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Ilfi'RDDUCnœ 

W1th the outbreak ot' .orld "ar II, .ork _as 1nitiated 

ln the Department ot Bioohemdstry at KcGill University. st the 

request ot the Nat10nal Hesearoh Counc1l, URder the direction 

or Dr. O. F. Denatedt, .i th the express aim o~ improv11lg the 

ex1st1ng methods ot blood preservat 1on. Becauae ot the great 

1lII.portance ot maintain1ng a supply ot blood t'or the trea'tment 

ot battle and 01 vilian oasualt1es, researches on blood preser­

vation .ere oarried out not only in this laboratory, but 

in many others throughout the world. 

At the end ot the war oost ot the laboratol'iea 

4iscontinued research on blood storaga. !'he )(cGill group 

.as among the very tew, it not the only one, that oontinued 

• comprehensive progrfJDllt8 ot reaeareh in this problem.. During 

the past tan years numerous aspects ot the enz:ymology and 

matabo1iam ot the mammalian erythrooyte haye been studled in 

• tundamental lIay. Theae basic stud1es have baen ooœidered 

essential to gain an understanding ot the ohanges that ooeur 

iR the rad oe11 dur1ng progressive aging and ultnnate ~ailure 

.heB stored ln vitro. It 18 alto~ther l1kely that any tm­

provement 1n the current techniques ot p.reservat ion w1ll 

dapend on a better underatanding ot what happeDB dur1ng 



t'al1ura. !fhe findings of our group and of others lPhioh have 

resumed the study ot this problem sinee 1949. conti~ our 

original bellet' that the maintenanoe ot the viablli ty ot th. 

cell during storage depends on the suce.satu! maintenance 

ot' the energy metabollsm of the oella. 

The thought ocourred to us that perbaps the gradua1 

and Inevitable tailure ot the erythrocyte during atorage 

and even in the circulation, may be but the terminal phase 

ot' a slowing down ot the metabolic activity ot the oell whlch 

ls a continuation ot' a proees8 whlch beglna in an early stage 

ot the cell t s developaent. fhla dee li ne proeeeds at a pro­

gresaively dacreasing rate and tinally ter.minates in meta~ 

bolle t'allure and loss' ot viability ot the cell afier It hu 

oompleted Its normal lIte span in the oirculation, in about 

125 days. 

The wrlter t s part of the larger investlgatlon in 

progreas in our laboratory 18 a study of the metaboliSlll ot' 

the retieulocyte. 
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ERYTHROPOIESIS 

a) Embryologieal Development of the Erythropoietie Organs 

In the normal adult mammal, the formation of the 

red cells of the blood takes place exclusively in the red 

bone marrow, where the most primitive cells are undifferen­

tiated mesenchymal cells, also lmow.n as primi tive reticulated 

cella. These cells, by division and differentiation, give 

rise to the normal erythrocytes in the circulation. In the 

embryo, on the other hand, before the marrow has developed, 

and hence before it can take part in erythropoietic activity, 

the rad cells are produced in several organs, the exact 8-1 te 

depending on the stage of embryonic development. 
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The sequence of events in the development of erythrop­

oieti c tissues is the same in all rnarnmals, but the onset and 

duration of' the various stages varies fram species to species. 

Taking the human embryo as an example to illustrate the changes 

that take place in this development during embryonic life, 

the first signs of erythropoietic activity appear between the 

13th. and 18th. day (1). The first hemopoietic tissue deve-

lops fram the endoderm of the yolk sac which gives rise to 

mesenchyme. The mesenchymal eells become free and form 

groups of spherical cells, the blood islands, which are 

joined to one another by strands of elongated cella. The se , 



together w1th the peripheral cells of the blood islands 

eventually t'orm endothe11al tubes, the endothelium of which 

secretes the plasma which t'ills the tubes. Thase tubes are 

the blood vessels of the yolk sac and contain primitive blood 

cells which arise from the differentiation of the central 

cells of the blood islands (2). The endothelial cells of 

the blood vessals, at this stage, still retain all the blood 

cell forming potent1a11ties of the mesenchymal cells, and 

some of them become t'ree and develop into primitive erythro­

cytes. Most of the primitive blood cells that appear at 

this sta~ form hemoglobin (3) and are nucleated • . In this 

first stage in which erythropoiesis is extraembryonic (in 

the yolk sac), it is also intravascular (44). 

During the 6th. week, the liver, which has deve­

loped by a budding of the epithalium of the intestinal tract, 

participates in erythropoiesis. The liver, in its early 
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stage of formation, contains large, thin walled blood vessels, 

and the extravascular portion consists of thin layers of 

mesenchyme. This mesenchyme gives rise to groups of erythro­

blasts which undergo maturation into normocytes (1). By the 

9th. week, erythropoiesis in the yolk sac ceases, and the 

primitive blood oells which have been produced by it gradually 

disappear, and are completely eliminated by the 4th. month (3). 

During the 4th. month the spleen also participates in erythr~ 

poiesia, and may continue to do so, though usually in dimini­

shing degree, up to the end of pregnancy. The thymus also, 



tor a short time during the prenatal period, may produce 

some rad cells (4). During the latter part of pregnsncy, 

the extent of blood cell formation in the liver gradually 

decreases to a very small magnitude. During the 5th. month, 

when placental circulation is established (5), erythropoie­

tic tissue develops in the myeloid tissue, which normally ia 

present exclusively in the marrow cavi ties of bonss. Fetal 

bone marrow st tirst contains many primitive reticulated cella 

which are multiplied to compensate for losses incurred by the 

dirterentiation, which many of them undergo into other types 

ot cells, tor example, erythrocyte stem cells (6) of the 

normoblastic series. As the fetus continues to develop the 

primitive reticulated cells decrease in number, and only ~ 

few remain after birth. However, those that remain in the 

bone marrow or other tissues, retain aIl their original poten­

tialities, and, if an extrema situation should arise, for 

example, in severe blood loss, these primi tive remnants, or 

nuclei, may undergo differentiation and become active hamo­

poietic centres. In the tetus, erythropoietically active 

bone marrow (rad marrow), is present in most of the long 

bones. With growth, however, more and more of the rad marrow 

is invaded by yellow fat cells, and it becomes inactive. In 

the adult, the red marrow is found in the ribs and sternum, 

part of the skull, the cancellous portion of soma ot the 

short bones, and in the head of the long bones. 

5 



h) Development of the Erythrooyte 

(i) Morphology of the Erythrooyte 

Two ditterent series, or generations of erythrooyteg 

are recognised, namely (a) the primitive, or megaloblastic 

generation, and (b) definite, or normoblastic generation. 

The megaloblastic generation of rad blood cells 

is the first prooeas to make an appearance in the embryo. 

These oells are produced in the yolk sac, in progressively 

diminishing number during the first three months, and by the 

4th. month their produotion becomes insignificant. In the 

adult these cells may be produced in conditions such as 

pernicious anemla (44), in which hemopolesis ls tremendously 

increased, but ln this case the cells are produced in the bone 

marrow. The normoblastic blClOd cell generatlon which appears 

about the 6th week of embryonic life, persists throughout 

the individual's lifetime. The two classes of rad ce11 are 

similar in many respects and have corresponding stages of 

differentiation, but there are oertain differences between 

them. Thus, the megaloblasts as occur in the embryo, do not 

lose their nucleus (3)j in cases of pernicious anemia the 

nucleus ia lost, and this gives rise to the formation ot 

megalocytes. The megaloblastic cells in all the stages ot 

their development, are larger than the normoblastic analogues. 

The nucleus of the megaloblasts, in contrast with that of the 

normoblasts, displays very llttle tendency of the nuclear 

6 



material to undergo olumping in any of its stages (la), and 

the ratio ot the amount ot oytoplasm to nuolear material is 

hlgher in the megaloblasts. Hemoglobin formation ls believed 

to ooour at a later sta@s in the normoblast than in the mega­

loblast (11). 
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The following oonventional description of the eryth­

rocyte, is supplemented by information obtained in the micro­

speotrophotometric studies of Thorell (7, g), and others. 

In hemopoiesis the primitive retioulated oell ia 

the most primitive type ot oell. Its cytoplasm is weakly 

basophilie, and there ia relatively little ohromatin in ita 

nuoleus. The cell contains no other oharaoteristioally 

stainable material (7). These oells may beoome free, and 

beoome transformed morphologioally into the myeloblast, whioh 

is the stem oeIl of the erythrocytio series. The ohan~s in­

volved ln this transformation inolude the appearance of 

mitoohondria in the oytoplaam, and the taking on of more 

intense basophilia (8). The myeloblast is a large, round 

oeIl (15 to 20r in diameter) wlth a nuoleus conta1n1ng finely 

dlvided ohromatln material. The cell oontains fram one ta 

five nuoleoli (6). The myeloblast undergoes differentiation 

to give rise to the proerythroblast, whioh, strictly speaking, 

ls the flrst of the erythrooytio oells. In this first trans­

formation the general tendenoy of the oells to beoome smaller 

in size as they undergo suooessive differentiations is already 

apparent. In the proerythroblast the ratio of the volume o~ 



the nucleus to that of the cytoplasm ia high, and the cyto­

plasm and nucleoli conta1n a high concentration of r1bonucle1e 

acid. The nucleus contains dense chramatin material which 

tends to undergo rusion. The basophilie staining property 

of the nucleus is due to its content of desoxyribonucleie 

aeid, aB can be shown by staining with the Feulgen reagent. 

FUrther evolution of the cell to the basophilic normoblast 

stage, is attended by a progressive decrease in the size, and 

increase in the basophilia, both of the nucleus and the cyto­

plasm. The nucleoli of this cell are much smaller than in the 

previous stages (7). Recently Carvalho (9), wi th the aid of 

microspectrophotometric methods, employing two different 

wavelengths (2650 R for nucleic acids, and 4150 j for heme), 

has shown that the nucleus of the basophilie normoblast con­

tains a high concentration of heme. By the superimpos1tion of 

photomicrographs obtained at the two wavelengths, he demon­

strated that the herne is distributed chiefly in the spacea 

in between the masses of Materiel that absorbs at 2650 î. It 

was also shown that the concentration or herne in the nucleus 

deereased as the size of the nucleus decreased, i.e., with the 

maturation of the celle 

The polyehromatic erythroblast represents the next 

stage in the development. This cell can be stained with both 

aeidophilie and basophilie dyes, a property which 1B acquired 

w1th the appearanee of hemoglobin in the cytoplasm. In this 

eell for.m the nucleoli are no lon~r present. The nucleus is 



very small and stains very densely, while the mitochondria 

become sparae in distribution and later disappear (2l). 

The tinal erythroblastic stage is represented in 

the orthochramati c erythroblast, a oell in whi oh the structure 

inside the nucleus 18 no lon~r discernible (i.e., the nucleus 

ls pyknotic), and the cell la highly hemoglobinised. Soon 

the nucleus is lost and the cell becomes a reticulocyte. The 

latter ia larger than a nor.mocyte, and still contains some 

basophilic material, otten in the f'orm ot a network which 

varies in the intensity of staining. The material sometimes 

appears as a series ot granules dispersed througnout the 

cell, or it may be oontined to small areas. The retioulum 

a160 may be distributed uniformly, or may form a thick band 

across the oell. The amount ot stainable material varies 

widely trœn oell to cell. Atter a short t~e the retioulooyte 

lases its basophilio material and oontracts further in size 

attaining the biconcave shape characteristic ot the normocyte. 

Thua, the cell, after many transitions, beoomes the mature 

erythrocyte which la believed to have a lire span in the 

circulation, of about 125 deys. The normocyte has no stain­

able material in the cytoplasm which is known to consist 

mainly of hemoglobln along 1l1th soluble enzymes. 

(11) Detailed Morphology ot the Reticulocyte 

Reticulocytes, oompared wlth nOnliocytes, are larger, 

have a lower speoific gravit y, and although having a tull 
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complement of hemoglobin are hypoohroml0 (7, 10). In 1921 

Key (12) polnted out that retioulooytes can be recognised ln 

unstained preparations, since the reticu~um ls visible in 

the form of granules attaohed to the stroma. The reticulum 

which is stainable with basic dyes, can be stained even aiter 

the cells had been laked, and the stainable material remaina 

with the stroma. The sarna result was obtained whether the 

cells .. ere first stained and then laked, or vi ce versa (12). 

These observations have been substantiated in more studiea 

with the aid of the electron microscope (13, 14). It was 

shown that the retioulocytes are readily distinguishable from 

normocytes by the characteristic structure of the stroma ot 

the former whi ch emi bi ted certain bubble- or crate r-like 

irregularities, demonstrable by shading techniques. These 

irregulari ties on the stroma vary in number from 4- to 50, 

the number tending to vary inversely with the size (15).' 

