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I N H I B I T I O N  OF T H E  A N A E R O B I C  GLYCOLYSI.q IN P I G E O N  

H E M O L Y S A T E S  BY M U L T I V A L E N T  ANIONS 

b y  
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Depart.*enl o/ Bioche.Hslry, College o~ Physiciaus and Surgeons, Columbia {:*Hversity, 
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It has heen reported in previous papers 1, 2 that mult iva lent  intracellular ions (Ca ~ ,  
Mg j ÷, HPO~ , Ribonucleate,  mono- and diphosphoglycerate)  strongly inhibit the 
aerobic glycolysis  in hemolvsates  of nucleated red cells. It was found later that the 
same ions also inhibit the ()2 uptake of the hemolysate  to which neither oxidation sub- 
strate nor glucose had been added. It seemed reasonable to assume that the obigatorily 
aerobic glycolysis  in the hemolvsate  was due to a synthesis  of ATP (or another actiw' 
P carrier) which was coupled with the oxidat ive  processes and was fol lowed by a transfer 
of P to glucose. In order to find the mechanism of this inhibitory effect of ions it seemed 
first of all necessary to decide whether the inhibition of aerobic glycolysis  was due only 
to the s lowing down of the oxidat ive  processes or whether the s imultaneous synthesis  of 
ATP and the consecutive  P transfer to glucose were directly affected. \Ve have studied, 
therefore, in a series of exper iments  the effect of mult ivalent  ions on anaerobic glycolys is  
and phosphorylat ion of glucose by ATP in hemolvsates  of pigeon red cells. The present 
report deals with the results of these experiments .  

E X P E R I  MI~2 N'I'A I. 

(;e~zeral exp('ri.~'~llal ~rocrdurv 
S u s p e n s i o n s  of  r e d  cel ls  of p i g e o n  free of  ~llly s ig{nif icant  a m o u n t  of g l u c o s e  we re  p r e p a r e d  as  

d e s c r i b e d  in a p r e v i o u s p a t ) e r a .  T h e  cel ls  w e r e  h e m o l y z e d  b y  a d d i n g  ~ !2  p a r t s  o f X / I o o  ItC1. T h e p H  
of  t h e  h e m o l y s a t e  w a s  f o u n d  to  lie b e t w e e n  t).S a n d  6.0.  O n e  se r i e s  of  e x p e r i m e n t s  w a s  c a r r i e d  o u t  
with  this  h e m o l y s a t c  c o n t a i n i n g  all t h e  g h o s t s ,  w h i c h  will be  r e f e r r e d  to  as  full  h e m o l v s a t e .  I :or  
o t h e r  e x p e r i m e n t s  h e m o h - s a t e s  w e r e  u s e d  f r o m  w h i c h  al l  g h o s t s  w e r e  r e m o v e d  b y  c e n t r i f u g a t i o n  
in a h i g h  s p e e d  ce l~ t r i fuge  for  4 5 '  a t  o . T h i s  c o m p l e t e l y  t r a n s p a r e n t  h e m o l y s a t e  will be  r e f e r r e d  
to  as  c y t o p l a s m i c  h e m o l y s a t e .  In  all  e x p e r i m e n t s  2 m l  of  t h e  h e i n o l y s a t e  in a l 5 ml  c e n t r i f u g e  t u b e  
w a s  t r e a t e d  w i t h  o. 4 ml  of  s o l u t i o n s  of  v a r i o u s  s u b s t a n c e s .  \V i th  e v e r y  s a m p l e  w h i c h  c o n t a i n e d  
a s u b s t r a t e  for  glycolysis (g lucose ,  h e x o s e p h o s p h a t e )  a c o n t r o l  s a m p l e  p r e p a r e d  in a n  i d e n t i c a l  w a y  
b u t  w i t h o u t  s u / ) s t r a t e  w a s  r u n  s i m u l t a n e o u s l y . . \ t  t h e  e n d  of  t h e  e x p e r i m e n t  all  s a m p l e s  w e r e  de-  
p r o t e i n i z e d  b v  a d d i n g  Io ml  of  7 °  T C . \ ,  a n d  a f t e r  c e n t r i f u g a t i o n  t h e  r e s p e c t i v e  r e a c t i o n  p r o d u c t s  
we re  e s t i m a t e d .  

..I ~alvlica! pr~)cedm'vs 
1.actic a c i d  w a s  d e t e r m i n e d  in "I'CA f i l t r a t e s  b y  the  IgARKER-SUMMERSON procedure  a. t f e x o s e -  

m o n o -  a n d  d i p h o s p h a t e  w e r e  d e t e r m i n e d  as  f r u c t o s e ;  t r i o s e p h o s p h a t e  w a s  e s t i m a t e d  as  d i h y d r o x y -  
a c e t o n e  b y  t h e  c a r b a z o l e  c y s t e i n e  r e a c t i o n  4 a n d  t h e  r e s u l t s  c h e c k e d  as  a ru l e  b y  a s e c o n d  m e t h o d .  

* P r e s e n t  a d d r e s s :  Ins t i tu te  of Metabo l i c  D i seases ,  N a t i o n a l  I n s t i t u t e s  of Hea l th ,  t {ethesda,  
M a r y l a n d .  

