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(Hb M Milwaukee 125 = ~2 f167va~G,u). The Hb M 
variants are present in the form of methemoglobin 
and are therefore unable to bind oxygen reversibly. 
Other abnormal hemoglobins with an unstable globin 
undergo oxydative denaturation and form Heinz 
bodies, a process leading to premature lysis of the red 
cells and therefore to hemolytic anemias. Such unstable 
hemoglobin variants are Hb Zfirich 27 (e2 /~63His~Arg), 
Hb K61n 28,29 (c~2 f198Val~Met), H b  Hammersmith  8~ 
(0~2 f142Phe~Ser), Hb Sydney 31 (~2 /~67Val~Ala) Hb Geno- 
vaa2 (~2 /~2 2sLeu~pr~ and Hb H (f14). 

During the last years a number  of abnormal hemo- 
globin variants with increased oxygen affinity have 
been described. They impair the red cell function by 
impeding deoxygenation in the peripheral circulation, 
which results in a compensatory erythrocytosis. To 
this group beloflg Hb Chesap eake33 ~[Ct92Arg~ L e u 2  V'2!n ~, Hb 
Yakima34'35 (~2 t~99Asp~His] Hb  Rainier 86 (~2 ~145Tyr~ 

/~2 1' 
His), Hb Kempsey a7 (a, /~99Asp~Asn] Hb J Cape Town 88 

~2 1' 

(:r f12), Hb Hiroshima a9 (:r fl~43H~?), Hb 
Ypsi 4~ (structural /~-alteration not yet reported) and 
Hb H (fi4). 

In summary it may be concluded that the majority 
of hemoglobin anomalies have no functional implica- 
tions, some produce methemoglobinemia by impaired 
heme stability, some lead to hemolytic anemias by 
decreased solubility or by g10bin instability and others 
cause erythrocytosis by increased oxygen affinity. 

Zusammenfassung. Kenntnisse fiber die Struktur des 
H~imoglobinmolekfils bilden den Ausgangspunkt zum 
Verst~indnis abnormer Blutfarbstoffvarianten. Anoma- 
len H~imoglobinen liegen verschiedene Strukturanoma- 
lien zugrunde: Substitution oder Deletion einer oder 
mehrerer Aminos~uren in einer Polypeptidkette, durch 

verschiedenartiges ((Crossing over~ entstandene ano- 
male  neue Polypeptidketten oder eine ungew6hnliche 
Kombination an sich normaler Polypeptidketten. Bei 
zahlreichen anomalen Varianten lassen sich funktio- 
nelle Besonderheiten aus der Strukturanomalie ab- 
leiten. Funktionsanomalien kommen durch vermin- 
derte L6slichkeit, gesteigelte Oxydierbarkeit des H~tm- 
eisens, herabgesetzte Globinstabilit~it gegenfiber oxyda- 
tiven Noxen oder durch erh6hte Sauerstoffaffinit~it zu- 
stande. Ihre klinischen Folgen sind h~imolytische An- 
~imien, Meth~imoglobin~imien und kompensatorische 
Polyglobulien. 
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Biochemistry of the Erythrocyte 
By E. BEUTLER 1,2 

Division of Medicine, City of Hope Medical Center, Duarte (California 91010, USA) 

The primary function of the human erythrocyte is 
to deliver oxygen to the tissues and to carry carbon 
dioxide from the tissues to the lungs. These functions 
do not in themselves, require the expenditure of meta- 
bolic energy. However, to perform them efficiently, it 
is necessary for the red cell to carry a highly concentrated 
solution of hemoglobin while preserving the biconcave 
form of the cell. I t  must  protect the membrane and the 
hemoglobin from oxidative damage and prevent osmotic 
hemolysis. Preservation of the constituents of the red 
cell in an active form and the maintenance of ionic 

gradients across the cell membrane require a source of 
metabolic energy. 

Under artificial conditions, the red cell is relatively 
versatile in the range of substrates from which it can 
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extract energy. It  can metabolize fructose, nlannose, 
inosine or adenosine with considerable ease, is able to 
use galactose to a limited extent, and can even use 
relatively esoteric compounds such as formaldehyde as 
a source of energy under appropriate conditions. In 
the circulation, however, it is undoubtedly glucose 
which forms the main sustenance of the erythrocyte. 