These observations have been further corroborated w i th the 

aid ot phase microscopy (16). 

Burt et al. (17) have shown that the chemical 

composition of the stainable material of the reticulocyte 

10 

i8 ribonuclelc aoid. This conclusion is based on the finding 

that the ribonucleic acid content of blood specimens runs 

parallel with the number of ~eticulocytes. Furthermore, the 

basophilia disappears on treatment of the cells wlth RNAase 

(22). The treatment with DNA.ase, caused no change, suggesting 

that the reticulum ls not of nuclear origine On the other hand 



the widely accepted notion that the reticulum. is of' cytoplas­

mic origin 1s not very consistent with the evidence that the 

reticulum is part of, or strongly bound to the stroma. 

{iii} Multiplication and Dif'terentiation of the Normoblasts 

The primi ti ve reticulated cells have two f'unctions, 

namely, multiplication and difrerentiation. Each of these 

tunetions is possessed in di~erent degree, by the varioua 

types or oeIl in the process of development fram the stem oeIl. 

In erythropoiesis, with progressive diff'erentiation 

or the var10us cell stages there 1s the tendency towards de­

oreasing size of the cell, and the decreas1ng neeessity tor 8 

nucleus, nuoleoli and cytoplasmic organelles with inereasing 

maturation ot the oeIl, leads to the graduaI disappearance ot 

aIl these bodies, finally yielding the mature cell containing 

homogeneous mate rial. The overall prooess follows a series 

of' recognisable stages whioh are roughly related to the morpho­

logieal stages previously described. The materlal reported 

here is taken largely trom Thorellfs observations (7). 

The erythroblasts in all stages up to and including 

the orthochromatic normoblasts are capable of undergoing 

mitosis, as long as the nucleus ls not pyknotie (18, 44). 

According to Daoie and White (18), the very primitive erythro-

poietic cella only very rarely undergo mitosis. 'Ihe frequeney 

of mitosis increases as the oells mature, being highest during 

Il 
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the early developmental stages of the polychromatic erythro­

blast, and decreasing in the lster stages of maturation. From 

these observations it would seem that the polyehromatic erythro­

blasts not only undergo mitosis at a comparatively high rate, 

but must also undergo differentiation into the more mature 

stages, in order to maintain a constant proportion among the 

various types of 09lls. 

Thorell's observations C7} on bone marrow cells, 

show that the concentration of cytoplasmic nucleic acid begins 

to fall fram the commencement of the proerythroblast stage 

and falls off rapidly until the early polychramatic erythro­

blast is ra aehe:d, when the cytoplasm no longer contains any 

pentosenucleic aeid. Concurrently wi th the decrease in the 

oytoplasmie RNA, the nucleoli also diminish in size Wltil they 

can no longer be demonstrated in the polyehramatic erythroblast. 

According t 0 Brachet (19), the synthes is of proteins 

within a eell is controlled by the nucleoli, and talœs place 

1n the microsomes which constltute the basophilie material of 

the ground s·ubstance of the cells (20). The synthes.is of pro­

tein material in the erythroblast ls most intensive during 

the proerythroblast stage, and this may be the reason for the 

increase in the basophllia assoclated with the earliest stages, 

and which becomes most intense on reaching the basophilie 

erythroblast stage. In the polychromatic erythroblast the 

synthesis of protein ls complete, and herne which has bean 

acoumulated in the nucleus (9) is liberated and combines with 
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protein in the oytoplaam to form hemoglobin, or a preoursor 

thereof. Hemoglobin synthesis 1s oomplete by the final stage 

of the polychromatio erythroblast, but in this oeIl the hemo­

globin ooncentration 1s still less than in the oiroulating 

normooyte, the difference being acoounted tor by the further 

decrease in the volume of the oeIl whioh oocurs after the loss 

ot the nucleus (7). 'lhese ohanges are summarised in Figure l, 

(page 14) after Thorell (7). 

The final stages in the development of the erythrooyte 

are charaoterised by the 105S of the mitochondria dur1ng the 

polychramatic stage (21), and finally, by the loss of the 

nuoleus. 

(iv) Losa of the Nuoleus 

The manner by which this process is aecomplished 1s 

still unknown. Immediately preceding this event the oeIl la 

orthochromatic, has its tu Il complement of hemoglobin, a 

pyknotio nucleus, but no visible nucleoli or mitochondria. 

Some hematologists believe that the nucleus is disposed of by 

a karyolytic process, that ia, an enzymatic digestion; others 

maintain that ~he nucleus is eliminated by "extrusion". The 

sudden and complete disappearance of the nuclear material does 

not lend support to the theory of karyolysis. Nor doss the 

paucity of free nuclei in the bone marrow (18) support the 

extrusion theory, since one should expect to find a considerable 
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number of nuclei in the regions where hemopoiesis takes Place.' 

Acoording to Albreeht (23), the mature erythroblasts 

tormed in bone-marrow tissue cultures, expel their nuolei by 

- aotive, contractilè movements which can be demonstrated with 

the aid of photomicrocinematography. Bessis (15), and Bessis 

and Bricks (2~), also, have obtained photocinematographic 

evidence for the extrusion of the nucleus. Acoording to these 

authors the cell, atter loss of the nucleus, becomes a reti-

culocyte. These observations were made on bone-marrow cella, 

and the prooess of extrusion, which under the oonditions used 

requires about ten minutes tor completion, can be accelerated 

by raising the temperature. 

Bostrom, in 19~~" (25), proposed a new hypothesis 

tor the loss ot the nucleus by the normoblast. Acoording to 

her vie., the nucleus is not eliminated by extrusion. Instead, 

the normoblast torms a pseudopod which splits ott, giving rise 

to a reticulooyte, or a normocyte, and leaving a portion ot 

the parent oell, which reteins the nucleus and a th1n band of" 

I The volume of available marrow in the human body has been 
estimated at about 1500 ml. (67), but only about 20 peroent ot 
this is active at any one time (168) in normal health. Rence, 
in the average man there is about 300 ml. or 3x105 mm. 3 ot 
active bone marrow. 

The body contains approximately 3xl013 erythrocytes. 
Approximate ly l pa rcent ot these, or 3:I:I01~ ce Ils are renewed 
daily. Therefore it tollows that about la cells are produoed 
each day per IDIIl." of a~tive bone marrow, which means that . 
there ia a formation of 12 mature cells, per second, per mm. 3 
ot active bone marro •• 
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cytoplasm. The latter celL is capable of growth and of forma­

tion of further pseudopoda, or buds, which in turn give rise to 

more reticulocytes or normocytes. Bostrom gives photographie 

evidence for her hypothesis. The results obtained by Bessis 

(15) , and by Bessis and Bricka (24-), could easily be explained 

by the formation of pseudopoda, since the extruded nuclei 

shown in their diagrams appear to have a thin band of cytoplasm 

around the periphery. 

Whatever the process of elimination of the nucleus 

may be, authorities are generally agreed that the cell, after 

the loss of the nucleus becomes a reticulocyte. 

(v) Maturation of the Reticulocyte 

Nizet, in 194-6 (26), obtained some evidence that 
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aIl the non-nucleated rad cells of the bone marrow are retioulo­

cytes, and that the marrow contains no normocyte:s. The pro­

portion of the different types of oeIl in the marrow ls ditfi­

cult to determine since samples of marrow obtained by aspiration 

always contain a significant number of blood cella together 

with the marrow cells. Nizet obtained his information by pro­

ducing rad cella containing Heinz bodies. He adminiatered to 

a dog a dose of phenylhydrazine, whi ch gives riss to the: forma­

tion of Heinz bodies in a large percentage of the mature red 

oalls, without atfecting the reticulocytes (30, 229). Having 

thus labelled the normocytes of one dog, a cross circulation 



with a second, normal dog was established, and maintained for 

a sufficiently long period to permit complete mixing of the 

circulating b100ds. Counts .ere made on the cells of the 

peripheral circulation and the bone marrow, and the proportion 

of cells with and without Heinz bodies was determined. It was 

found that the ratios of the marked to the unmarked cella in 

the peripheral blood and the bone marrow were identical. This 

indicates that the mature cella present in the marrow samples 

originated from the blood circulating ln the vessels in the 

marrow, rather than in the hemopoietic marrow tissue itse1f. 

Even if these resulta indicate that normocytes do not ooeur in 

the bone marrow, they throw no light on the question whether 

the reticuloeyte is invariably a preoursor ot the oirculating 

normocyte. 

17 

Efforts to determine the maturation time of the 

reticulooyte have yielded variable results. The results ob­

tained from in vivo and in vitro studies, generally have shown 

good agreement when the experiments have been oarried out 

simultaneously. No'such agreement, however, has been obtained 

by ditterent workers, presumably because the experimental 

conditions were not the sarne. Baar and Lloyd (237) found the 

maturation time, in vivo, to be ten hours, and possibly less, 

while in experiments on bone-marrow cultures (27), the ripening 

time in vitro was about eleven hours. A sudden increase in the 

reticulocyte count was believed to be associated lIi th an inorease 

in the ripening time, although no correlation between these two 

processes oould be established. 



l~ 

Riddle (28) studied patients .ith pernicious anemia, 

undergoing liver therapy, who had up ta 4-5 percent or reticulo­

cytes in the blood, and round the maturation time ot the reticu­

locytes to be about two days. This value was derived trom the 

observation that at the beginning of treatment there was an 

increaes in the total red cell count which was paralleled 

after two days by an increase in the number of' non-reticulated 

cells. He eth and Daland (29) in in-vi tra exp:t rimen ts, examined 

blood specimens containing up to 42 percent ot reticulocytes, 

and observed that the maturation time varied between one and 

:ri va deys. The reticulocyte count in samples incubated st 

37°e. wes observed to decrease rapidly at tirst, and subse­

quently the rate of maturation progressively decreased until 

all the reticulocytea disappeared. The reticulocytes trom 

rabbit and human bloods, produced in either species by difrerent 

methods, e.g. removal of blood or administration of phenyl­

hydrazine in the rabbit, or in hemolytic jaundice or pernicious 

anemia in human patients, behaved in the same general manner 

during maturation experiments in vitro. When reticulocytes 

were placed in the pleural cavi ty of rabbi ts,. so as to maintain 

samewhat more physiological conditions, the maturation process 

followed the sarne pattern. When reticulocytes were kept at 

100e. or at 23°C. no change in the count was observed within 

120 hours. That the disappearance of the reticulocytes oceurred 

through their maturation and not as the result of hemolysis was 

established by demonstrating that the total red-cell count 

during the experimental period remained constant. Cruz (30) 



studied the changes in the erythrocytic picture following 

the administration of acetylphenylhydrazine to dogs. The re­

sults showed that the progressive anemia produced by the 

acetylphenylhydrazine was aecompanied by an increase in the 

proportion of reticulocytes in the circulation. This trend 

continued for two days after the final injection of the drug, 

by which time the reticulocyte count began to decrease while 

the normocyte count increased. This is illustrated in Figure 

2, on page.. 20. 

Coneurrently with the decrease in the reticulocyte 

count there was a net increase in the number of rad eells, 

thus indicating that the maturation of the reticulocytes which 

were already in the circulation did not account for aIl the 

new erythrocytes found in the blood. It is suggested by Cruz 

that the two-day de lay in the appearance of the normocytes may 

have been due to interferance by the drug, with the maturation 

processes, and that the animal requires two days to dispose of 

sufficient amounts of the drug to allow the maturation mechan­

isms to return to normal. 
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Young and Lawrence (31), studying the in-vitro 

maturation of reticulocytes in human cases of hemolytic anamia, 

found that the maturation time was about six deys. The same 

maturation time was indicated in a in-vivo experiment perfor.med 

by transfUsing a sample of blood containing a high proportion 

of raticulocytes from a patient with hemolytic anemia, into 

a patient wlth aplastio anemia. It is important to note that 



FIGURE 2 

The Changes Produced in the Erythrocytlc Picture by 
AcetyIphenylhydrRzine. (30), 
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in this experiment the rad cells were not nonnal, and in fact, 

it is questionable whether reticulocytes produced in large 

quantities by any method should be considered normal. In the 

above mentioned case, furthermore, there was the additiona1 

possibility of an immunologieal complication. 

About ten years ago, a series of reports by Plum 
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and his associates with reference to substances which were 

supposed to acce1erate the maturation of reticulocytes appeared 

in Scandinavian journals. Plum (32) observed that reticulo­

cytes suspended in saline disappeared very slowly, even when 

the temperature was raised to 40°0., but if the cells were 

suspended in plasma, or on addition of liver extracts to the 

saline suspension, maturation was accelerated. Further.more, 

the rate of maturation under the latter conditions became 

dependent on the tempe rature • At least, he observed that the 

maturation rate increased with increase in the temperature. 