Re~eremites p. 66.  
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This consisted in t reat ing the TCA filtrate with i N NaOH for io minutes,  neutralizing with 6 N 
t-I2SO4, and determining the lactic acid produced. This method could be used only on samples in 
which all enzymic product ion of lactic acid was suppressed.  Glucose and HARDEN-YOux~ ester 
when treated with i N NaOH produced in the BARKER-SUMMERSON procedure some color the in- 
tensi ty  of which was considerably less than  lO?o of tha t  produced by an equivalent  a moun t  of 
t r iosephosphate .  Controls containing approximate ly  as much glucose or HaRDEN-YOUNG ester as 
the hemolysate  filtrates were run in every determinat ion of t r iosephosphate  and the values for the 
lat ter  corrected accordingly. 

RESULTS 

Inhibition o/ the anaerobic glycolysis o~ glucose in hemolysates 

a. Anaerobic glycolysis in the/ull and cytoplasmic hemolysates 

When all the oxygen uptake in the full hemolysate is eliminated by M 5 o o  NaCN 
a certain formation of lactic acid from added glucose can be observed. The rate of 
glycolysis decreases rapidly with the dilution of the hemolysate. If the latter is only 25 % 
greater than that prevailing in our experiments, the anaerobic glycolysis drops almost 
to zero. In the cytoplasmic hemolysate IO to 3o 7:ml of lactic acid is produced in 3 hours 
without the addition of any s~tbstrate. No glyeolysis from glucose can be observed, 
except when M/2ooo to 3//5oo ATP is added. Whereas the full hemolysate shows an 
intense ATPase activity, the activity of this enzyme in the cytoplasmic hemolysate is so 
low that after 3 hours at room temperature no more than 3o% of the added ATP is 
destroyed. As glycolysis of glucose increased less than the ATP concentration in the 
range used, the drop in glvcolysis during the experimental period did not exceed IO %. 

As the effect of ions on respiration had to be studied on the full hemoIysate, it was 
necessary first of all to study the effect of ions on the anaerobic glycolysis in it. To locate, 
on the other hand, the point of attack of the ionic inhibitors on the anaerobic glycolysis, 
it was necessary to use the cytoplasmic hemolysate as a medimn, because only in this 
preparation were the conditions, such as the level of ATP and the accessibility of enzymes, 
well defined. 

b. Effect o~ ions on the anaerobic glycolysis in the/ull hemolysate 

The effects of a series of multivalent anions and cations which were found to 
inhibit the respiration of the full hemolysate are listed in Table I. As can be seen, 
multivalent anions inhibit the lactic acid production from glucose at about the same 
concentration as those at which the 5, were shown to produce a definite inhibition of the 
02 uptake and aerobic glycolysis ~. Anions which are always present in free or combined 
form in the cell have an inhibitory effect in concentrations which can be regarded as 
physiological. 

Among cations two different groups can be distinguished. Ions of Ca, Ba and La 
not only do not inhibit but, in general, increase the rate of glycolysis (Table I). Mn ++ 
and Zn ++, on the other band, inhibit considerably ~t M zooo, probably by virtue of 
their general denaturing action on proteins. Fe ++, which is not a general denaturant, 
does not affect the oxidative metabolism of red cells at M/Iooo but inhibits the anaerobic 
glycolysis by about o/ 5o/o at this concentration. 

c. Inhibition o/glyeolysis o/ glucose by multival6nt anions 

Lactic acid production from glucose in cytoplasmic hemolysates was measured 

Re/erences p. 66. 
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T A B I ~ E  I 

I N F L U E N C E  OF P O L Y V A L E N T  I O N S  ON A N A E R O B I C  LACTIC ACID (1~.:\.) PROI)UCTION FROM 
ENDOGENOUS SUt3ST];:ATE AND FROM AI)I}ED (}LUCOSE IN THE FULl_ HEM{)LYSATI~2 

2 m l  o f  h e m o l y s a t e  c o n t a i n i n g  3 1 / 5 o o  N a C N  p l u s  0 .2  Inl  H 2 0  o r  0 . 6 %  g l u c o s e  p l u s  o ,2  llll 1 [ 2 0  
o r  s a l t  s o l u t i o n ,  h l c u b a t i o n  3 h a t  R . T .  

L..,I./(}rmcd Inhil~ilio~i 
E l p. ,X'a. 5~11l ¢¢(Ah d /YODI ~lllc¢Jxt" i1,, 

; m/ 

l l  

i I I  

I V  

O 4 1 .  O 

N a 2  SO4 ~ l / 2 5  ()-5 84 
N a  o x a l a t e  3 1 / 2 4 0  o i o o  

o I5 .O 

CaC1,  2 M / ' _ o o o  [4 .3  5 
B a C I  2 25 .0  60  
M n C I 2  ,1l / i o o o  1.2 {) 2 
Z n S O ]  3 1 / t o o o  ~o.I 33 
F e S ( ) ~  :~l/n o o o  (~-9 54  

(} I (). {} 

B a ( ' l  2 ~11/25o 23 .8  48 
L a  2 (~%O4) 3 , 1 / / i o o o  2 8 . o  75 
CaC12 ~ [  1'2oo ) i{ . ;j 21 

o I 4 . ( }  

C a C I  2 31/n o o o  ~ ().o 3 {} 
( ; u a n i d i n e  H C I  .1 l / i  o o o  i / . o  2() 

