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SUMMARY 

The intraerythrocytic concentration of 2,3-P2-glycerate decrea- 
ses conspicuously during the intrauterine development of rabbits. 
In order to obtain informations on possible causes for these 
changes, we have measured in embryonic and fetal red cells the 
activities of those glyco~ytic enzymes which are thought to be 
most important in the regulation of the steady-state level of 
2,3-P2-glycerate, namely hexokinase, phosphofructokinase, 
bisphosphoglyceromutase and pyruvate kinase. Hexokinase and bis- 
phosphoglyceromutase activities are significantly higher in 
embryonic red cells, when compared to fetal or adult erythrocy- 
tss, whilst the activity of phosphofructokinase is not signifi- 
cantly different at either developmental stage. Most important 
are the changes found in the activity of pyruvate kinase which 
is low in embryonic and early fetal erythrocytes and increases 
drastically thereafter. The activity of this enzyme is inver- 
sely related to the concentration of 2,3-P2-gIycerate, which is 
highest in embryonic red cells and very low in the late fetal 
period. These results support the conclusion that the pyruvate 
kinase activity is of great importance for the adjustment of 
the concentration of 2,3-P2-glycerate and therefore of the 
blood oxygen affinity during rabbit ontogeny. 

INTROOUCTION 

Red Cells are known to change their morphological and functional 

properties in the course of mammalian ontogeny (I-4). Thus, 

during the embryonic period, nucleated red cells deriving from 

yolk sac stem cells are produced, which contain sOecific embryo- 

nic hemoglobins. Later, in the fetal stage anucleated red cells 

mostly of liver origin appear in the circulation which contain 

either fetal or adult hemoglobins depending on the species (4~. 

In general, the oxygen binding properties of red cells are not 

only determined by the respective type of hemoglobin but are 

modified by the interaction of the hemoglobin with intraerythro- 

cytic phosphates, mostly 2,3-P2-glycerate. Mammalian fetuses 

without a specific fetal hemoglobin attain a high oxygen affinity 

of their blood by low concentrations of 2,3-P2-glycerate in 
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their red cells, which at least in one species, the rabbit, is 

secondary to a very high activity of pyruvate kinase (5). 

However, the primitive nucleated erythrocytes of rabbit 

embryos contain high concentrations of 2,3-P2-glycerate and have 

a low oxygen affinity which may aid the oxygen glow from the 

blood to the very actively metabolizing tissues {3). In order to 

obtain informations on the relationship between the concentra- 

tion of 2,3-P2-giycerate and red ceil enzymes we have measured 

in embryonic red celis the activity of those gIycoIytic enzymes 

which are considered to be the most relevant ones for the regu- 

iation of 2,3-P2-glycerate metabolism, namely hexokinase 

[EC 2.7.1.1.] , phosphofructokinese [EC 2.7.1.11.], bisphospho- 

glyceromutese [EC 2.7.5.4.] , and pyruvate kinase [EC 2.7.1.40). 

Such measurements were also performed at various gestational 

ages during the fetal period which allows us to Iink enzyme 

activity with 2,3-P2-glycerate concentration and therefore 

oxygen agginity throughout a large part of intrauterine develop- 

ment. 

METHODS 

White New Zealand rabbits were mated at a local animal breeding 
farm (Dr. Ivanovas, Kissleg8). The gestation period of rabbits 
is 31 days. Red celi suspensions or blood, respectively, were 
sampIed from embryos 14 days after conception {14 dpc), from 
fetuses 19, 22, and 26 dpc, from newborns 2 days after birth 
(2 dpp), and from adult rabbits as described earlier (3). 
Washed red ceIIs were depieted of white cells and platelets by 
chromatography on mixed ~-ceIlulose and microcrystalIine cellu- 
lose (Sigma) columns prior to hemolysis in water to which I mmol/1 
EDTA had been added (6). 
Enzyme activities in hemclysates were determined at 37 PC and 
pH 8.0 as described by Beutler (6) but without the addition of 
mercaptoethancl. Enzymes end substrates were obtained from 
Boehringer, Mannheim. Enzyme activities were expressed as ~moles 
substrata converted per min (IU) and related to the concentra- 
tion of hemogiobin in the sampIe rather than to red cell volume 
because only minute amounts df embryonic red ceils were avail- 
abie and because the exact soiute space is uncertain in nuclea- 
ted ceIIs. Statistical significance of the data was determined 
using Dunnett's test for multiple comparisons. P was considered 
significant at a level of I ~. 