Studies on bloods with difterent content of reticulocytes, 

showed that the quantity of the maturation-producing substances 

in the plasma appeared to vary lnversely with the number o~ 

reticulocytes (33). Jacobsen and Plum (3~) fractionated the 

ripening principlein liver, into a thermostable and a thermo­

labile fraction. The two fractions when present tO@Bther were 

etrective, but with either alone, little if any response wa8 

obtained. The stable principle w~ found to be tyrosine (35) 

the l-ro~ being more active than the d-isomer. Changes in 

the chemical substituents in the aromatic ring or in the sida 

chain altered the activity of the compound. Apparently the 



hydroxyl in the para position in the ring is essentiel for the 

action of this factor in promoting maturation. Gad, Jacobsen 

and Plum (36), demonstrated further that if tyrosine be exposed 

to tyrosinas6, the product of the oxydation wes fram fifty to 

one hundred times more active in its effect on the ripening of 

the reticulocytes. The ripening action of adrenaline was 

similarly enhanced by the action of tyrosinase, but with 

tyramin~, the increase in activity was only about tan-fold. 

Gad 6.t al. have round also that the rad cell contains enzymes 

which increase the act i vi ty of tyrosine and of dihydroxyphenyl­

alanine in stimulating the maturation of reticulocytas. 

Gad et al. (37), also investigatad the ripening 

activity of extracts of various organs, with respect to the 

thermolabile fraction which had been previously found in 

liver (34). This factor appaared to exist in two forms, de­

pending on the source material. In some material (a. g. 

plasma), the factor is self sutficient, producing maturation 

without the addition of tyrosine. At least, when tha latter 

is added, it produces no increase in the rate of maturation. 

Stomach tissue, especially the mucosa, but only very slightly 

the muscular portion, contains a high concentration of the 

prlnciple, which, however, requires tyrosine for ripening acti­

vi ty. Tissues auch as bone marrow, liver, strlated muscle and 

spleen, contain both forms of the princlple. Gastric juies 

supplemented with tyrosine, also was found to have considerable 

activity. The especially high concentration of the ripening 
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faotor in stomaoh tissue suggests that it i8 probably synthe­

sised in this organ, and partioularly in the muoosa. After 

absorption into the blood it may be linked with some substanoe 

related to tyrosine, or to one of its metabolio oxydation 

produots, to forro the oomplete maturation principle whioh ia 

found in the blood plasma. The distribution of the faotor in 

the stomaoh agrees olosely with the distribution of the intrin­

sio faot or (38). 

The respiratory aotivity of the reticulooyte is 

related to the maturation rate ot the retioulooytas (39). 

Substanees suoh as urethane, oyanide, carbon monoxide, and 

malonate, which lower the oxygen uptake of the Drumature cel16, 

also oause a lengthening of the ripening time (39,40). 
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METABOLISM OF THE ERYTHROCYTE 

a) Introduction 

The absence of a nucleus makes the mammalien erythro­

cyte unique among cells, and has given rise to doubt whether 

the erythrocyte is a "living" cell. For many years these 

cells were believed to be mere parcels of hemoglobin with a 

sole function of transporting oxygene This view in recent 

years has yielded to the opinion that the erythrocyte, despite 

the Iack of a nucleus has an energy metabolism to enable it to 

do osmot ic and other work, and thus is a "living" ce 11. 

The reticulocyte ditfers from the mature erythrocyte 

in its chemical make-up and actlvity, in that it contains ribo­

nucleoprotein (17), and numerous additional enzymes, and i8 

metabolically much more active. As early as 1909, Warburg 

(41) observed that the erythrocytes of mammalian blood appeared 

to show a feeble oxygen consumptlon, which later was' found to 

vary with the number of reticulocytes in the blood sample. 

That the oxygen consumption i8 attributable to the reticulocytes 

was confirmed by Harrop (42l and Wright (43). It is now appre­

ciated that the chemistry and activity of all the immature 

forros of the rad cell differ with the stage of development. 
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Thus the reticulocyte is capable of synthetic processes which 

do not oceur in the normocyte. The synthesis of protein (19), 

and heme (45), occur in the reticulocyte, but thera is no 

incorporation of radioactive amino acids into proteins (46) 

or hemoglobin (45) in the mature rad cell. 

The reticulocyte, therefore, may be considered as 
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an intermediate stage in the development of the mature erythro­

cyte and the process of maturation is attended by a progressive 

and extensive degeneration of the enzymatic processes which 

probably result from the 10ss of the nucle.us. 

b) Glycolysis 

The most prominent metabolic activity of the erythro­

cyte is glycolysis. The term "glycolysis" implies the break­

down of glycogen or glucose to lactic acid. The process is a 

complex one involving several enzyme catalysed reactions. 

Our present understanding of the glycolytic process represents 

the contributions of pioneers ineluding Meyerhof, Embden, and 

Parnas, and the subsequent contributions over the past years 

of many other workers whose studies not only have elucidated 

the mechanism of these reaetions, but their relation to other 

metabolic processes. 

The erythrocyte has long been known to utilise 

glucose as a substrate. In 1913, Rona and Arnheim (47) demon­

strated for the first time that the rad cells of the blood 



possess glycolytic activity. It is now well known that the 

glycolytic mechanism in the erythrocyte is olosely similar 

to that which occurs in yeast, muscle, and other cells. The 

system in the erythrocyte differs, however, in that it favors 

the accumulation of the intermediate 2, 3-Diphosphoglycerate 

(2, 3-DPG), which makes up trom 30 to 50 percent of the acid­

soluble. phosphorus of the erythrocyte in most mammals (48). 

This compound was thought not to be present in other tissues 

until Sutherland et al., in 1949 {49}, isolated it fram muscle 

and demonstrated i ts role as coenzyme for the enzyme phosphog­

lyceromutase which catalyses the interconversion ot 3-Phospho-

glycerate (3-PG) and 2-Phosphoglycerate (2-PG). (Reaction 1) 

1) COO COO COO COO 
1 1 1 1 
CHOR + CHO@ ::. CHOt> + CHO® 
1 1 "Ii: 1 1 
CH20® CH20~ mutase CH20® CH20H 

3-PG 2,3-DPG 2,3-DPG 2-PG 

Studias by Hevesy ahd Aten {50}, and by Gourley 

(238) , with orthophophata containing p32 , and by Bartlett and 

Marlow (51), with c14 labelled glucose, demonstrated that the 

turnover of the 2, 3-DPG in the erythrocyte is rapid, and com­

parable with that of the other glycolytic intermediates. DPG 

therefore, must either be an intermediate or be in equilibrium 

with an intermediate of the glycolytic system. 
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As further evidence of the participation of 2, 3-DPG 

in glycolysis, Papoport and Luebering (52) demonstrated the 

existence of an enzyme, diphosphoglyceric acid-mutase, which 
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catalyses. the conversion of l, 3-DPG to 2, 3-DPG. These worken. 

succeeded in partially purifying the enzyme, but under the 

conditions used, failed to demonstrate that it catalyses the 

reaction in the reverse direction a1so. The reversa1 of the 

mutase would be thermodynamically unlikely since it would 

lnvolve the conversion of a low-energy phosphate into a high­

energy one with a change in the free energy of the group of 

more than 10,000 calories par mole {52}. In the fo110wing 

year the same authors descrlbed a phosphatase (53) whlch is 

present ln both muscle and erythrocytes, and which produces 

the removal of the phosphate group at the 2-position in the 

2, 3-DPG torming 3-PG and inorganic phosphate (Pi)' The 

phosphatase in the erythrocyte being relatively inactive, 

Rapoport and Luebering (53) proposed that the l, 3-DPG i5 

converted, by the mutase, to the more stable 2, 3-1somer, which 

then, because ot the weak action of the phosphatase tends to 

accumulate in the celle These workers (239) postulate that 

sinoe the activ1ty ot the mutase i5 inore~sed by the addition 

of 3-PG, i t ls possible that this: ester acts as a ooenzyme in 

the following reaction: 

2} 0 

" - -CO@ COO" COO COO 
1 1 1 1 
CHOH + CHOH ~ CHOH + CHO@ 
1 1 mutase 1 1 
CH20® CH20® CH20~ CH20® 

1,3-DPG 3-PG 3-PG 2,3-DPG 



This is further substantiated in studies with radioactive 

phosphorus which showed that the relative specifie activity of 

the phosphate group in the 3-position in 2, 3-DPG and in 3-DPG 

remains very low compared with that of the phosphate in the 2-

position of 2, 3-DPG (56). 

If the reaction catalysed by the mutase be irre­

versible, and the 2, 3-DPG formed must be dephosphorylated 

before it can undergo glyeolysis to lactate, there will he 

a loss of two potentiel ATP molecules for every molecule of 

glucose metabolised by way of 2, 3-DPG. Glycolysis, under 

these conditions, therefore, would become a useless system, 

since no energy would be derived from it. cnly two molecules 

of ATP would be tormed, and two mole cules would be used up for 

the phosphorylation of the hexosa and the hexose monophosphate. 

If such a system were present in the erythrocyte it presumably 

would play a role analogous to that of the creatine-phospho­

creat ine system in muscle, sinee i t would act solely as a 

reserve of ATP to be drawn upon when other energy yielding 

mechanisms fail. 

Studies, in our laboratories, on blood during storage 

(54, 55), have shown that there is a good correlation between 

the amount of pyruvate accumulated and the 2, 3-DPG that disa­

ppears. Both types of change begin at about the sarne time, 

when the rate of glucose breakdown begins to slow down. From 

these changes, which also may be observed on incubating the 
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blood at 37°0. (5~), 1t 13 apparent that the maintenance o~ 

the h1gh level of 2, 3-DPG depends on glycolysis, and that 

when glycolysis begins to fail, the cell cannot maintain the 

2, 3-DPG. The rate of breakdown, therefore, will exceed the 

rate of formation, and the concentration will ralle 

prankerd and Altman (56), and Bartlett and Marlow 

(2~O), have obtained evidence that the uptake of inorganic 

phosphate occurs with the ox1dative phosphorylation of 3-

phosphoglyceraldehyde to l, 3-DPG. That the phosphate taken 

up comes from the extracellular rather than the intracellular 

fluid, was shown by means of p32 labelled orthophosphate. 

FUrthermore, even though the phosphate in the 3-position in 

3-PG has very low relative specifie activity, the 2, 3-DPG 

was found to be precursor of the cellular ATP and inorganic 

phosphate, as determined by the radioactivity measurements 

(56). Prankerd and Altman consider that the reaction catalysed 

by the diphosphoglyceric acid-mutase is freely reversible. As 

already mentioned, however, this is unlikely for thermodynamic 

reasons. The results could also be explained by oonsidering 

the mutase t 0 catalyse a s ide reaot ion of glycolysis. In 

this way the l, 3-DPG would be converted partly to the 2, 3-

isamer which then could lose only the radioactive phosphate 

and thus enrich the orthophosphate of the medium. The rest or 

the l J 3-DPG would be converted to lactate by the usual way, 

with the formation of radioactive ATP rather than liberation 

29 



30 

of 1norganic phosphate. It is known that the relative specifie 

activity of the inorganic phosphate inside the cell increases 

st almost the same rate as that of the ATP (56, 238). 

The glycolytic mechanism i8 most probably the only 

source of energy possessed by the mature erythrocyte. Fishman, 

in our laboratories, ha.s shown (241) that inhibition of glyeo-

lysis will increase the osmotic t'ragi li ty of the eell and will 

also interfere with the maintenance of the normal ionie 

gradients existing between cell and plasma. The capacity of 

+ + 
the erythrocyte to expel Na and to taks up K 18 related to 

glycolysis in that this mechanism provides the energy necessary 

for the transfer of the ions across a membrane, against a 

concentration gradient. 

c) Hexose Monophosphate Shunt 

The enzymes of the hexose mono phosphate shunt as 

eluc1dated by Warburg, Lipmann, Dickens and others, have bean 

studied extensively during the last twenty years in many tissues 

including the erythrocyte (57, 58, 59). In 1931, Warburg and 

Christian (6o, 61) demonstrated the presence of a system which 

oxidised glucose-6-phosphate to 6-phosphogluconic acid. It 

involved an enzyme which they called "Zw1schenferment" , later 

known as Glucose-6-phosphate dehydrogenase, and which requires 

TPN as a coenzyme. D1ckens (62) then showed that the 6-phospho-



g1uoonio aoid oou1d be ~urther oxidised by another TPN-1inked 

dehydrogenase in horse rad oeIl hemo1ysate, with the forma­

tion of a pentose ester. These results were confirmed by 

Horecker (63). 

