, some property 
of the membrane, mediating transport is suggested. In recent experiments made in 
this laboratory (to be reported), we have shown that the steady-state phosphate flux 
is sensitive to the pH of the extracellular phase. When the pH of the environment 
increased, intracellular phost)hate and flux decreased. Since increasing the extra- 
cellular pH results in decreased [H2PO4-]ex. (Eqn. 5), it is conceivable that the trans- 
port system is specific for the monovalent ion. A similar situation obtains with the 
phosplmte transport system of yeast "~4, while in fertilized sea urchin eggs the transport 
system is specific for the divalent ion 25. The implication is that the transport system 
is capable of maintaining intracellular [HoPO 4 ~! at a level above that predicted by 
passive forces only. Whether this represents active transport is currently under in- 
vestigation. 

t~iochinz, tHophys. .4cla ,  203 (197 o) 317 325 



PHOSPHATE DISTRIBUTION IN TUMOR CELLS 325 

ACKN()\VLEDGMENTS 

T h e  a u t h o r  w i s h e s  t o  t h a n k  D r .  T.  S. H a u s c h k a ,  R o s w e l l  P a r k  M e m o r i a l  I n s t i -  

t u t e ,  f o r  p r o v i d i n g  t h e  E h r l i c h - L e t t r 6  a s c i t e s  t u m o r  cells.  T h i s  r e s e a r c h  w a s  s u p p o r t e d  

b y  G r a n t  No .  I - R o I  CA I O 9 1 7 - o 1  , N a t i o n a l  C a n c e r  I n s t i t u t e ,  N a t i o n a l  I n s t i t u t e s  of  

H e a l t h ,  a n d  A m e r i c a n  C a n c e r  S o c i e t y  I n s t i t u t i o n a l  G r a n t  I N - 9 o .  

t(EI:I~RILNC ES 

i R. \Vu, J. Biol. Chem., 240 (1965) 2827. 
2 C. \VENNER, Adva~z. Enzymol., 29 (1967) 32i. 
3 M. BRIN AND R. \¥.  McKEE, Cancer Res., 16 (1956) 364 . 
4 R. \Vu AND E. RACKER, in B. \VRIGHT, Control Mechanisms in Respiration2 and Fermentations, 

Roland Press, New York, 1963, p. 265. 
5 C. LEVlNSON, Biochim. Biophys. Acta, 12o (1966) 292. 
6 t l .  G. HEMPLING, J. Gen. Physiol., 41 (1958) 565- 
7 G . . \ .  BRAY, Anal. Biochem., i (196o) 279. 
8 ]J. HEINZ AND H. ,k. ~iARIANI, J. Biol. Chefn., 228 (1957) 97- 
9 C. H. FISKE AND Y. SLrBBAROW, J. Biol. Chem., 66 (I925) 375" 

IO S. \V. \\:EINSTEIN AND H. G. HEMPLING, Biochim. Biophys. dcta, 79 (1964) 329 • 
I t  C. LEVlNSON AND H. G. HEMPLINO, Biochim. Biophys. dcta, 135 (1967) 306. 
12 H. G. HEMPLING, Federation Proc., 18 (1959) 67. 
13 H. IKROMPHARDT, European J.  Biochem., 3 (I968) 377. 
14 13. VESTERGAARD-BOGIND AND T. HESSELBO, Biochim. Biophys. Acta, 44 (I96°) 117. 
15 I{. H. IBSEN AND R. W. ~'ICKEE, Cancer Res., 27 (I967) 1648. 
16 \V. J. "~VADDELL AND R. (~. BATES, Physiol. Rev., 49 (1969) 285- 
17 I'. A. BROMBERG, J. THEODORE, E. l). ROBIN AND \V. N. JENSEN, ,]. Lab. Clin. i]Ied., 66 

(1965) 464 . 
I8 D. T. POOLE, T. C. BUTLER AND W. J. \VADDELL, .]. Natl. Cancer Inst., 32 (I964) 939. 
19 J. I:UNDER AND J. O. \\:IETH, Acta Physiol. Scand., 68 (1966) 234. 
20 A. W. L. JAY AND A. C. BURTON, Biophys. J. ,  9 (t969) t lS.  
2t 1:. AULL, J. Cellular Comp. Physiol., 69 (1967) 21. 
22 H. (JROBECKER, H. I~ROMPHARDT, H. ~IARIANI AND E. HEINZ, Biochem. Z., 337 (I963) 462. 
23 H. G. HEMPLING AND H. KROMPHARDT, Federation Proe., 24 (I965) 709 . 
24 I .  GOODMAN AND A. ROTtiSTEIN, ,]. Gen. Physiol., 4 ° (1957) 915. 
25 I-. L. CHAMBERS AND A. H. \¥HITELEY, .[, Celhdar Comp. Physiol., 68 (1966) 289. 

Biochim. Biophys. Acta, 2o 3 (197 o) 317-325 