RESULTS and DISCUSSION 

We have recently reported important differences in red cell 

2,3-P2-gIycerate levels during ontogenetic development of rabbits. 

Thus, the mean concentrations of 2,3-P2-glycerate were 21.6 ~mol/g 
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hemoglobin (Hb} i n  the embryo, 0,6 ,mol/g Hb i n  the fetus near 

term, and 29.0 umol/g Hb in the adult animal (3). These changes 

in red ceiI 2,3-P2-glycerate concentrations were found to be 

correlated with changes in the oxygen affinity of red cells (3). 

In the present study, we were interested in the accompanying 

changes in the activity of certain red cell enzymes in order to 

explain these marked differences in the concentration of 

2 , 3 - P 2 - g l y c e r a t e .  

Energy p r o d u c t i o n  i n  mature e r y t h r o c y t e s  occurs  p r e d o m i n a n t l y  

v i a  anaerob ic  g l y c o l y s i s .  The r a t e - c o n t r o l l i n £  s teps in  the 

Klycolytic pathway are most likely the initial kinase reactions 

(hexokinase and phosphofructokinase) and under conditions of 

stimulated Klycolysis, the pyruvate kinase reaction (7,8). 

These reactions have been demonstrated to be ~ar from thermo- 

dynamic equilibrium (9). In looklnK at the interrelation between 

red cells 2,3-P2-Klycerate concentration and Klycolytic enzyme 

activities special attention has been paid to the followinK 

enzymes: hexokinase, phosphofructokinass, pyruvate kinase, and 

bisphosphoKlyceromutase. We have hereby taken evidence into con- 

sideration, which suKgests that the synthesis of 2,3-P2-glycerate 

depends mainly on the availability of the substrates 1,3-P 2- 

glycerate, 2-P-£1ycerate and 3-P-glycerate (7,10,11) and on 

2,3-P2-Klyceromutase activity (12-15). 

The hexoklnase activity was found to be hiKhest in the embryo- 

nic red cells and lowest in the erythrocytes from adult animals 

with a steady, siKnificant decrease during the fetal period 

until the end of gestation (Fig. I}. No significant differences 

were found in red cell phosphofructokinase activities at either 

developmental stake. 

In Fig. 2 are shown the variations o; bisDhosphoKlyceromutase 

and of pyruvate kinase activities as well as of the concentration 

of 2,3-P2-glycerate during the prenatal development. The activity 

of bisphosphoglyceromutase is significantly hiKher in red cells 

from embryos and young ~etuses and decreases from day 19 after 

conception onwards. The enzymatic activity of bisphosphoglycero- 

mutase has been shown to be closely associated with the appearance 

and disappearance of 2,3-P2-glycerate in the red blood cells of 

chicks before and after hatching although its precise role in 
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Fig. I Phospho?ructokinase and hexokinase activities of red 
cells during rabbit ontogeny. Asteriks indicate sign- 
ificant di??erences when comoared to embryonic red 
cells (P < .01, mean ~ SD, n = 4 -- 7)J 

the regulation of the synthesis and breakdown of the phosphate 

ester in the nucleated red ceils of fetal chicks remains to be 

investigated (12). 

Those mammals which have only trace amounts o? 2,3-P2-glyce- 

rate in their red cells also possess very low activities of 

bisphosphoglyceromutase (13,14). Among the mammals with high 

intraerythrocytic concentrations of 2,3-P2-glycerate on the other 

hand, the relationship between the bisphosphoglyceromutase acti- 

vity and the concentration of 2,3-P2-glycerate is rather variabIe 

(13) which is also borne out by the present experiments (Fig. 2). 