Dische (57) incubated hemolysates with ribose-5-

phosphate, in an ATP-free medium, and recovered a mixture of 

g1ucose-6-phosphate, t'ruotose-6-phosphate and ~ruotose-1, 

6-diphosphate. Under the oonditions of the experiment there 

was no interoonversion of the hexose monophosphates and the 

fructose diphosphate, thus ind1cating that these intermediates 

must be produeed by different pathways. FUrthermore, it alao 

appears that the glucose-6-phosphate and the fructose-6-

phosphate arise by independent pathways, since the equilibrium 

between these two compounds 1s established within one hour 

when ribose-5-phosphate is the starting material. Starting 

wlth either of the two hexose monophosphates, on the other 

hand, equilibrium ls not reached until af'ter four hours. D1sohe 

postu1ated the involvement of a 4-carbon ataa intermediate. 
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Francoeur and Denstedt (68), observed the rap1d 

breakdown of ribose-5-phosphate in the red ce11 oatalysed by 

catalase, both anaerobically, in the presence of ferricyanide, 

and aerobically, w1th methylene blue. Anaerobically, the action 

can be reproduced by using purified catalase from beef liver. 

Under aerobic conditions, the action is due to the peroxidase 

activity of the catalase, and depends on the presence of a system 
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which slowly generates hydrogen peroxide. The reaction involves 

neither DPN nor TPN. The products of the reaction have not 

been identified, but the reaction can be linked, with the 

reduction of DPN by triose phosphate dehydrogenase (59). 

The presence of at least a partially functional 

hexose monophosphate shunt in the erythrocyte has now been 

amply demonstrated, not only by the work or Disohe already 

menti oned , but also by the significant observations made by 

Gabrio and Finch concerning the dramatic effect ot adenosine 

in the restoration of the metabolic activity in stored erythro­

cytes. 

Dische {57} had found that hamolysates could use 

nuclaosides such as adenosine, inosine or guanosine, as a source 

of ribose-5-phosphate. Desoxyadenosine, and xanthosine also 

are utilisable, but the pyrimidine nucleotides cannot (76). 

Gabrio and Finch C76} found that the changes 19hich occur during 

the stora~ of blood, such as the breakdown of organic phos­

phates, with the liberation of inorganic phosphate, the 

increased osmotic fragility, and others, cannot be arrested 

or reversed by the addition of amino aCids, carbohydrate inter­

mediates, ATP, AnP, ribose-5-phosphate, or adenine, to the 

preservative medium. !MF was found to produce a very slightly 

beneticial effect, but adenosine was found to produce a specta­

cular reversal of many of the deteriorative chan~s that occur 

àuring storage of blood in the cold. The addition of adenosine 
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to the Acrfmedium for the storage of blood, induces a consider-

able improvement in the general physiological condition and 

viability of the cells compared with the preservation of the 

cel~s in the ACD medium alone (76). In the presence of adeno­

sine the rate of increase in inorganic phosphate, that i5, the 

rate of hydrolysis of organic phosphates, is greatly retarded 

and the concentration of 2,3-DPG and ATP are better maintained 

during storage. Likewise, the potassium to sodium ratio was 

better maintained, the osmotic fr~gility improved and the 

extent of spontaneous hemolysis greatly reduced (76, 77). 

When deteriorated cells were incubated with adenosine, a rapid 

resynthesis of organic phosphates and an equivalent decrease 

in the inorganic phosphate occurred, with an increase in the 

content of ATP and 2, 3-DPG (76, 78). The decided improvement 

in the viability of the cells which resulted from this recon-

stituti~, was confirmed by clinical tests of the capacity of 

the cells to survive in the circulation after transfusion. 

On incubating erythrocytes in a medium contalning 

glucose and inorganic phosphate labelled with p32 , at 37°C., 

an increase in both free and esterified p32-containing phos­

phate occurs inside the cel~ (56). At the end of twenty-four 

hours, however, even though glucose is still present in the 

medium, a progressive fell in the relative specifie activity 

IAcidified citrate dertrose, consisting of an isotonie 
mixture of trisodium citrate, citric acid and glucose. 



and the concentrations of the ATP and 2, 3-DPG occurs. If 

adenosine is then added to the med1um, an 1ncrease in the 
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uptake of P by the cells may be observed, accompanied by an 

increase in the concentration and relative specifie activity 

of the ATP and 2, 3-DPG (56, 79). With hemolysates containing 

added adenosine, approximately one mole of inorganic phosphate 

is esterified in the form of organic phosphate per mole of 

adenosine utilised (76). 

Kalckar (65) demonstrated that certain tissues 

conta1n an enzyme which catalyses the phosphorolysis of nucleo­

sides. This enzyme 1s analogous to the phosphorylase which 

forma glucose-l-phosphate from glycogen and inorganic phosphate. 

The product of the phosphorolysis of the nucleosides is ribose­

l-phosphate. Abrams and Klenow (68) round a mutase which 

catalyses the conversion of the ribose-l-phosphate to ribose-

5-phosphate. A nucleoside phosphorylase has recently been 

isolated and purified from erythrocyte hemolysates (78), which 

has an absolute requirement for orthophosphate or arsenate 

for the phosphorolys1s or arsenolysis respectively. In the 

presence of arsenate, however, there 1s no 1ncrease in the 

formation of intracellular phosphate esters, since arseno­

lysis y1elds the free sugar (56). 

The schema presented in Figure 3 (242), compiled 

from numerous sources, but based largely on evidence obtained 

by Horecker et al. (243, 244), summarises the present concept 

ot the sequence of reactions comprising the hexose monophos-

phate shunt. 
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FIGURE '3 

The Hexose Monophosphate Shunt. 
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bzymea or the Hexose J[onophosphat. Shun~ 

1. Glucose-6-phoaphate dehydrogenasa 

2. Lactonase' 

3· Phosphoglucon1 c dehydrogenua 

4. Ribose. phosphate 1someraae 

5. 'l'ranakatolaae 

6. Transaldolase 

7. !r1oasphosphate 1aomeraae 

ë. Aldols •• 

9. l.ruotosa d1phoapbataae 

10. Hexose phosphate 1somerase 



The possibility that an enzyme system exists in the 

erythrocyte which promotes the breakdown of 6-phosphogluconie 

aeid directly to triosephosphate and pyruvate, as occurs in 

Pseudomonas saooharophila (64) has not been reported. The 

ide a that the TPNH formed in the first two reaotions of the 

shunt might be reoxidised by the laotie dehydrogenase during 

the reduetion of pyruvate is attractive, but improbable sinee 

sueh a transformation would be wasteful of energy. That the 

oxidative portion of the shunt is functional in the erythrocyte 

is, for the time being, doubtful, sinee no mechanism has been 

found and shown conolusively, to reoxidise the TPN redueed by 

the dehydrogenases involved in this alternative pathway of 

glucose metabolisiD.. 

dl Respiration of the Erythrocyte 

The respiratory activity of the mature mammalian 

erythrocyte is so slight, if i t oceurs at all, that most 

authorities doubt whether it ean be of any significance in 
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the energy metabolism of the cell. As already pointed out, 

many w'orkers have cla1med that the oxygen consumption of the 

rad eells is attributable entirely to the reticuloeytes which 

invariably are present in blood specimens (41, 42). Ramsey 

and Warren (70) on the other hand, examined the question very 

carefully and arrived at the conclusion that the mature erythro­

cyte has a signifioant respiratory acti vi ty. They oarefully 

removed the white cells from the samples of rabbit blood, and 

measured the oxygen oonsumption of the remaining cella. After 



correct1ng for the oxygen consumpt10n of the ret1culocytes 

1n the sampIe, they concluded that the mature rabb1t erythro­

cyte does have a small but nevertheless s1gnifi cant Olcygen 

consumpt10n. The Q02 for mature rabbit erythrocytes as caIcu­

lated from their data was approximately 0.02. That ot the 

reticulocytes was about 30 times as great. In a previous 

paper (71), Ramsey and Warren had shown that on hemo1ysis of 

rabbit or human erythrocytes, there 1s a sudden increase in 

the oxygen uptake, accompanied by the evolution of 002. The 

calculated R. Q. was found to be within the physiological 

range, and the respiratory activity was accompanied by an 

evo1ution of heat. The same authors later provided evidence 

that the sudden increase in the oxygen uptake, in part at 

least, wes attributable to autoxidation of lip1d material in 

the p~asma (245). 

Harrop and Barron (72) had previously discovered 

that methylene blue, added to a sus pension of mammalian rad 

ce11s, greatly increases the oxygen consumption. This in­

creased resp1ratory activity proved to be lnsensitive both to 

cyanide and to carbon monoxide. When avian cells, which are 

nucleated and have a considerable and genuine oxygen consump­

tion (41) were tested, methylene b1ue produced on1ya small 

increase ln the respiratoryactivity. Methylene blue caused 

little, if any, alteration in the rate of utilization of 

glucose by the cella (73), but caused a sign1ficant reduction 

in the amount of lactate fonned. Ordinarily, the ratio: 
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millimoles lactate formed 

2 x mill1moles glucose util1sed 

in the mammalien cell 1s unit y, but in the presence of methy­

lene blue it may be reduced to 1 percent of the previous value 

obta1ned in the absence of the dye. These calculations cannot 

be applied to measurements on chicken erythrocytes, since these 

cells are incapable of aerobic glycolysis (73). Warburg and 

Christian (60, 61) showed that the respiration in the presence 

of methylene blue was attributable to the oxidation of glucose-

6-phosphate to 6-phosphogluconic acid by glucose-6-phosphate 

dehydrogenase with TPN as coenzyme. 

Michaelis and Salomon (74), observed that the ad­

dition of a saline extract of certain tissues, espec1ally l1ver, 

to a suspension of mammalian erythrocytes, increased the oxy~n 

uptake more than did methylene blue. Like methylene blue, the 

extracts had no effect on the respiration of avian erythrocutes. 

The effect of the extracts on mammalian rad cells, as w1th 

methylene blue (72}, ls not sensitive to carbon monoxide. 

The metabolic significance of these findings i8 not yet known. 

That the maintenance of hemog1obin in the reduced 

state i8 connected w1th the metabo1ism of the erythrocyte waB 

known by Warburg and co-workers (82) as long ago as 1931. 

Klese (83) noted that the reduction of methemoglobin by rad 

cells, in the presence of glucose caused the accumulation of 

pyruvate, and a depress10n of the normal formation of lactate. 

Drabk1n (84) found that there 1s a para11elism between the 
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disappearance of glucose and the in-vitro reduction of methemo­

globin, in preparations which contained up to 50 percent of the 

hemoglobin, in the oxidised fo~ as methemoglobin. Cox and 

Wendel (85) had previously shown that in the erythrocyte of 

the dog, both in vivo and ln vitro, methemoglobin disappears 

by reduction, at a rapid rate, but they could not establish 

any relationship between the reduction and the concentration 

of glucose in blood. 

Gl bson (86) showed tha.t the reduct ion of methemo­

globin could be effected in the presence of lactate or glucose. 

The rat 10 ot pyruvate accumulated :methemoglobln reduced was 

about one halt. 

3) Lactate + 2HbOH --.~ Pyruvate + 2Hb 

4) Glucose + 4HbOH --.~ 2 Pyruvate + 4Hb 

The action ot lactate is straight-torward as indicated in 

equation 3: lactate is acted upon by lactlc dehydrogenase, and 

the hydrogens removed can be utilised for the reduction ot the 

methemoglobin. With glucose, on the other hand, there appear 

to be at least three possible mechanisms. TWo possibilities 

may arise from glycolysis as indicated below: 

5) (a) Glucose ) 2 Lactate 

(b) 2 Lactate + 4HbOH ) 2 Pyruvate +4Hb 

6) (a) Glucose + 4HbOH--+ 2(1, 3-DPG) + 4Hb 

(b) 2{1, 3-DPG) ~ 2 Pyruvate 

The third possibility involves the hexose monophosphate shunt, 

coupled with TPN. 



studies with inhibitors have been oarried out by 

Gi bson (86). Blood oontaining added gluoose and rluoride J the 

latter to inh1 bit enolase and thus blook the glyoolytic system 

by preventing the formation of hydrogen acceptors to couple 

1IIith triosephosphate dehydrogenase, was found to utilise 

glucose provided methemoglobin were present to serve as ac­

oeptor. Similarly the reduction of methemoglobin using lactate 

to provide the hydrogen, was not inhibited. When iodoacetate 

was added to blood containing glucose, there was a 90 percent 

inhibition of methemoglobin reduction, since in this case 
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the triosephosphate dehydrogenase was inhibited. However, re­

duction could still proceed in the presence of lactate. Glucose 

has also been found (8B) to increase the rate of reduction of 

methemoglobin in the presence of an excess of lactate. These 

observations sug~st that two mechanisms exist for the con­

version of methemoglobin to hemoglobin, one for glucose and 

one for lactate. From these observations it appears unlikely 

that the oxidative steps of the hexose monophosphate shunt are 

directly involved in the process. 