O 31.O 
N a  P h o s p h a t e  . l l / 5 o  1 I . .  o 4 
R i l ) o n u c l e a t e  o. I o ~, t .5. S 4S 

in presence of M(2ooo to 3/ /5oo ATP. With 3I/5oo ATP, I7-47 7/ml of lactic acid were 
formed from glucose in 3 hours at room temperature. In these determinations, the lactic 
acid produced by triose phosphate in alkaline hydrolysis during the precipitation with 
copper lime, was neglected as it was too small to be determined accurately. In the 
3[/2ooo-M/5o0 range of ATP concentration, glycolysis did not increase proportionally 
to the ATP concentration. Doubling of the amount of ATP increased glycolysis by about 
5o%. G lycolysis from glucose proceeds continuously during the period of 3 hours, 
though with decreasing speed. 

Most of the multivalent anions showed an inhibitory effect on the original lactic 
acid formation in absence of glucose as well as that from added glucose. The effect 
varies considerably with the nature of the ion. Ribonucleate and phosphate show a 
considerable inhibition in concentrations which can be regarded as physiological. NaC1 
shows no inhibition when M/I2 is added. CI- ions, therefore, do not inhibit at all in 
physiological concentrations. The very strong inhibitory effect by oxalate cannot be 
due to its known effect on enohtse as in presence of excessive ATP and pyruvate the 
activity of this enzyme does not control the rate of glycolysis. The specificity of the 
inhibitory effect of multivalent anions is illustrated by the fact that malonate I/IOO 
does not show any inhibitory effect. 

l @ / e r e n c e s  p .  6 6 .  
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T A B L E  I I  

INFLUENCE OF POLYVALENT IONS ON LACTIC ACID (I,..A~.) FORMATION FROM PREFORMED SUBSTRATE 
AND GLUCOSE IN PRESENCE AND ABSENCE OF PYRUVATE IN A CELL-FREE HEMOLYSATE TO \VHICH 

AT1 ) V~'AS ADDED TO A FINAL CONCENTRATION OF ~/ /5OO 

I n c u b a t i o n  3 tl a t  R.T. 

L.A. ] o u n d  Inhihition L.A. ]ormed [nhihztion ('oncentralion Salt added without flucosc Jrom glucoxc 
bY ton,'; in 0~ l.'rp. No. (~/ pl'ruvate 7 ml " ;,,ml % 

I o o 3 0 . 7  39  
o Na,SO~ M/25 6.0 ,qr 2o.1 48 

1I 31/1200  o 26.0 28 
J / / t  200 Na2SO 4 111/25 15. 5 36 11.0 59 

I I [  ,1l / i2oo o 40.5 33.9 
31/1200  Na2SO a 3I /5o  22.5 45 29. I 14 
Jl/I2OO Na2SO~ J / / 2 5  19.5 51 18.7 45 
:11/12oo CaCI 2 3I/lOOO 4o.I I 30.2 i i  
31/1200 CaCl 2 : 1 1 / i o o o /  24. 5 5,5 23.5 3 ° 

Na2SO ~ 31/5o 

IV M/8oo o 20. 5 
31/8oo R i b o n u c l e a t e  o. 3 oo 14- 2 3° 
,11/8oo P h o s p h a t e  M / 5 o  7-4 04 
~11/8oo K4Fe(CN)f 3 / /25o  9.o 56 
31/8oo M a l o n a t e  3 I / i o o  2o.6 o 
~11/8oo h i o s i t a l  h e x a -  18. 5 io 

p h o s p h  a t e  .lI/E o o o  

V 31/8oo o 27. 5 
M / 8 o o  N a  P h o s p h a t e  31!5o 2o.o I 27.5 

P y r u v a t e  31/8oo R i b o n u c l e a t e  0. 3 '~'o 18.5 32..5 
P y r u v a t e  .ll/8oo I n o s i t a l  hexa-  

phosph a t e  31/25° 18.4 32.5 
P y r u v a t e  M / 8 o o  NaC1 3I /~2  -'7.5 o 

VI P y r u v a t e  3[/8oo o 20. 5 
P y r u v a t e  31/8oo O x a l a t e  31/24o 3,1 85 
P v r u v a t e  M/Soo Oxa la t e  ~11/2o 1.8 01 

d. Absence o~ inhibition by cations 

Ca ++, on the other hand, which at M/Iooo  inhibits respiration of the full hemolysate 
by 50-7o °o and aerobic glycolysis by 9O-lOO %, has no significant effect on the glycolysis 
of the cell free hemolysate. In the presence of Na2SO 4 M/5o-M25,  M / i o o o  Ca did not 
show any significant inhibitory effect; this is in contrast to the marked synergistic 
effect of these two ions on the aerobic glycotysis of the full hemolysate. 