The red cell possesses a metabolic mechanism which 
seems well suited to its requirements for the conversion 
of energy of the glucose molecule to energy in the form 
of ATP and reduced pyridine nucleotides. This meta- 
bolic machinery differs from that of most other tissues 
because the mature erythrocyte has no intracellular 
organelles. I t  has no nucleus to direct RNA synthesis 
and no ribosomes to permit the synthesis of new protein 
molecules to replace those that have been worn out. 
I t  has no mitochondria to produce relatively large 
amounts of ATP from small amounts of carbohydrates. 
Rather, the erythrocyte is dependent upon those 

enzymes which are contained within its membrane at 
the time of its maturation from the reticulocyte, and 
must depend upon anaerobic glycolysis and the hexose 
monophosphate pathway'  as a source of metabolic 
energy. It  is perhaps somewhat anomalous that the 
red cell, with its relatively huge load of oxygen, diverts 
only minute quantities of the gas for its own use. Most 
of the metabolism of the red cell is anaerobic. 

Before glucose can be utilized, it must pass through 
the erythrocyte membrane. This process, which has 
been the object of intensive, fruitful study, is described 
elsewhere in this volmne. But the entry of glucose into 
the red cell is not enough. I t  must be phosphorylated 
to glucose-6-phosphate before it can serve as a source of 
energy for the cell. This process is mediated by hexo- 
kinase and requires expenditure of energy in the form 
of ATP. Once glucose has been phosphorylated it can 
traverse either one of 2 pathways. Under normal 
circumstances, over 90% of the glucose is metabolized 
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Glucose metabolism of the red cell. The reactions 
indicated are catalysed by the following enzymes: 
(1) hexokinase; (2) glucosephosphate isomerase; (3) 
phosphofructokinase; (4) aldolase; (5) triosephosphate 
isomerase; (6) glyceraldehydephosphate dehydrogen- 
ase; (7)methemoglobin reductase; (8)diphosphogly- 
ceromutase; (9) phosphoglycerate kinase; (10) di- 
phosphoglycerate phosphatase; (11) phosphoglycero- 
mutase; (12) enolase; (13) pyruvate kinase; (14) 
lactate dehydrogenase; (15) glutathione peroxidase; 
(16) glutathione reductase. 
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by way of the Embden-Meyerhof pathway (Figure) in 
which it is catabolized to lactate or pyruvate. Less than 
10% passes through the direct oxidative shunt where 
catabolism to CO 2 as well as pyruvate occurs. The 
Embden-Meyerhof pathway of the red cell provides it 
with a means of phosphorylating adenosine diphosphate 
(ADP) to adenosine triphosphate (ATP). A source of 
ATP is needed, not only to make glucose available for 
further metabolism but also to serve as the main source 
of energy for some of the ion pumps which operate in 
the red cell membrane. The Embden-Meyerhof pathway 
also provides a means by which nicotinamide adenine 
dinucleotide (NAD +) is reduced to reduced nicotin- 
amide adenine dinucleotide (NADH). It  is this coen- 
zyme which provides the reducing power which makes 
it possible for the erythrocyte to maintain the iron of 
its hemoglobin in the ferrous state. This is a vital func- 
tion of the enzyme, methemoglobin reductase. If there 
were no means of reducing ferrihemoglobin (methemo- 
globin) to ferrohemoglobin (reduced hemoglobin) red 
cells would gradually turn brown and fail to carry 
oxygen. But in the presence of an efficient methemo- 
globin reducing system, methemoglobin levels in the 
erythrocyte are normally maintained at well under 1%. 

It  is also necessary for the erythrocyte to maintain 
sulfhydril (-SH) groups found in the hemoglobin, 
enzymes and in the red cell membrane in their active, 
reduced, form. This seems to be a function of the tri- 
peptide, glutathione (GSH). In the process of reducing 
-S H groups in red cells GSH is oxidized to oxidized 
glutathione (GSSG). This disulfide can be actively 
extruded from the red cell or can be reduced back to 
GSH by the enzyme systems of the red cell. The reduc- 
tion of GSSG is achieved chiefly through mediation 
of the enzyme, glutathione reductase, which preferenti- 
ally utilizes reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) as a hydrogen donor. This co- 
enzyme is maintained in the reduced form in metabolism 
of glucose-6-phosphate through the direct oxidative 
pathway. Nicotinamide adenine dinucleotide phosphate 
(NADP+) is reduced both in the glucose-6-phosphate 
dehydrogenase and phosphogluconic dehydrogenase 
steps. 