According to Gibson (86), TPNH will bring about the 

reduction of methemoglobin only in the presence of methylene 

blue, but Klese (B7) and Francoeur in our laboratory (59), 

found that TPNH c·an react wi th methemoglobin through an inter­

mediate step mediated possibly by the flavoprotein methemo­

globin reductase. S1milarly, with DPNH as the hydrogen donor, 

a flavoprotein appears to be required as an intermediate, since 



the reaction or DPRH and methemoglobin, direotly, is very 

slow (59). 

It appears that the system normall.y employed for 

the reduct10n of methemoglob1n by the red cell involves DPN 

rather than TPN, and anything which interferes w1th the pro­

duction of DPNH w111 also 1nterfere w1th the reduct10n of 

methemoglob1n. Such 1s the case w1th malonate and pyruvate, 

both of which 1nhibit lactio dehydrogenase. Fumarate and 

malate, whioh can promote the reduction of DEN, on the other 

hand, can act also as donors for the reduction of methemo­

globin (~~) according to the following reaotions: 

f'Umaraae .... 
FUmarate + H20 '" Malate 
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7) 

~) Malate + DPN+ ".:naliC dehydrogenasa" Oxalacetate + DPNH + H+ 

Hemoglob1n 1s said (~O) to undergo spontaneous ox1da-

tion to methemoglob1n. This process 1nvolves the uptake ot 

some oxy~n aocording to equation 9: 

--+->- 2 HbOH 

Renoe, the erythrocyte is potent1ally capable of some oxygen 

consumption, but th1s proaess is not to be considered as 

"respiration" • 

Acoording to Lemberg and Legge (~l) in reference to 

the hemoglobin-methemoglobin system, the presence of a complete 

oxidative oycle would lead to a " .•• wasteful and useless 

oxidation of large quantities of glucose •••• " It, however, 



methemoglobin is formed spontaneously, it is essentiel, it' 

the cell is to fultil its obligations as an oxygen carrier, 

that some system exist for the maintenance of the hemoglobin 

in its reduced state. 

Thereactions involved as postulated, or demonstra­

ted, may be summarised, atter Francoeur (59), as Shown in 

Figure 4-. 
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III 

THE TRICARBOXYLIC ACID CYCLE 

a) Introduction 

This metabolic cycle i8 variously known as the 

"Krebs cycle", "citric acid cycle", or "tricarboxylic acid 

cycle". Numerous excellent reviews are available and continue 

to appaa~ on the subject in annual issues of Reoent Advances 

in Enzymology, Annual Reviews of Bioohemistry, and other 

.1ournals. 
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The trioarboxylic acid cycle is the ma,1or pathway ot 

the oxidation of the metaboli tes of foodstut'ts, the ultimate 

end products of which oxidations are C02 and ~O. Notwith­

standing the intensive investigations oarried out in the past 

two deeades, the original concepts pràposed by Krebs and dohn­

son in 1937 (89) , have remained almost unchanged, although 

many amplifications have been added. Sohneider and Pot ter 

(90), and Kennedy and Lehninger (91), showed that the enzymes 

of the cycle aot as a unit rather than as separate enti ties , 

and they are confined, in their cytologioal distribution, ta 

the mitochondria. tater their results were confirmed in Green's 

laboratory, by Harman (92). 

The enzymes of the cycle are indicated in Figura 5. 

In discussing the various enzymes, it is convenient 

to group them according to their similarity of function, or 

olose association. 



lIGURE 5 

The tr1earboxY11e Ae1d Cycle. 
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b) Pyruvio and OC-Ketoglutarla Ox1dases 

(i) Dehydrogenases 

Theae enzymes are here considered together beoause, 

with only a few exoeptions, the meohanism of aotion of the two 

systems ls now believed to he the sarna (93-96). They oatalyse 

the dehydrogenatlon and deoarboxylation of their respeotive 

substrates, with the eventual for.mation of an aoyl-CoA complexe 

The reaotions require DPN, Mg++, thiamlne pyrophosphate, and 

CoA as oofactors. 

In 1948, Q'Kane and Gunsalus (97), found that another 

oofaotor was needed for the oxldatlon of pyruvate by strep. 

raecalis. This faotor later was lso1ated from liver by Raed 

et al. (98), orystalllsed and identlfied as «-lipoio aold: 

oc -Lipoio aoid has been found to be associated 111 th 

the pyruvlc and ~-ketoglutaric oxldases of bacterla (97), and 

also has been prepared in purified for.m from animal tissues 

(99, 100). 

A scheme indicating the role of T.PP and or ~-lipoic 

acid as oofactors in ~-ketoglutaric oxidation is shown in 

Figure 6, from Gunsalus (101). 

The initial reaction in the system ls catalysed by 

a carboxylase and effects the removal of C02. All that is known 
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about this step is that TPP is required along with a divalent 

cation of which Mg++ ia the most etfective. Seaman (102), 

carried out an anaerobic incubation of ~lipoic-acid-rree 

preparations of pyruvic oxidase trom Tetrahymena pyritormis S., 

with pyruvate, c1402, and TPP. He found that C14 was Incorpo­

rated into pyruvate to a greater extent in the absence ot «-

lipolc acid, thus demonstrating that the carboxylase catalysed 

reaction is reversible and independent of cx.-lipolc acid. 

The next reaction Is presumed (101) to be a transfer 

of an "aldehyde" group from an aldehyde-TPP complex (hypothetical) 

to ~-lipolc aCid, with the splitting of the S-S linkage and 

the reduction of one ot the sulphur atams to a thiol, and com­

bination of the other one with an acyl group. ThIs reaction 

is supposed to be catalysed by a TPP-1ipoic transacylase system, 

the existence of which has not yet been proved. 

Evidence for the involvement of lipoic transacetylase 

and lipoic dehydrogenase in the pyruvic oxidase system waB ob­

tained by separating the two enzymes and testing th~ with the 

aid of single-step assays, linked with suitable systems (101). 

Lipoic transacetylase has been measured by linking 

it with phosphotransacetylase in the following manner: 

10) Ace tyl"" P + CoASH 
, Acetyl ~ SCoA + Pi 

'" 

Il) Aoety1-SCoA + Lip(SH) 2 ):- Acety1/V SLipSR ... CoASH 
'" 

The first reaction was measured by estimating the 

hydroxamic acid formed in the presence of hydroxy1amine (103): 



12) 
,.NHOH 

~ RSH + CH3C ~ 
"0 

and the overall reaction was measured by following the dis­

appearance of thl01 groups. 
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The lipoic dehydrogenase can be followed by linking 

it to lactic dehydrogenase: 

13 ) ~ T 
Lip (SR) 2 ... DPN ~ LipS2 + DPNH + H 

14} + + DPNH + H + Pyruvate ~ Lactate + DPN 

The reversibility of the reaction can be demonstrated by measu­

ring either the oxidatlon or the reduction of the pyridine 

nucleotide, spectrophotometrically. 

Little as yet is known about the «-ketoglu tarie 

oxidase, but it ispresumed to have the srune mechanism of 

action as pyruvic oxidase. Evidence for this view has been 

presented by Hager and Gunsalus (l~l, who in the course of 

tractionation of ex-ketoglutaric oxidase from E. coli, ob-

tained a lipoic dehydrogenase identical with that of pyruvic 

oxidase. 

The three reactions involving ~lipoic acid, namely 

the reduction and acylation of the disulphide group, the trans-

acylation to CoASH, and the dehydrogenation of the thl01s to 

reform the disulphide, are reversible (101). '!he carboxylase J 

for the pyruvlc oxidase at least, also is reversible (l02). 

Reed and DeBusk (105), working wi th a mutant of 

E. coli grown in synthetlc media, found that these organisms 
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could use neither TPP nor ~-lipoic acid for growth, and that 

pyruvic ox1dase and «-ketoglutar1c oxidase could be react1-

vated by a compound formed fram both TPP and OC-lipoic acid 

(106). They called the substance, lipothiamide pyrophosphate 

(LTPP). The structure proposed for the compound is as follows: 

H C -3 

- co -

The lack of response of the mutant to TPP and «­

lipoic acid, has been ascribed to the absence ot a lipoic acid 

conjugase, the enzyme presumably required to synthesise LTPP 

(107) • 

How theae results can be reconciled with the postu­

lated mechanisms of Gunsalus (101), Hager and Gunsalus (104), 

and Seaman (102), is difficult to tell at the present time. 

There may be a connection between the conjugase ot Raed and 

Debusk (107) and the TPP-lipoic transacylase of Gunsalus (101). 

The end product of this tirst series ot reactions ia 

an acyl-CoA complexe Acetyl-CoA ia obtained from the pyruvate 

as succinyl-CoA trom ~ketoglutarate. The fate of these 

compounds as far as the tricarboxylic acid cycle ia concerned 

ia discuased in the to11owing section. 



(i1) Deacylating Systems 

(1) Condensing Enzyme 

Among the many reactions involving scetyl - CoA, 

one of immediate interest is the condensation of the acetyl 

group from the breakdown of carbohydrate, with oxalacetate, 

to form. citrate. Much of the early work in this field, in-

cluding the isolation, purification, and partial determination 

of the structure of CoA was done by Lipmann and his group 

(108, 109), and by Snell et al. (110). The identity of the 

"active acetate" fragment became known with the isolation of 

acetyl - CoA from yeast, by Lynen et al. (lll, 112). 
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The final proof as to the nature and function of the 

active acetate was provided by the work of Ochoa and his colla-

borators. Soluble enzyme preparations trom animal tissues were 

found to be capable of forming citrate when provided with 

acetyl- phosphate, CoA and bacterial transacetylase (113), 

and oxalacetate, according to the following reactions~ 

15) 

16) 

Acetyl"J P + CoASH ~Acetyl"'SCOA + Pi (C.kluyveri trans­
acetylase) 

Acetyl""" SCoA'" Oxalacetate ~ Ci trate ... CoASH (condensing 
enzyme ) 

The crystallization ot the condensing enzyme trom 

pig heart (116) and the isolation ot citrate confirmed the 

the ory that this was in tact the product of the condensation 

(116). The reversibility ot the reaction was demonstrated by 

coupling the condensation reaction with malic dehydrogenase, 



as shown ln reaations 17 and 1~, and measuring elther the re-

duotlon ot DPN or the oxidatlon ot DPlm, speetrophotcnetricallY 

(117) • 

17) 
+ + 

Jla1ate+DPH ~oxalacetate+DPRB +H bll8l1c dehydrogenase) 

l~) Oxalaoetate+Aa.tyl"""" SCo.l~Oltrate· + CoASH (condeD81ng 
8nzyae) 

I1th reterenoe to reaetion 19, 1.e. the condensation, 

the acetyl tragment tram acetyl - CoA, condenses to tom UYJlllll8t­

rically labelled c1trate. "'ood (llg) sh01led that oxalacetate 

labelled .ith c13 by 01302 tixation .1th pyruvate, gave r1ae to 

0( -Jœtoglutarate labelled in the earboxyl nen to the earbollT1 

group. These reaults lIere interpreted as baing ev1denee againat 

the vi •• that oitrate, wh1eh 18 • aymmetr1ca1 .oleeule, 1s an 

1ntermed1ate in the oycle. In8tead, 1t wa. thought that 018-

acon1tate was the tirst trioarboxy11c aoid to be tormed, aM 

that cl trate .. as t'ormed as a 81de re actlon prod uct. Ogaton 

(119) proposed that aD asymmetric enzyme might be able to dia-

tlnguish between the 1dentloal groupa ot a symmetr1cal com­

pound, by a three point attaohment ot .nz~8 and aubatrate. 

Potter and Heldelberger (120) conttr.med Ogatonta hypothesi8 
14-by msans ot C 02 tixation and production ot succinate in the 

tollowlng reaotions: 
• CO OR 
1 
CR! 
1 
CO 
1 
COOH 

2-<; trapent)o 

eoOH 
1 
0lr2 
1 • 
CII2 +C02 
1 
aOOB 
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Later, the successful isolation of citrate from reactions with 

the pur1fied preparations settled the dispute (116). 