Localization o/ the inhibitory effect o/anions 
In any attempt to establish which constituents of the glycolytic system are inhibited 

by the anions, it seemed reasonable to assume that the mechanism of the glycolysis in 
tile cytoplasmic hemolysate is identical with that known to occur in most of the other 
tissues. It was, therefore, assumed that glucose is first phosphorylated by ATP to 
hexose-6-phosphate and the latter in turn to the HARDEN-YOUNG ester which is split 
by an aldolase and the glyceraldehyde-3-phosphate thereby formed is oxidized to 
References p. 66. 
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diphosphoglycera te .  If  this  assumpt ion  is correct ,  then af ter  inhibi t ion of this  dehy-  
drogenase by  b romoace ta t e ,  an accmnula t ion  of HARDEN YOUN(; ester  and of tr iose 
phospha te  should follow. It  was tound indeed tha t  af ter  add i t ion  of 3[/4ooo sodium 
bromoace ta te ,  a mix ture  of two sugars  aecunmla ted  which in the cvsteine carbazole  
reaction';  r eac ted  Iike fructose and triose. On hydrolys is  with N NaOH at  room tem- 
pera ture ,  the  l a t t e r  substance d i sappeared  and lactic acid was produced.  A substance  
which reac ted  like fructose was p rec ip i t a t ed  as Ba sltlt by  ettmnol. The total  amounts ,  
however,  of fructose and triose accumula ted  in 3 hours at room tempera tu re ,  was 
cons iderab ly  lower than  the to ta l  amotmt  of lactic acid p roduced  wi thout  b romoace ta t e  
in the same p, eriod. This unexpec ted  result  is appa re n t l y  due to an inh ib i tory  effect of 
b romoace ta t e  on the phosphory la t ion  of glucose, as increase in the concentra t ion  of 
b romoace t a t e  reduced  still more the amounts  of tr iose and fructose formed. 

a. E/ject o~ m.nltivalent anio~ts on lactic acid/ormation ~rein. H~rden Youn,,, esters 

To localize the poin t  of a t t a c k  of the anions inhib i t ing  the glycolysis  of glucose, it 
was tirst necessary to decide whether  ttle phosphory la t ion  of glucose to hexose di- 
phospha te  or the b reakdown of the l a t t e r  is inhibi ted.  The cy top lasmic  hemolvsate  was 
found to glycolyze HARDEN YOUN(; ester  in presence of p y r u v a t e  much more rapid ly  
than  glucose itself. At a concent ra t ion  of .1[/I5oo, the t r ans fo rmat ion  of the ester to 
lactic acid was comple te  af ter  about  3 ° minutes  at  25-. After  IO minutes  about  4o°o 
of the ester  was t r ans formed  into lactic acid. Na2SO 4 at  3I/e5, Nit oxala te  at M/,~5o 
and phospha te  at  M/5o all inh ib i ted  the lactic acid product ion in the first Io minutes ,  the 
inhibi t ion vary ing  between 4 ° and 5o%. When the inhibi t ion,  however,  was inves t iga ted  
dur ing the longer t ime in terva l ,  it  a lways  appea red  smal ler  than dur ing the first Io  
minutes .  This m a y  be due, at least par t ly ,  to the  fact tha t  the  glycolysis  of HARmcN 
Y(;tN(; es ter  at  concent ra t ions  below 31/I5oo increases with the  concentra t ion.  In the 
inhibi ted  sample,  therefore,  the concent ra t ions  of the H.~RDEN Youx(;  ester  af ter  the 
first Io  minutes  mus t  be higher  than  in the  sample  wi thout  the inhibi tor  and the 
inhibi t ion therefore appears  lower in the  following t ime in tervals  (Table I I I ) .  

b. l:'/h'c! o~ ~tnioJls o J: tlw /ormalioJ~ ot lriose 75hoslShahr ~rein ghwose 

The fact tha t  the anions inhib i ted  the glycolysis  of the HAI',DI~]N Y()UN(; ester  to a 
h'sser degree than  tha t  of glucose suggested tha t  an enzymic  process preceding the stage 
of tr iose phospha te  in the anaerobic  glycolysis  was also inhibi ted.  To test  this conclusion 
the effect of several  anions on the format ion  of tr iose phospha te  from glucose in presence 
of ATP was de termined.  The oxido-reduct ive  processes in these exper iments  were 
e l imina ted  by  .1I/4ooo b romoace ta t e  The sample  was incuba ted  for 3 hours at  room 
tempera tu re ,  under  which condi t ions  as was ment ioned  above,  tr iose phospha te  and 
f ruc tose-d iphosphate  accunmlate .  As can be seen from Table IV, the amount  of triose 
phospha te  wits s t rongly  depressed by M/5o sodium sulfate as well as by  i % Na r ibonu-  
cleinate.  That  this inhibi t ion was not due to a higher  dephosphory la t ion  of hexose-di-  
phospha te  in presence of sodium sulfate,  was shown in control  exper iments  in which 
hexose-diphosphate  was incuba ted  for three hours with the hemolysa te  in presence of 
M/4ooo sodium b romace ta t e  with and wi thout  Na,aSO a. 

c. Effect o/ anions on the aldolase 

The inhibi t ion of the format ion of tr iose phospha te  by  anions could be due to the i r  

lee/erem,s p. 66. 
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T A B L E  I I I  

INFLUENCE OF CaCI v N a 2 S O 4 ,  AND N a = ( C O O 2 )  o n  LACTIC ACID (L .A. )  EORMATION FROM 
FRUCTOSE-I,6-DIPHOSPHATE ( H . Y .  E S T E R )  IN P R E S E N C E  OF A I / 6 6 0  P Y R U V A T E  