A remarkable and admirable feature of erythrocyte 
metabolism is the flexibility of the relatively few meta- 
bolic pathways which are available. For example, the 
Rapoport-Luebering cycle provides an 'energy clutch' 
for the erythrocyte, enabling the cell to vary the amount 
of ADP phosphorylated to ATP without any alteration 
in the rate of glucose metabolism and NAD reduction. 
If 1,3-diphosphoglycerate is converted to 2,3-diphos- 
phoglycerate in the diphosphoglyceromutase reaction, 
no ADP is phosphorylated to ATP. In contrast, meta- 
bolism of 1,3-diphosphoglycerate directly to 3-phos- 
phoglycerate through the phosphoglycerate kinase re- 
action results in the phosphorylation of ADP to ATP. 
Similarly, there is flexibility in the amount of NAD + 

reduced to NADH. In the presence of large amounts 
of methemoglobin, NADH formed in the glyceraldehyde 
phosphate dehydrogenase step may be oxidized entirely 
in the course of methemoglobin reduction. Pyruvate  
then represents the end stage of glucose metabolism 
by the erythrocyte. If no NADH is required for methe- 
moglobin reduction, on the other hand, pyruvate will 
be reduced to lactate in the lactate dehydrogenase 
reaction. The red cell also has the capacity to regulate 
the amount of NADP + reduced to NADPH, since the 
level of NADP+ within the erythrocyte appears to be 
an important limiting factor in regulating the rate of 
the glucose-6-phosphate dehydrogenase reaction. Thus, 
when an increased requirement for NADPH arises, as 
may occur during the administration of drugs which 
oxidize glutathione, the rate of metabolism by way of 
the direct oxidative shunt automatically increases. 

Until recently, the level of metabolic intermediates 
within the erythrocyte has seemed to be of interest 
primarily in the study of the control of the rate of 
metabolism of the red cell. Recently, however, it has 
been found that an important relationship also exists 
between the level of certain metabolic intermediates 
within the cell and the primary function of the erythro- 
cyte, namely, its capacity to deliver oxygen to the tis- 
sues. Specifically, 2, 3-diphosphoglycerate and ATP are 
both bound by hemoglobin, and markedly alter its 
affinity for oxygen. In the presence of these compounds, 
hemoglobin binds oxygen less avidly, and the oxygen 
dissociation curve therefore shifts to the right. When 
these phosphorylated compounds are depleted from 
the red cell on the other hand, a marked shift of the 
dissociation curve to the left is observed. 

The energy producing system of the red cell is vital 
in providing a source of energy for methemoglobin 
reduction and for active transmembrane transport. 
However, the erythrocyte also contains a number of 
other enzymes. For example, the complete series of 
enzymes required for the metabolism of galactose, 
galactokinase, galactose-l-phosphate uridyl transferase, 
epimerase, and phosphoglucomutase can be found in 
the erythrocyte. Enzymes of glycogen metabolism are 
also present. In the membrane various ATPase, which 
have important functions in ion transport and acetyi- 
cholinesterase, the function of which is obscure, may 
be found. The red cell is a very rich source of catalase. 
Mutarotase, acid phosphatase, carbonic anhydrase, 
inosine phosphorylase, glutathione synthetase, ade- 
nylate kinase, hypoxanthine-guanine phosphoribosyl- 
transferase, and even amino acid activating enzymes 
are found in the hemolysates prepared from erythro- 
cytes. 

The many enzymes and metabolic pathways which 
exist in the red cell, and its easy availability in relatively 
homogenous suspensions make the red cell an admirable 
model for the study of genetic variation, metabolic 
control, and for trans-membrane phenomena. 



EXPERIENTIA 25/5 Specialia 473 

Zusammenfassung. Der Erythrozyt hat zwei Haupt- 
wege ftir den Glukoseabbau. Der Emden-Meyerhoff- 
Weg resultiert in der Phosphorylierung yon ADP zu 
ATP und der Reduktion von NAD § zu NADH. Der 
Hexose-Monophosphat-Weg erm6glicht andererseits 
die Reduktion von NADP + zu NADPH.  Es besteht 

eine beachtliche Beweglichkeit in der Kontrolle dieser 
Bahnen, die es dem Erythrozyten ermSglichen, seine 
Enzyme und sein Hfimoglobin in aktiver Form und 
das Konzentrationsgef~tlle yon Natr ium und Kalium 
zwischen roten Blutk6rperchen und Plasma zu erhalten. 
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P e r o x i d e s  of D i i s o p r o p y l e t h e r  