(2) Enzymes which Hydrolyse Suceinyl - GoA 

The observation that, in crude systems, the oxida­

tion of ~ketoglutarate oceurs without the 1ntermediation ot 

acceptors for the acyl part of the complex {121} , led to the 

assumption that there was an enzyme catalysing the hydrolysis 

of succ1nyl - GoA to suecinate and GoASH. Gergely et al. (122) 

succeeded in purifying such an enzyme, and they named it 

suc cinyl- GoA deacylase. 
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In the presence of a suitable acceptor, the hydrolys1s 

of succ1nyl - GoA produces the esterification of orthophosphate, 

and the sarne enzyme produces the formation of 1norgan1c phos­

phate from ATP, provided GoASH and succinate also are present. 

The react10n was bel1eved to proceed as follows: 

19) Succinyl~ CoA+ ADP+ Pi ~ Succinate + GoASH. + ATP 

Kaufman et al. (9-5) have purified both the deacylase 

and the phosphorylating enzyme (des1gnated "PH), which cataly­

ses react10n 19. 

The phosphate acceptor has been found to be guanos1ne 

diphosphate (124) and not AnP. The reaction w1th ADP would 

be explained by assuming the mediation of a nucleoside diphos­

phok1nase (125) as the catalyst: 



20} ATP + GDP :::;,==~' ADP + GJI1P 

Thus the presence in the preparation, of guanosine nucleotides 

in small amounts, would suffice to permit the P-enzyme to 

operate w i th the accumulation of ATP, from suceinyl - GoA and 

ADP. 

When purified systems containing the «-ketoglut-

aric "dehydrogenase n are used along l'li th catalyt ic amounts of" 

CoASH and ~-ketoglutarate, no reaction occurs, since the 

cycle cannot operate owing to tying up of aIl the CoASH. 

However, on adding purified deacylase (122,123), the reactlon 

proeeeds, and can be followed by the measurement or DPN re-

ductlon. The deacylase could be substltuted by the P-enzyme, 
++ 

provided ADP, inorganic phosphate, and Mg , also were present 

(123). The formation of ATP was demonstrated to accompany 

the reaction, by c oupling wi th hexokinase in the pre sence ot 

glucose, and estimating the amount of glucose-6-phosphate 

formed. 

The reversibility of the reaction catalysed by the 

P-enzyme was suggested by the experimental results (123) which 

showed that when CoASH ls present in catslytic amounts slong 

wi th the P-e.nzyme) Mg++, ATP, and succinate, li beration ot 

inorganic phosphate does not oceur in significant amounts, 

unless the deacylas8, or hydroxylamine is present. The re-

actions proceed as shown below: 
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21) 

22) 

SUocinate + ATP + CoASH 
P-enzyme 

su.coinyl- SCoA +.AnP + Pi 

Deaoylase, 
SUooiny1", SCoA ..,...., 

Suo oinate + CoASH 

In this manner the CoASH 1s set free and is available for re-

oyoling. 

Beoause of the great dif'ferenoe between the f'ree 

energy of the suaoinyl- CoA and of suooinate, the deaoylase, 

for thermodynamio reasons, is not treely reversible. 

In a oanplete system, both the action of the P-

enzyme and of the deacylase oan ooour. Benoe the ratio of' 

inorganio phosphate esterif'ied, to 002 output, does not reaoh 

the theoret ioal value of uni ty, the marlm.um expe oted f'or the 

substrate-level phosphorylation dur1ng the ox1dation of ()(-

ketoglutarate to suocinate. That the ratio is less than uni ty 

ar1ses from the fact that some of the suo01nyl-CoA 18 sp~it by 

the deaoylase without the retention of any ot the energy of 

the thio bond. 

o} Dehydroge nases 

(i) Suooinia Dehydrogenase 

SUocin10 dehydrogenase forma part of a clos ely in-

tegrated system of enzymes known as the suo01nox1dase system, 



which requires no pyridine nucleotide carrier t:or hydrogen 

and electrons, but utilises the cytochrome system {126}. The 

overal1 reaction brought about by this. system is: 

(127) 

The reaction catalysed by the dehydrogenase i tsel:t ia 

2~) Succinate ~,====~' fumarate + 2a+. 2e 
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Questel and Whetham. (129) sho.ad that this reaction ia reversib1e. 

The succinoxidase activity is associated with the 

mitochondria (129, 130), and Hogeboam (129) t'ound that the dehy-

drogenase was very tightly bound in the particulate traction, 

but that it could be solubilised. The yields, however, at'ter 

solubilization, amounted to only 10 percent ot' the original 

activi ty. 

Singer and Kearney (131), on the other hand, recently 

have solubilised succinic dehydrogenas.e t'rom baef heart mi to-

chondrial preparations with the aid of TRIS bufters. They 

obtained a recovery or activity of' 96 percent. Furthermore, 

the y partially puritied the mate rial and achieved a 75-t:old 

increase in the specifie aotivity. 

The purest preparations of suceinic dehydrogenase 

contained no iron-porphyrin canponent, although iron was tound 

to be present in significant amounts and in very tightly bound 

tOrIn (132) O(-Lipoic acid also was round to be present in the 

'preparation, whieh on ultracentritugal analysis (132), was round 



to be almost pure. IIowever, it is possible that the. lipoic 

acid was present as a contaminant. On the other hand, if ~­

lipoie acid is an integral part of the suocinic dehydrogenase 

system, its fUnction may possibly be analogous to that in the 

pyruvic and OC-ketoglutario oxidases. A lipoic dehydrogenase 

linked to a flavoprotein rather than to a pyridine nucleotide 

has been found in Clostridium. butyricum (101). 

Cooper et al. (133) recently have reported the iso­

lation of another factor required for succinate oxidation. It 

is aotive only in the thio1 (reduoed) form, and has tentative-

17 been identified as desamino-CoA. 

The inhibitability of thesuccinate oxidation by 

oxalacetate has been known for several years (134). The 1'9ac­

tion i8 inhibited also by DEN, due, accarding to Mann and 

Quastel (136}, to the formation of oxalaeetate, presumably 

by way of the reactions catalysed by fumarase and malie dehydro­

ganaae. The strong activation of sucoinoxidase activity by 

Oa++ J as demonstrated by Axelrod et al. (137), was later shown 

to he due to the influence of the ctt+ in promoting the break­

down of DPN, thus preventing the formation of oxa1acetate. 

This is further indicated by the inability of C~+to increase 

succinate oxidation in the presence of nicotinamide, which 

protects DPN, and also in the presence of oxa1aeetate (137). 

The inhibition by oxalaeetate oan be nullified by 

the addition of ATP (138). Pardee and Potter (138) sug~sted 

that if the ATP cou1d form a oompound such as phosphoeno10xal-



acetate from oxalacetate, the configuration of the inhibitor 

1tould be sufficien tly changed as to make i t lœe 1 ts affini ty 

for the succinoxidase system. Utter and Kurahashi (139) have 

demonstrated that partially purified oxalacetic carboxylase 

will catalyse the following reaction: 

25) 002 + phœphoenolpyruvate + IDP~Oxalacatate + ITP 

AnP and ATP also were found to be used, al though they proved 

to ha less active than the lnosine nucleotides (139). The 

action of the adenine nucleotldes may be due to the presence 

ot amal~ œnounts of lnosine nueleotide contaminants, which, 

with the mediation of the nueleoside diphosphokinasa (125) 

eould maintain a supply of the inosine nucleotides for reaction 

25, by the rol~owing reaetion: 

ATP ... IDP ~,==~\- ADP... ITP 

The lnhibi tion of suce-inic dehydrogenase by malonate, 

was described by Quastel and Wheatley (177), and has bean or 

great importance, since it provided a basis for the theories 

o~ oompetitive inhibition. 

(11) Malie Dehydrogenase 

This enzyme, discovered by Batelli and stern (140), 

catalyses the reaotion: 

27) Malate + Dm+ ;:,==:='= Oxalace tata ... DPNfI i' a+ 
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The enzyme, which 18 DPN-llnked, can also funct10n wlth ~, 

but the rate in the latter case is less th~ 5 percent of that 

.1 th DPN (141). 

The only substrates used by this dehydrogenase are 

malate and oxalacetate, and the equl1lbrium is far towards 

the formation of malate: 

[oxalacetate] (14-2). 

[malate] [DPNj 

(iil) Isooitric Dehydrogenase and Oxalsuocinic Carboxylase 
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These two e.nzymes may logi cally be considered together 

because they are always found together, and as yet have not been 

separated. 

28) 

They catalyse the overall reaction: 

Mn'f-'f-

1soci trate + TPN+ , > 
~ 

OC-ketoglutarate + TPNH + li + C02 

Oohoa (143, 144) demonstrated that the above reaction actual1y 

lnvolves two independent steps: 

+ ... lsooi trate ... TPN ~ oxalsuocinate + TPNH ... H (dehydrogenase) 
Mn"'''' 

oxalsuccinate , 'CII.-ketoglutarate + C02 (carboxylase) 

Both reaotions are reversible. The dehydrogenase can be studied 

alone if Mn++ is absent from the system, while the de carboxylase 

may be studied with Mn"'+ present, since this ion (or Mg+~) ls 

e.ssential for the carboxylase (147). Ochoa (145) poln ted out 
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that oxalsuccinate is spontaneously decarboxylated at a con­

siderable rate, in aqueous solutions, and also that the rate of 

decarboxylation is increased by the addition of polyvalent 

cations exclusive of Mg++ and Mn~+ which, in the absence of· the 

enzyme, are without effect. 

Grafflin and Ochoa (146) have obtained a partial 

purification of the two enzymes from pig heart. The degree of 

purification was the same for both enzymes, a circumstance 

which gave rise to doubt as to whether two enzymes are involved. 

However, the inhibition ot the decarboxylation of oxalsuccinate 

by i80ci trate was demonstrated both manometrically (147) , and 

spectrophotametrically (146). In the latter case the inhi­

bition was complete with 3.5 x 10-5 M dl-isocitrate (146). The 

inference drawn from these results contrary to the resu1ts of 

attempts et purification of the enzymes wes that two enzymes 

were involved. It is possible that the two enzymes act as 

one structural unit (148). 

Both DPN and TPN specifie isocitric dehydrogenases 

have been isolated from yeast (149), and bacteria (150). A 

DPN specifie dehydrogenase a1so has been demonstrated in animal 

tissues (151). Wi th bacter1a (150) and yeast (14-9), AMP and 
++ . 

Mg are required for activity, but AMP apparently, is not 

essentia1 in the case of the enzyme in animal tissues. 

The DPN specific dehydrogenase of yeast (149) does 

not react with oxa1succinate to produce OC-ketoglutarate and 



C02, nor does it cause the reduction of oxalsuccinate by 

DPNH to yield isocitrate. The reversal of the following 

reaction: 

31) isoci trate + DPN+ '\ ' O:-ketoglutarate + DPNH + H+-

could not be demonstrated, although from left to right, the 

reaction proceeds with the stoichiometric formation of «-

ketoglutarate and DFNH. 

Isocitric dehydrogenase ls an exception among the 

various enzymes of the citric acid cycle, in that more than 

80 percent of its activity is found in the cytoplasm, while 

only 12 percent of the activity could be recovered in the 

mitochondria (152). 

d) Hydrases 

(i) Aconi tase 
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The conversion of citrate to isocitrate by way of 

cis-aconitate was first described by Martius (153). The reactions 

involved are as follows: 

32) ci trate 
ci trase­

'" " 
isocitrase 

cls-aoonitate '\ ' isoci trate 

In other words, aconitase catalyses the addition of the elements 

of water to cis-aconitate to form either citrate or isocitrate. 

Whether the reactions involved are catalysed by one or two 

enzymes ia not known. 



Jacobsohn and Tapadinhas (154) suggested that two 

enzymes are invo1ved, whi1e Buchan and Antinsen (155) obtained 

partial purification of aconitase without any change in the 

ratio of citrase to isocitrase activity. Similarly, Morrison 

(156) prepared e1ectrophoretica11y homogeneous preparations 

which were estimated to be 75-80 percent pure, and had full 

aconitase activity. Backer, on the other hand, although 

obtaining no separation of the two type of enzymatic activity, 

obtained changes in the ratio of isocitrase to citrase, with 

various degrees of purification of aconitase (157). '!he above 

ratio in heart muscle, increased trom 2.1 to 7.5, with in­

creasing purification. Yeast aconitase exhibited a similar 

behaviour. 