6i 

L . A .  formed Inhibition 
E.t p. A'o. Subslrate and additions Inhibitor T ime  o/incubation ~tom f f  ~ ester 

tn minutes in ILII m l  in % 

I I  

l I 1  

IV 

V 

H . Y .  e s t e r  I t tM/ml 
+ p y r u v a t e  2 i,3I/ml o 7-5 o.61 o 

H . Y .  e s t e r  i l tM/ml 
a_ p y r u v a t e  2 /AM/ml N a 2 S O 4  M/25 7-5 0 .42  31 

H . Y .  e s t e r  1 1~31/ml 
+ p y r u v a t e  2 ttM/ml o 15 o .90  o 

H . Y .  e s t e r  I it.ll/ml 
~- p y r u v a t e  2 /~,I/ml N a 2 S O  4 A i / 2 5  15 0 .88  2 

H . Y .  e s t e r  I t*Al/ml o 15 0 .54  o 
H . Y .  e s t e r  i BBI/ml N a 2 S O  4 gl/25 15 0 .29  46  
H . Y .  e s t e r  i leM/ml CaCI~ M/IOOO 15 0 .55  o 

H . Y .  e s t e r  i 1i3I/ml o 15 o .69  o 
H . Y .  e s t e r  i l iM/ml N a 2 S O  4 M/25 15 o .42 4 ° 
H . Y .  e s t e r  i BM/ml N a a A s O  , 3 I / 6 o o  15 o . 8 I  o 
H . Y .  e s t e r  i I~Al/ml N a a A s O  ~ 15 0 .48  41 

N a 2 S O  a M/25 

H . Y .  e s t e r  0 . 6 6 7  B3I/ml o 15 0 .48  o 
H . Y .  e s t e r  0 . 6 6 7 / , 3 1 / m l  N a ~ S O  4 g / / 2 5  15 0 .24  5 o 
H . Y .  e s t e r  o . 6 6 7  1~3l/Inl o 3 ° o .7o  o 
H . Y .  e s t e r  o . 6 6 7  it3I/ml N a 2 S O  4 M/25 3 ° o .63  lO 

H . Y .  e s t e r  0 . 6 6 7  ILM/nI1 
A T P  i l ,M/ml 

+ p y r u v a t e  2 i tM/ml o i o  0 .39  o 
H . Y .  e s t e r  o . 6 6 7  i ,M/ml 

+ A T P  I BBJ/ml 
i- p y r u v a t e  2 t i 3 / / m l  N a e S O  4 M/25 io o .25  36 .o  

H . Y .  e s t e r  o . 6 6 7 / , M / m l  
c A T P  I t~31/ml 
+- p y r u v a t e  2 i~M/ml N a  o x a l a t e  M / 2 4 o  i o  o .28  _,8.o 

T A B L E  I V  

I N H I B I T I O N  OF T R I O S E P H O S P H A T E  F O R M A T I O N  FROM G L U C O S E  IN T H E  C Y T O P L A S M I C  H E M O L Y S A T E  

IN P R E S E N C E  OF A T P  A N D  :11/4ooo M O N O B R O M O A C E T A T E  

I n c u b a t i o n  3 h a t  R . T .  

Triosephosphate 
t'a p. No. Concentration o1,4 T t '  

I 

II 

I l l  

Rc/cr,',~cs p. 60. 

Inhibitor /ormed as t '  in ~; ml 
~[ hemolvsalc 

M / 5 o o  o 2o .o  
3 1 ' 5 o o  N a 2 S O t  A1/25 o.oO 

. H / m o o  o 8.5 

.1l/IOOO Na,2SO a 11125 2. 5 

3 l / i o o o  o 11.2 
).1/tooo Na2.qO 1 31;_' 5 2. 5 
3 l / 1 o o o  l ~ i b o n u c l e a t e  o. 3 "., &o 

lnhibi t i ,n  
% 

97  

7 < ) 

7 s 
3 ° 
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effect on the breakdown of ATP, on the phosphorylation of glucose to hexosc-di- 
phosphate, or on the activity of the aldolase. The first possibility was eliminated by 
determining the liberation of inorganic phosphate in presence and absence of 3f/25 
sodium sulfate from ATP added to the hemolysate. The effect on the aldolase was 
determined with M/25 sodium sulfate and 3f/g5o sodium oxalate. The HaRI~I~N YouNg; 
ester was added to the hemolysate to a final concentration of M/~5oo, and ATP to a 
final concentration of M/Iooo, and the amount of the fructose which disappeared and 
triose which was formed, were measured after 5 and again after 2o minutes when the 
equilibrium was reached. Sodium sulfate decreased the extent of the breakdown of 
fructose phosphate in 5 minutes by about 2o%, but the final equilibrium was also 

r )  shifted, the concentration of the H.U~I~]~.N 5( t'xc. ester being about 2o% higher in the 
equilibrium mixture than in the control without sodium sulfate. This shift in the 
equilibrium is not surprising, as ME'~ERHOI ;~ had shown for the aldolase of the non- 
nucleated red cells that hemoglobin shifts this equilibrium, and this property of hemo- 
globin might be easily affected by sodium sulfate Sodium oxalate did not affect 
significantly either the equilibrium or the speed of the formation of triose phosphate. 