It is obviously the aImost complete absence o? bisphosphoglycero- 

mutase activity that leads to extremely low leveis of 2,3-P 2- 

glycerate as for example in ruminants and adult chickens (12-14) 

as well as in bisphosphoglyceromutase deficient human red cells 

(15) whilst in species with significant activities o? bisphospho- 

glyceromutas~ n~h~r ¢on+rol points of rcd csll glycoly=is seem to 

be more important. 

0? special relevance in this respect is the pyruvate kinase 

activity which apparently regulates the distribution between the 

main gIycoIytic pathway and the 2,3-P2-glycerate bypass (7). 
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Pyruvate kinase and bis~hosphoglyceromutase activities 
og red cells durinE rabbit onto~eny. Asteriks indicate 
siEnigicant digferences when compared to embryonic red 
cells [P < .01, mean _+ SO, n : 5 - 9]. 
2,3-Pp-glycerate (2,3-P2-GA] levels were taken from 
r e ~ e r ~ n c e  ( 3 ] .  

3acobasch et el. [7] have drawn attention to the fact that 

whenever there is a preponderance of the initiating steps of 

glycolysia, particularly of the phosphofructokinase reaction 

over the pyruvate kinase reaction, 2,3-P2-glycerate will accu- 

mulate. This in te rpre ta t ion  is in f u l l  accord with the present 

resul ts concerning the changeof Dyruvate kinase a c t i v i t y  in 

red ce l ls  of the developing rabbi t ,  

I t  can be seen from Fig. 2 that the pyruvate kinase a c t i v i t y  is 

r e l a t i v e l y  low in embryonic red ce l ls  but increases as gestation 

continues and is s i gn i f i can t l y  higher in the emythrocytes from 

animals between day 22 of gestation and 2 days a f te r  b i r th  when 
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compared to  embryon ic  red c e l l s .  The p y r u v a t e  k i n e s e  a c t i v i t y  

measured in  red  c e l l s  f rom a d u l t s  i s  not  s i g n i f i c a n t l y  d i f f e r e n t  

f rom t h a t  o f  t he  embryo. 

S ince the  a c t i v i t y  o f  p h o s p h o f r u c t o k i n a s e  i s  not  s i g n i f i c a n t l y  

d i f f e ren t  at e i ther  developmental stage (Fig. I) i t  fol lows that 

the ra t io  of phosphofructokinase a c t i v i t y  over pyruvate kinase 

a c t i v i t y  is high in embryonic red ce l l s ,  then declines during 

the fe ta l  stage and rises again in the course of the postnatal 

development. These changes are probably associated with a pre- 

natal decrease and postnatal increase of those intermediates 

which are relevant for  the steady-state concentration of 2,3-P 2- 

glycerate, namely 1,3-P2-glycerate, 3-P-glycerate and 2-P-glyce- 

rate (7,10,11). In accord with th is  in te rore ta t ion  is the pre- 

natal decrease of the concentration of 2,3-P2-glycerate (Fig. 2} 

and i t s  r ise a f te r  b i r th  which is mirrored by the changes in 

pyruvate kinase a c t i v i t y  (5). Our resul ts support the hypothesis 

that the physio logical ly  s ign i f i can t  a l tera t ions of the con- 

centrat ion of 2,3-P2-glycerate are secondary to changes in the 

pyruvate kinase a c t i v i t y .  Note, however, that these conclusions 

are based on measurements under conditions of maximal r e a c t i o n  

ve loc i ty ,  which may not exactly r e f l ec t  the ca ta ly t i c  funct io-  

ning of the enzyme in the c i rcu la t ing  red ce l l .  The in vivo 

reaction ve loc i t ies  are,of course, knfluenced by the i n t r ace l l u -  

far conditions such as substrate concentrations and pH-value. 

In addit ion, the reaction k inet ics may be altered in re la t ion  

to enzyme m u l t i p l i c i t y ,  when pyruvate kinase isozymes appear 

and disappear in the various populations of red ce l ls  (16,17). 
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