Dickman and Cloutier (158, 159) reported that 

ferrous ions along with cysteine, ascorbate, or glutathione, 

stabilise the aconitase in crude preparations, and restore the 

activity lost during dialysis. ++ Addition of Fe restores the 

activity lost on treatment with o-phenanthroline, or O:~,()(­

b1pyridy1, wh1ch are strong Feu comp1ex1ng agents (159). No 

other cation tested produced react1vat1on. From polarographic, 

spectrophotometric, and titrometric data, Dickman and Cloutier 

(159) inferred that a complex forros, both with the substrate 

and with the enzyme. They suggest that the comp1exing agent 

is the ferrous ion. One purpose of the reducing agent cou1d 

be to maintain the iron in the ferrous form, but the reduc1ng 

agent seems a1so to have an effect on the enzyme (159, 160) 



and there is evidence that both one Fe++ ion and one mole cule 

of reducing agent react with each active site on the enzyme 

(160) • 

The distribution of aconitase in cells has been 

studied by Dickman and Speyer (161) who found the aconitase 
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in the cytoplasm to have a pH optimum of 7.3, while that ot 

mitochondria has optima at 5.7 and 7.3. The intensity of 

activityat the two pH values varies; thus at pH 7.3, 85 per­

cent of the activity was found in the soluble fraction, while 

at pH 5.8 only 4-0 percent of the activity was in the cytoplasm. 

Krebs, studying the kinetics of the aconitase re­

action, found that at pH 7.4 and 25°c., the ratio of isocitrate: 

cis-aconitate:citrate i8 6.2:2.9:90.9 (162). 

(ii) Fumarase 

This enzyme was first described by Batelli and 

Stern (163). It catalyses the reversible hydration of' fumarate 

to l-malate, and occurs in many plant and animal tissues, and 

in bacteria. 'Ihe enzyme has been purified and crystallised 

by Massey (164) trom pig-heart muscle. The crystalline protein 

was found to be electrophoretically homogeneous, and these 

observations were corroborated by sedimentation and diffusion 

measurem:mts- in the ultracentrifuge, in analyses performed by 

Cecil and Ogston (165) whof'ound the puri ty to be 96 percent 

and the molecular weight approximately 200,000. 



The enzyme aots only on fumarate and malate among 

the oompounds tried (164); the turnover number for the reaotion 
o 

from fumarate to malate at pH 7.3 and 20 C. is more than 
o 

100,000 (164). At equilibrium, at pli 7.4 and 25 C., the ratio 

of malate to fumarate is 4.42 (162). At pH levels below 5.5, 

the ratio inoreases rapidly, reaohing a maximum of about 65 

at pH 1. 

e} Eleotron Transport 

The transport of e1eotrons as it is believed to be 

1nvolved in the trioarboxylio aoid oyole is shown in Figure 7. 

The energy released during the breakdown of the 

substrates from oarbohydrate metabolism, to C02 and H20, 1s 

oonserved in the form of high-energy phosphate oompounds, 

produoed by the esterifioation of orthophosphate into nuoleo-

tide pyrophosphates. The most prominent of these, to our 

present knowledge 1s ATP. 

The esterifioation of 1norganio phosphate oan take 

plaoe at the substrate level as ooours with the P-enzyme system, 

or it oan take place at the eleotron-to-oxygen transfer level. 

A soheme depicting the phosphorylations that ooour in the oourse 

of oarbohydrate metabolism 1s shown in Figure S. The theore­

tioal values for the number of phosphorylations taking place 

dur1ng the glyoolysis of gluoose, and in the tricarboxylic acid 
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F!GURB 7 

Electroa !ransport Machan1sms Aa.oo1a~ed w1th the Tr1oarboxy11c 

Àc1d cycle (166) 
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FIGURE 8 

Hypothetlcal SCheme tor the Phosphorylatlons Assoclated wlth 
Carbohydrate Metabolism. (69). 
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cycle as shown 1n fabl~ 1. 

The total nUJlber or ,m.olecules or inorganic phosphate 

Hter1t'1ed per mole cule or glucose completely oxi4ised to C02 

and ~O, 1a 40, and s1 nce tltO Ilole oule s at ~ are und in the 

in1tial stepa or glyoolyais, .hen glucose 1a the aubatrate, 

the net gain 1s of' 3~ moleculea or high energy phosphate. 

1'0 ga1n an understand1ng or the metabo11c chu •• 

that occmr dur1ng the maturation or' the red cell, the author 

1n the present 1nYastigat1on studied the progressive chanat. 

in act1v1ty or numerous enzymes ~ blood specimens contain1ns 

• h1gh proportion or ret1culocytes. In the study. attent10n 

_aa given ma1nly to the act1vity or enzymes involved in the 

energy or the cel1. 
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Phoaphorylations par Molecule or Glucose Oxidised (69) 

Enzyme System 
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a) Kethod ot Obtaining Reticulooytes 

!he injection o~ phenylhydrazine ia a commonly uaed 

method ~or causing lntrayascular hemolysis and inereasing the 

proportion ot retloulocytes in the circulation. !he desree-

ot' stimulation ot the bone marro. to increase the production 

ot red cella varies .ith the s8verity ot the anemia caused 

by the drug. '!'ha output ot ne. cells appears to be 80 greatly 

acoelerated that a high proportion, it not al1, ot the cella 

enter the oirculation as ret1culooytea (see ngure 2, page- 20) • 

.leetylphenylhydrazine 1s lesa tone, and just as .~ct1ve 

as phenylhydrazine, and is now more extenaively used. 

~ese drugs probably oause the 1nit1al tormation 

o~ highly retraotile bod1es, known as Heinz bodies, in all the 

mature erythrooytes in the oirculat1on (30). Warburg et al. 

(22~) aho.ed that treatment o~ rabbit erythrooytes, in Titro, 

with phenylhydrazine, givas ris. to the tormation ot a brown 

co10ur wh10h 1s stable 1n the presenoe ot a1r. !he brown 

8ubstance apparently ls not methemoglobin.. On. l1em.olysis ot 

cella treated with phenylhydraz1ne, denatur.d globin preolp1-

tates out. Warburg and his aBsooiatea (g2) later demonstrated 

that the He1nz bod1es wh10h tora in erythrooytes treated with 
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phenylhydrazine, agree closely in chemioal propert1es .1th 

denatured glob1n. Wh~n a large proportion ot the !lob1n 

in the hemoglobin beoomas denatured the oxygen carrying pro­

perties of' the pigment 1s lost and the oeIl usually ia promptly 

deatroyed and removed tram the oiroulation. The h1gh percen­

tage ot ret10ulooytes in the oiroulation may ber attributable 

to the aocelerated rate o~ erythrocyte f'ormation, aJld entranee 

ot the reticulooytes into the oiroulation betore maturation 

ot the oel18 ia oomplete. .An al ternate explanatioll has beeJl 

otterad (30), namely, that aoetylphenylhydrazina intertere • 

• ith the maturation of' the reticulooyte. 

W1 th repeated dosas ot the drug, the proportion ot 

reticulocytes in the ciroulation oan be increased to almost 

100 percent sinoe these immature oella ~pparently are not 

4estroyed by the drug (30, 229). Heinz bodies appear in the 

mature cella af'ter treatment ot the an1mal .. i th aeetylphenyl­

hydrazine, in ViTO, or the oells, in Titro; it 1s only very 

rarely that theae bodies appear in the retioulocyte~. 

This behav10ur ot the hemoglobin ot the mature and 

immature cella su~st8 the possibility that ditterent hsao­

gJ.ob1ns may ex1at in the uo oella. (See .lppen4ix 1). 

'!'ha reticulocytes used tor the exper1Jllental lIOrk 

ot th1a theais .. ere produced in healthy, adult rabbits ot 

Il .... zealand or Ameridan stra1na, by the aubcutaœoua adminis­

tration ot six daily doses of' one ml. oontaining 25 lI8J!l 

aeetylpheraylhydrazine in 50 percent athanol. HO injeotion 
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.as givan on the 7th. dey, and the animal was bled on tbe 

~th. day. 

The degree ot retieulocytos1s produced by thls 

method ranged from 50 percent to onr 90 percent ot the total 

ce-ll count. !he anlmals dld not appear to sutter trom the 

anemia, having recovered thelr usuel state ot well-belng 

wl thln two or three days attar being bled. 

Sharwood dOD8S et al. (l~l] aho.ad- that retieulo­

cytes induoed by phenylhydrazine and those produoed during 

recovery tram PlaSlllodlum berghal malaria, behaved slm1larly 

.1 th respect to thelr metabollc aoti vi ty. In vle. ~ these 

tindlngs, the aaaumptlon that the retloulooyte8 produoed with 

acetylphenylhydraz1ne, and used in our expertments, are normal 

produots ot erythropolesis, and are normal ln metabolio and 

other aetlvlty, 18 tully juat1tled. 

b) Stalnlng and Countlng Reticulooytea 

~e atalnlng ot retlculooytes was accampl1shed by 

"the dry method" (233) uaing brlll1ant cresyl blue as the 
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dye tor the staln1ng of the reticulum.. The oells .. are oounter-­

atalned wlth wrlght.s staln, and about 1000 08118 rro. dupli­

cata preparat10ns .ere oounted ln the estlmatlaa ot the pro­

portlon ot retloulooytes ln the sampls. 

ETery ce 11 oontaln1ng any mater1al stainable by 

the brilllant cresyl blue wu oona1dered to be a retlculooyte. 



.ccording to Bessis (21) the value _hen deter.m1ned in this 

unner tends to be 10.. Bessis eompared the values obtained 

by count1ng the cella in preparations stained with bril11ant 

cresyl blue, w1th the a1d or the ord1nary microscope and w1th 

phase-contrast. i'he values by the latter method .ere consis­

tently h1gher. Apparently, w1th ord1nar,y microsoopy some o~ 

the ret1culocytes may escape detect1on. 

The app&arance ot tha stainad retioulooytea may 

d1tter greatly trom eel~ to celle !he stein may be d1atr1buted 

in a thiek ~and aoross the oeIl a8 1l1ustrated iD ligure 98, 

or i t m.ay be d1speraed throughout the cell lIi th the appearanca 

or tilaments as in Figur& 9'b. ID mOlle or the oells only a 

~e. "dots- ot' ata1ned mater1al, usually grouped together in 

one ares ot the cel~, are observed, as shown in Flgure 9c. 

nGURE" 9 

Bat1culocytea Sta1ned .1 th Brillian't Cresyl Blue 

a b 

c 
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In our studies J no effort was made to d1:r:rerent1ate 

between d1~erent stages or reticulocyte development. 88 would 

be indicated by the dans1ty o~ the stain. 

c) Preparation . of> XnzlJI!! . 

Blood was obtained by making an incision 1n tbe 

marginal ear vein of the rabbit, and colleoting it into a 

test tube eonts1ning hep~ as the anticoagulant. !he volume 

ot blood oolleoted seldoa exc •• ded 40 ml. st any one time. 

!ha Tolume ot the oolleoted blood was noted, and 

the sample was centrifuged in a retrigerated centr1tuge, at 

2500 r.p.m., tor about tive minutes. !he supernatant plasma 

was reaoved by asp1ration, and. d1scarded. '!'he "butty layer-, 

oontain1ng the white cells, was also caret'Ully removed. !'he 

red cella lIere then washed ~our times by repeeted suspension 

in tresh, oold, isotonie (0.154 M) Kel. tollawed eaeh time 

bl" centri:rugatiàn and removal ot the supematant fiu1d .. hich 

was d1soarded. Atter the last .sahing ~e volume of the _ample 

.as made up to the original value .i th isotonie KCl, and thi. 

preparation waa either hemolyaed or ua&d es .hole oells, de­

pending on the HftU1rement. 

lfeIlol.yaia ot the erythrooytes .as produoed by tl"ee-

zing at -19°C. 1n an alcohol-dry Ica mixture bath, tollowed 

by the.ing. This procedure being repeated three tim.es, to 

ansure completa breakdown ot the oells. !he preparat ion 

obtained in this manner is de.aignated "'hole hemolysete". 



I~ neceasary, the whole hemolysate was oentrit'u.ged at >000 

r.p ••• for ten minutes, to preoip1tate the ao11d res1dues f'r~ 

tha cell membrane or -atrama'. !hua a traot1onat1on 1nto a 

soluble, stroma-tree hemolyaate (SEŒ) and 8 "stroma- or· partl­

culata traotion' was obtained. The perteotly cle$r atrama-

t'res he~lysate was removed by asp1rat10n and was made up to 
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the same conoentration at whioh 1t was present in the whole 

hemolysate, by add1tion or 0.154 M K01. The stroma waa waahed 

repeatedly, .. ith isotonie Kal, until the su};*rnatant was v1sibly 

t'rea trom h8moglobia (4 or',. times ltere generally surf'ioient). 