d. The effect o~ multivalent anions on the g, lycolysis o~ hexose-6-pl~osphale 

As the inhibition of the formation of triose phosphate from glucose is due neither to 
an increase of ATPase nor to inhibition of aldolase, either the phosphorylation of glucose 
to hexose-6-phosphate or the phosphorylation of the latter to fructose-di-phosphate must 
be affected. To decide this question, the effect of multivalent anions on the glyeolysis of 
hexose-6-phosphate was studied in presence of ATP and pyruvate. As the speed of the 
phosphorylation of hexose-6-phosphate could be dependent on the activity of hexo- 
sephosphonmtase, exploratory experiments were carried out in which the influence of 
multivalent anions on this second enzyme was tested. These indicated that the equi- 
librium between glucose-6-phosphate and fructose-6-phosphate was reached at room 
temperature after about 3 minutes and the anions had no effect on this enzyme. Under 
the condition adopted, the glycolysis is as high as in controls containing H,XRI)EN" YOUN(; 
ester. The rate of glycolysis is proportional to the concentration of glucose-6-phosphate 
in the range of concentrations prevailing in the experiments. These two facts show that 
the phosphorylation of glucose-6-phosphate to fructose-di-phosphate is a much faster 
process than the glycolysis of the diphosphate. Sulfate at 31/25 and oxalate at M/24o 
were both found to inhibit the glycolysis of glucose-6-phosphate, like that of the 
H.XRDR~< YOUN(; ester, by 4o to 5o°0. Inhibition of the phosphorylation of glucose-6- 
phosphate in these experiments could not have affected the overall rate of tbe glycolysis. 

e. Effect o anions on the glycolysis el glucose-6-phosphate in absence o/A 7"P. 

Our experiments so far demonstrate that the inhibitory effect of multivalent anions 
is directed not only against the enzymes which phosphorylate glucose, but also against 
the enzymic system involved in tile formation of lactic acid from triose phosphate. 
It therefore seemed interesting to investigate the effect of anions on a third group of 
enzymes involved in glycolysis, namely those which catalyze the phosphate transfer from 
1,3-diphosphoglyceric acid and phosphopyruvic acid to ADP and the conversion of 
monophosphoglyceric acid to pyruvate. This question could easily be decided because 
hexose-6-phosphate was found to be glycolyzed by the cytoplasmic hemolysate even 
without addition of ATP and pyruvate, although the rate in this case is lower than in 

Re/eremites p. 66. 
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presence of ATP (Table V). The inhibition by M/25 sulfate as well as M/24o oxalate is 
much higher when ATP is absent while the presence of pyruvate does not significantly 
affect the degree of inhibition. This indicates that the transformation of monophospho- 

T A B L E  V 

INFLUENCE OF N a 2 S O  a AND Nae(COO)2 ON LACTIC ACID (L.A.) FORMATION FROM ItEXOSE-6-PHOSPHATE 
IN THE CELL-FREE HEMOLYSATE IN PRESENCE AND ABSENCE OF PYRUVATE AND ATP  

Time o/ L.A. ]ormed /rom Inhibition 
E~p. No. Suhstrate and additions Inhibitor incubation hexose-6-phosphate 

in minutes in 31/ml in % 

I I  

I l I  

IV 

Ia .  Glucose-6-phosphate  0.667 [tSI/ml 
+ ATP i liM/ml + p y r u v a t e  2 / * M / m l  

Glucose-6-phosphate  o.667 ptM/ml 
+ ATP t t t M / m l  + p y r u v a t e  2 ttM/ml 

Glucose-6-phosphate  o . 6 6 7 / , M / m l  
+ ATP t i*~l/nll + p y r u v a t e  2 ttM/ml 

o 

Na2SO * M/25 

Na oxa l a t e  M/24o  

Glucose-6-phosphate  0.333 lzM/ml 
+ ATP t izM/ml + p y r u v a t e  2 t,M/inl o 

Glucose-6-phosphate  0 . 3 3 3 / , M / m l  
-F ATP I 1,31/mI + p y r u v a t e  2 ltM/ml Na2SO 4 M/25 

HARDEN YOUNG ester  0.667 IikI/ml 
-F ATP 1 ll3l/ml + p y r u v a t e  2 l,M/ml o 

HARDEN YOUNG ester  0.667 i*M/ml 
F ATP I 1~31/ml + p y r u v a t e  2 izM/nll Na2SO 4 M/25 