Inves t iga t ing  the  ozonisat ion of t e t r a m e t h y l e t h y l e n e  x, 
it  was found desirable to  have  for compar i son  IR- spec t r a  
and Rf  values of some sui table s imple  peroxide  con- 
taining,  besides the  hydroperoxy ,  also an e ther  group. 
Such a compound,  2, 2 ' -d ihydroperoxy-2 ,2 ' -d i i sopropy l  
e ther  (I), was originally p repared  by  IVANOV, SAVINOVA 
and MICHAILOVA 2. W h e n  peroxide  I, p r epa red  according 
to  IVANOV et al., was analysed  by  the  paper  chromato-  
graphic  m e thod  of MILAS and BELI~ 3, 2 peroxydic  spots  
in addi t ion  to H20 2 were detec ted .  F u r t h e r  conf i rmat ion  
of the  presence of 2 peroxides  was ob ta ined  by  th in  layer  
c h r o m a t o g r a p h y  which was successfully used for the  
separa t ion  of peroxides  by  several  authors4.  Best  separa-  
t ion was ob ta ined  wi th  silikagel G and a mix tu re  of 
to luene and m e th ano l  as used by  BUZLANOVA et al. 5. 
With  this  m e t h o d  also, 2 peroxides  could be detec ted .  
The Table gives the  Rf  values ob ta ined  by  the  above 
chromatograph ic  methods .  

W i t h  the  aid of p repara t ive  th in  layer ch roma tography ,  
b o t h  peroxides  have  been  isolated in pure  s ta te  and the  
pu r i t y  of b o t h  was checked b y  tic. The peroxide  wi th  the  
higher  Rf  value, suspected  on the  basis of its molecular  
weight  and act ive  oxygen  con ten t  to  be 2 ,2 ' -d ihydro-  
peroxy-2,  2 ' -di isopropyl  peroxide  (II), was found to have  
an I R - s p e c t r u m  and Rf  values which  were ident ical  wi th  

Rf values of the peroxides of diisopropyl ether 

Dimethyl- Butanol- Toluene- 
formamide- ethanol-H.20 methanol 
decaline (thin layer 
(pc) (pc) chromat.) 

CH s CH s 
I I 

HO0-C-O C-00H 
i i 
CH~ CH a 

I 

CH 3 CH~ 

HO0 C-O O-C 00H 
i i 
CH a CH 3 

II 

0.01 0.75 0.24 

0.13 0.84 0.64 

those  of I I  p repared  according to MILAS and GOLUBOVI~ 
from acetone% Therefore,  the  peroxide  wi th  the  lower Rf  
was held to  be I. I t  had  the  expec ted  molecular  weigh t  
and act ive  oxygen  con ten t  and solidifyed when  kep t  for a 
few days  a t  room tempera tu re .  Af ter  crysta l l iz ing f rom 
pentane ,  th is  solid peroxide  was ident i f ied as 1, 1, 4, 4, 7, 7- 
h e x a m e t h y l - l , 4 , 7 - c y c l o n o n a t r i p e r o x a n e  by  its mel t ing  
point ,  Rf  value and I R - s p e c t r m n .  Peroxide  I I  r emained  
unchanged  under  the  same condit ions.  I t  is k n o w n  t h a t  
only peroxides  conta in ing  an e ther  group rear range  
spontaneous ly ,  whereas  peroxides  conta in ing  pe roxy  
groups do so only  in the  presence  of s t rong  acidsL The 
IR- spec t r a  of the  separa ted  peroxides  I and II  also sup- 
por t  the  above  conclusion, peroxide  i showing s t rong  
bands  a t  1.042 and 988 cm -t which are absen t  in the  
I R - s p e c t r u m  of II.  Therefore,  when  a syn thes i s  of per-  
oxide I is a t t e m p t e d  according to IVANOV et al. a m i x tu r e  
of I and II  is obta ined,  as a consequence  of which  a 
ch roma tograph ic  separa t ion  of pure  I is necessaryT. 

Zusammen[assung. Stell t  man  2, 2 ' -D ihydrope roxy-  
2, 2 ' -Di isopropyl~ther  nach  IVANOV et al. aus I sopropyl -  
Xther her, so e n t s t e h t  nebenbei  auch  noch 2, 2 ' -Dihydro-  
pe roxy-2 ,2 ' -Di i sopropy l -Perox id .  Beide Pe rox ide  kann  
man  papier-  und  d t i nnsch i ch t ch roma tog raph i sch  nach-  
weisen und  mi t  p r~para t iver  D i innsch ich t ch roma tog ra -  
phie rein isolieren. 
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