HARDEN YOUNG ester  0.667 ttM/ml 
+ ATP T l¢3I/ull 4- p y r u v a t e  2 / , M / m l  Na  oxa la t e  M/24o  

b. Glucose-6-phosphate  0.667 t,3I/ml 
+ p y r u v a t e  2 ttM/ml 

Glucose-6-phosphate  0.667 tL;H/ml 
q p y r u v a t e  2 f*M/ml 

Glucose-6-phosphate  0.667 l,M/mI 
+ p y r u v a t e  2 t , M / m l  

o 

Na~SO4 M/25 

Na oxa la t e  31/24o 

c. Glucose-6-phosphate  0.667 i,M/ml 
Glucose-6-phosphate  0.667 tL3l/Inl 
Glucose-6-phosphate  o.667 lt;'lI/illl 

o 

Na2SO a M/25 
Na oxa l a t e  M/24o  

F ruc tose -6 -phospha te  o 
F ruc tose -6 -phospha te  Na2SO 4 ~4125 

Fruc tose -6 -phospha te  0.667 #M/ml 
+ p y r u v a t e  2 i,M/ml o 

Fruc tose -6 -phospha te  0.667 i,3I/ml 
+ p y r u v a t e  2 1~3l/mi Na2SO 4 ,1I/25 

F ruc tose -6 -phospha te  o.667 t~M/nll 
+ p y r u v a t e  2 it:ll/ml o 

Fruc tose -6 -phospha te  o.667 lt~l/nal 
q p y r u v a t e  2 t~;lI/ml Na2SO 4 M/25 

Fruc tose -6 -phospha te  
+ ATP I t*M/ml + p y r u v a t e  2 ,uM/inl o 

Fruc tose -6 -phospha te  
+ ATP I ld~I/ml + p y r u v a t e  2 l*M/ml Na2SO ~ a/25  

Fruc tose -6 -phospha te  
+ ATP I / , : l I /ml  q- p y r u v a t e  2 tl3l/ml NaC1 BI/I2 

Fruc tose -6 -phospha te  
}- ATI '  i 1,3,l/ml + p y r u v a t e  2 t~M/ml o 

io  0.38 o 

io  0.23 40.o 

io  o.23 37-5 

I O  0 . 2 0  O 

IO O.13 36.<) 

IO 0.39 O 

IO 0-25 36-0 

I O  0 . 2 8  2 8 . 0  

15 o.6~ o 

15 o.14 77.0 

i 5 0.08 87.0 

15 0.63 o 
15 0.08 87.0 
I 5 0.07 91.o 

15 0.85 o 
15 o. i i  87.0 

7.5 0.32 o 

7.5 o . io  69.0 

15 0.9 ° o 

15 0.30 ~7.o 

15 0.47 o 

15 0-35 25.0 

15 0-48 o 

3 ° 0.96 o 
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glycerate to pyruvate ,  if it is affected at all, does not control the rate of glycolysis of 
glucose-6-phosphate. As on the other hand this glycolysis can be assumed to proceed 
only when glucose-b-phosphate is phosphoryla ted by ATP, and as the latter is practically 
absent in the cytoplasmic hemolysate,  we have to assume that  tile rate of formation of 
ATP during glycolysis controls the overall speed of the process. The higher inhibition, 
therefore, in absence of ATP can be explained by inhibition of the synthesis of ATP due to 
phosphate  transfer from ~,3-diphosphoglyceric acid. The inhibition of this transphos- 
phorylat ion would depress the level of ATP with a corresponding decrease in the speed 
of phosphorylat ion of glucose-6-phosphate. 

I ) I S C U S S I O N  

Our results indicate tha t  at least 3 different consti tuents of tile glycolytic system 
are affected by the anions. The strongest effect apparent ly  involves the enzyme which 
catalyzes the phosphorylat ion of glucose and therefore corresponds to the hexokinase 
in other living cells. This can be deduced from the fact that  the inhihition of the lactic 
acid product ion from glucose in presence of an excess of ATP and pyruva te  is stronger 
than the inhibition of the lactic acid production from hexosemonophosphate  under tile 
same conditions, and also from the fact that  the glycolysis of hexose-0-phosphate 
proceeds at a concentrat ion of the substrate of 3 I :z5oo  about  15 times more rapidly 
than the glycolysis of glucose and at a rate proportional to the concentrat ion of the 
ester. As after 3o minutes at room temperature  all of the hexose-6-phosphate has been 
converted to lactic acid, it is clear that  inhibition of the phosphorylat ion ot hexose-6- 
phosphate by the anions, with no corresponding inhibitory effect on the hexokinase, 
would only result in an increase of the concentrat ion of the hexose-6-phosphate produced 
from glucose to such a level tha t  the inhibition by the anions would be completely 
compensated in a few minutes. 

A second point of a t tack  by the anions is the system which catalyzes the oxidation 
of tr iosephosphate.  As addition of 31'6oo of sodium arsenate has no effect on the 
inhibitory action of the anion and the act ivi ty of the aldolase does not decrease in 
presence of anions, either the tr iosephosphate dehydrogenase or the lactic acid dehy- 
drogenase, or both, are apt)arently affected. Apart  from these two directly established 
effeets, we obtained indirect evidence that  at least one more t ransphosphorylat ing 
enzyme is inhibited by the anions. This inference results from tile observation that  in 
ahsence of ATP the degree of inhihition of glycolysis of hexose-6-phosphate is about 
twice as high as in presence of ATP. ,ks the presence of pyruva te  is without  influence, 
we nmst conclude that  this difference does not depend on any effect on the trans- 
phost)horylation between phosphopyruwtte  and ADP. 

The third consti tuent of the glycolytic system which is inhibited by enzyme, 
therefore, can 1)e either Bucher 's  cnzvine or t/hosphohexokinase; tile latter conclusion, 
however, would be valid only if wc assume that  inhibition appears only at hm' concen- 
trations of ATP or AI )P  and is eliminated by an excess of these nucleotidcs. 

From the bioh)gical point (,f view, the inhibition of hexokinase appears most 
siKniticant as this enzyme llaZL\" ])C assumed to control tl~e overall rate of tile inetabolisln 
of glu('¢~sc in tissues which do not utilize glycogen. The multil)Iicity of points of at tack ()f 
th(, ~mi(ms in their inhil)itorv ell'col (m the anaerobic Klyeolysis sttggcsts that  this effect 
max bcrc la t~d t~) fact(~rs whicl~ t l /cinhibi tcd enzyme ~Hlhcglycols t ic  s\ 'slcm hav~.iu 
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common. This seems to be, in our case, the participation of mono- and dinucleotides in 
the enzymic reaction. In the transphosphorylating enzymes, ATP functions as donor, 
or ADP as acceptor of phosphoric acid, and in the enzymes involved in the oxidation of 
triose phosphate, DPN is an essential constituent. As these nucleotides are in a sense 
multivalent anions, the inhibitory effect of the anions on the activity of these enzymes 
may be due to an interference with the fixation of the nucleotides on the enzyme surface. 

It was shown in I94 r7 that the phosphorylation of glucose and hexose-6-phosphate, 
as well as the phosphate transfer from the monophosphoglycerate and phosphopyruvate 
to ADP in human red cells are strongly inhibited by 3-phospho- and 2,3-diphospho- 
glycerate at M/3oo and by phosphopyruvate at 3//lOOO while -glycero-phosphate, even 
in considerably higher concentrations, had no such effect. As the phosphoglycerates and 
phosphopyruvate possess a higher valency than glyeero-phosphate, it may well be that 
we are dealing here with the same phenomenon as in the case of inhibition of the 
anaerobic glycolysis in hemolysates of nucleated red cells. 

The fact that other multivalent anions which in nucleated red cells inhibit glycolysis 
either have not this effect at all in nonnucleated red cells, like phosphates or inhibit 
glycolysis in significantly higher concentrations like oxalate, does not contradict this 
explanation of the inhibitory effect of phosphoglycerates and phosphopyruvate. These 
differences may be due to varying specificities of these inhibitory effects which were 
also found in nucleated cells as demonstrated by the lacking inhibition by malonate 
and low inhibition by imositolhexaphosphate. 

The observations here reported raise two questions, namely, how far these inhibitory 
effects will be observed on enzymes of the glycolytic system of nucleated red cells after 
purification. Experiments on purified enzymes from other sources which can be easily 
obtained would not necessarily decide this question because of the possible tissue 
specificity of these effects. The red cells in general are supposed to be involved in the 
regulation of the ionic environment of the body and it may be that inhibitory effects 
of ions on the metabolism are characteristic for the red cell and perhaps the other 
tissues of similar function or activities. The possibility, however, cannot be discarded 
that we are here confronted with a more general phenomenon and that these ionic 
effects are part of a system related to regulation of the metabolic rates in various 
functional states of living cells. 

S UMMARY 

~. Multivalent anions inhibit acid format ion from glucose in the complete and cytoplasmic 
hemolysate  of pigeon red cells. 

2. Ca, Ba and La either do not  inhibit  or even accelerate the glycolysis of glucose. 
3- The inhibition of anions is due to the inhibition of at least three different const i tuents  of 

the glycolytic system, of which the most  pronounced is the inhibition of hexokinase. 
4. The possible mechanism of this inhibition is discussed. 

R~SUMI2 

I. Les anions polyvalents  inhibent  la format ion d'acide lactique ~ par t i r  de glucose dans des 
h6molysats  complets et cytoplasmiques  d 'dry throcytes  de pigeon. 

2. Le Ca, le Ba et le La n ' inhibent  pas ou in6me acc61~rent la glycolyse du glucose. 
3- L ' inhibi t ion par  les anions est due X l ' inhibition d 'au  moins trois cons t i tuan ts  diff6rents du 

syst~me glycolytique, et plus part icul i~rement ~ l ' inhibition de l 'hexokinase. 
4. Le m6canisme possible de cette inhibition est discut6. 
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Z U S : \ M M E N F A S S U N G  

~. D u r c h  mehrwer t ige  Anionen wird die du rch  h/ imolysier te  rote B lu tk6 rpe rchen  der Taube ,  
sowie  du tch  das  Z y t o p l a s m a  voll deren Ht tmolysa ten  bewirk te  Milchs~iurebildung aus  Glukose 
g e h e m m t .  

2. Ca, Ba  u n d  La  ihrersei ts  h e m m e n  diese Glykolyse  der Glukose n ich t  und  besch leun igen  sie 
in m a n c h e n  Fttllen sogar.  

3. Die du rch  Anionen  bed ing te  t t e m m u n g  se tz t  m i n d e s t e n s  an drei Stellen des g lykoly t i schen  
S y s t e m s  ein. Die ausgepr t tg tes te  H e m m u n g  ist  die des Hexok ina se -Sys t ems .  

4. Der  wahrsche in l i che  M e c h a n i s m u s  dieser H e m m u n g  wird er6r ter t .  
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