The volume of' th1s traction alao was made up ta the original 

ooncentration by the addition of' isotonie Kal. 

d) Mate rials 

All aUbstrates, coenzymes and 1nh1 bi tors 1rere ob-

ta1ned oammercially, w1th the exoept10n or iaoo1trate (barium 

salt) whiCh .as prepared in theae laboratoriea by Dr. S. G.A. 

Al1v1aatos, aoeordtng to the method ot F1tt1g et al. (169). 

A preparation ot orude nuoleotides tram bog liver, prepared 

by Dr. Rubinste1n, in our laboratory, acoord1ng to the method 

of' LaPage and )(ueller (170) was ued as a source or- !'PH. 

~ assumpt10n was' made that the material wh10h settles 
out on oentr1t.usat 10n ot the .hola bemolysate ot ret i oulo­
cytes oonsisted only ot strOll8. This 18 based on the t1nd1nga 
that the lest erythroblaat1c stages have already lost all 
mioroscopically visible partiales trom the cytoplasm (2l). 
:l've:a. the retieulum. has been sho\ID. to be ~irmly attaohed, if 
not aotually a part ot the stroma (12-16). 



All the pure cham1 oals refterred t 0 above, were 

used ln the ror.m ot sod1um or potass1um salta, the1r solution.. 

baing neutra11sed to s pH ot about 7.4 betore baing uaed. 

!he ordinary ohemicals used, .ere all C.P. or 

Reagent Grade. Cyan1de solutions used for the t1xat ion ot 

kato-aoids as the cyaBhydrina, .. ere prepared by neutralis1ng 

a solution ot sodium oyanlde to a pH ot about 7.4 w1th ooncen­

trated R01'. !he :neutralised solution containa cyan1de mostly 

in. the t'om or HON. The f1nal oyanlde concentration was about 

0.64 M. A relatively large concentration ot oyan1de muet ha 

addad ln the manametr10 8xper1ments, because ot the extensive 

volatil1zation and 108s ot the KeR dur1ng the g&ss1ng ot the 

vessels. 

al Aaaay ot Enzymat1e Aot1Tity 

(1) Introduotion 
' .. 

'!'he aethoda employed in the enzymat1c etudies, 

laeluded manametric, spactrophoto.metr1c, and ohem1cal or 

enzymatio analyt10al procedures. 

!he manometr1c determinations were carr1ed out 1a 

a oonvent ional Warburg apparatua at oonstant tem:te rature ot' 

37.50 C. :!: 0.01, the lIl8nometers be1ng ag1tated at 120 oscil­

lations par minute. The spectrophotom.etr1c atud1es .. ers dons 

#636 mgn Isarwara d1ssolved ln 19 ml. ot d1st1l1ed watar, 
and 1 ml. ot concentrated Hel (S.G.:l.l~) _as added w1th mixing. 
The reaultant pH_as olose to 7.5 (190) • . 



w1th a Beckman MOdel DU apactrophotometer, equ1pped w1th a 

photanult1p11er unit. 

(ii) Respiration 

The reapiratory act1vity was measured manometri­

cally as uptaka or oxygen, the CO2 produced hav1ng been ab­

sorbed br KOR solution placed 1n the oenter weIl ot the 

tlasks. !he exact react10n mixtures for this and other 

prooedures, will be given as tootnotes to the Tables of 

results. 

(li1) Cytoehrome Oxidase 
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Tba activity ot this system also was measured in 

terms ot the oxygen oonsumption in the presence ot added 

cytoehroma ~. p-Phenylenedlam1ne was used as the reducing agent 

tor eytochrome 0 (173). 

The ssssy consisted ot determ1n1ng the act1vity ot 

oytochrame oxidase at threa conoentrations ot the enzyme. 

The straight line obta1ned on plotting the aotivity aga1nst 

the enzyme concentration was extrapolated to zero concentration 

to obtain the "blank" value wh1ch must be subtracted trom that 

ot the expe rimental rune. 

(1v) DEshydrogenases 

Two simple methods are available tor the determina­

tion ot the dehydrogenases' wh10h require a pyr1d1ne nuoleot1de 



(DPIl or TPN) as coenzyme. One prooedure Involves. the speetro­

photometrie estimation o~ the change in concentration ot the 

reduoed torm. ot the coenzyme at a wave length ot 340 ~ "here 

the 8bsorpti~ ot DP.RH and TP.NH 18 a maximum. The alternative 

method is the well known procedure ot ~uastel and Wheatley 

(171) in which terricyanlde i8 used as terminal eleotron 

aoceptor acoarding ta the tollowing reactions: 
+ Dm DHm 

32) SUbatrate.2H+ or dehydrQgenase )0 subatrate. + ~-+H+ 
1'l'lt 

33) n:n + 2 Fe (Off) 6 
!PNR 

:: + 
-~~ or + 2 Ye(CR)6 + H 

~ 

The 2 a+loDS llberated, react with the bioarbonate. 

butter with the llberation ot 2 mo1ecu1es ot CO2 gas~ The 

pa output ia measured manometrieal1y. 

SUec1nio dehydrogenase also can be measured by the 

terricyanide method (171) and can theretore be 1Inked wlth 

rerrlcyanlde reductlon aven though oxldatlon ot sucoinate 

dces not Invo1ve a pyrldlne nuc1eotlde. The terrleyanlde, 

ln this case, Ray aooept the e1ectrons tram oytoohrome b(226) 

rather than directly trom the dehydrogenase aa postu1ated by 

Quutel and Wheat1ey. SInger dd Kearney (131), who worlœd 

wlth the puritied dehydrogenate, have reported that terr1-

oyanide acts very 1nettiolent1y as an eleotron acceptor at 

this step. 
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Tha lactio, malie, isocitrio and suocinie dehydro­

ganass! .ere routinely assayed by the terrioyanide teohnique. 

fbe experlments were carried out at pK 7.4, the pH ot tbe lled1œ 

be ing adjuated by meus ot the blearbol18.te ooncentrat1on as 

oalculated trom the chart dev1sed by Umbreit et al. (172). 

For the t1rst three dehydrogenaaes, eyan1de was added to the 

tlasks to t1x the keto ac148 produoed by the dehydrogenation 

ot the respective substrates. !his precaut10n is essentiel, 

espeoially in the case ot the laot1c and malie dehydrogenases 

wh1ch are very strongly 1nh1b1ted by the keto aclda tarmsd. 

!he tla.ka used as ·oontrola M eontained the oomplete 

reactioll mixture used in the experimental tlaska exoept that 

the aubatrate was omitted. 

Gluooae-b-phoaphate dehydrogenaae, becauae ot lts 

atrong aotivlty, oould be meaaured routlnely in the ap8ctro­

photometer. The speotrophotom.etrlc m.ethod has an obvioU8 

limitation, namely, that in cases when the tissue contain1ng 

the enzyme 18 h1ghly coloured, a.g. blood, only very small 

amounta ot the tissue can be used. Unle88 the enzyme is pres­

ent 1n very active torm, assays by th1e method beoome ditt1oult. 

'flle aotlvi ty ot the enzyme was estimated by tollow1ng the re­

duction of ~ in the speotrophotaneter at a wavelength ot 

34o~, a' pH 7.4, in the presenoe ot gluooae-b-phosphate. 

The reaot1on Was generally tollowad tor at least ten minutes 

w1th readlngs every one or two minutes. During th1s perlod 

the rate ot the dehydrosenatlon rema1ned pract1oall1 constant. 



When the aboya method was app11ed to laet1e deh,.dro-

genase 1 t was not very sueoesstul, s1nee the format ion ot 

pyruvate 1nhibited the reaction. Cyan1de could not be used 

to tlx the pyruvate 1n th1s case, since DPU toras a oamplax 

with oyanide whioh lIould intertere w1th the meaaurement ot 

DPlfH concentration (202). 

It the pH ot the medium _as raised to the vicin1 ty 

ot 9 by addition ot sod1um pyrophosphate, the reaotion rate 

remained constant .. i th time, and the readings ware very aub­

atantial. 1!lu8 in the presence or- O.O} ml. ot an sm prepara­

tion traD. normal erythrocytea, laotate, DPlI, and phosphate 

butt'er st pH 7.4, all in a t1nal volume ot 3.0 ml., the re­

duction ot ~ reached a standatill w1thin twenty minutes, 

with • total Change in the opt1oal dens1ty ot leas than 0.200. 

When the reaction .as carned out in the presence ot' 0.03 )( 

Na4P207 1nstead ot phosphate butter at PK 7.4, the reduction 

ot' DPli was still in progreas at'ter thirty minutes, lIi th an 

optical dens1ty change, at this ttme, ot more than 1.000. 

T.h. re.8on tor the gr.at ditterence 1n the opt1oal dens1ty 

in the two systems, 1s that ln an alka11ne medium the equ1l1-

brium ot the reaotion la dr1ven towards the reduotion ot' DPlil 

~O 

by the remoTsl ot th. liberated H+ ions, by means or the alka11. 

Malie dehydrogenase, which 1s less act1ve than lactic 

dellydrogenase, behaved 111 tbe seme manne r a8 the laot1c dehydro­

genase. 'fypical results ot the spectrophotometric Dle88ure1D8n't 



ot the aotlvlty ot laetlc and malle dehydrogenaaea are illua-

trated in l'.l.gure 10, pase 82. 

Ieocltric dehydrogenase wa. not actlve enough to 

be measured on incubatlon at roClll temperature, and had ta be 

o 
lneubated at 37 c. tor a1gnltlcant readlngs to be obtalned. 

'lhe use ot the spe.ctrophotanetrlc method tor asasy 

ot dehydrogenasea other the glucose-6-phosphate dehydrogeaaae, 

•• s only used in prellm1nal"1 exper1:aents, and wu not very 

art.na ively emp1oyed. 

(T) Aconit.se and !\nIaraaa 

These enzymes lIere asaayed spectrophotamstrioally 

by tollowing the lnorease ln the optloal denslty st 240 ~. 

The method .as that introduoed by Racker (157) and depends on 

the tormatlon ot tumarata traa ma1ate, or ol~aoonitate troa 

citrate (or laocltrate). Both tumarate and cls-aoonitate 

conta1n a oarbon-to-oarbon double bond in thelr struoture; 

the bond gives a maximum aèsorpt1on at 240 mp. 

:rtunarau, ln the erythrocyte, i8 suttiolently actlve 

to be measurable by Raoker'. method. '!he cours. or the reac~ 

tion in our expertmenta 1IU toll~ed .lth the sp~ct~op!toto­

mater over the period ot one hour. Aoonl tue 011 the ether. 

hand, la much lersa activer and 1Ia8 estimated by Rubinstein'.: 

(174) modification ot Baolœrts method. '!'hia methC1)4 consiats 



FIGURE 10 

8peetrophotometrle MeaBurement of Laetle end Malle 
Dehydrogenases, 
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0 .100 ...::t 
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Cuvette contents; 
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TlME (MINUTES) 
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A, Laetle dehydrogenase: 0.01 ml. SFH (normal erythroeytes); 
0.03M Na4P207; 0.0:33M dl-lactate; 0.5 mgm. DPN; volume made 
up to 3.0 ml. wlth 0.154M KCl. Bl8nk contalned no lactate. 
B. Malle dehydrogenase: Seme 8.S A except that 0.02 ml. 
enzyme wes used an0 O.OhM l-malate was 8ubstltuted for the 
lactate. Blank eontalned no melate. 
~ As ln A but omlttlng the enzyme. 
~ As ln A but omltting the DPN, 
L As in B but omlttl·ng the enzyme. 
lL As in B but omittlng the DPN. 

\ 



in ineubating relat1vely large quantit1es ot the en~yma prepa~-
o tioa at 37 C., taking aliquots per1odioally dur1ng one hour, 

deprotelD1a1Dg them by aoidit1cat1~ and haat1ng tor tive 

IÛnutss 1n a bo1line lIater bath, and tinally, detel'lll1n1ng 

the absorption ot the f1ltrate et 240 ~. 

Attampts .ere made ta meaaur8 the formation ot 

c1s-aeon1tate by 1noubat1ng the enzyme and c1trate st roaa 
+l+-

temperature in. the presence ot ft and eyste1ne, a8 reeammandect 

by Korr1son and Petera (199), but the eriort .as \Ulsuceesat'ul. 

With1n a te. minutes, in o'\lr oase, the apeellHna gaye aB 

opticsl dens1ty or 1nt1n1ty, both ln the presence and absence 

ot .nzyme, presumably. due ta the tormat1on or a compler of 

++ 
~ltrate .1th tba 18 lODa (~9'). 

(Ti) Rèxok;lnU8 

ft1a enzyme .as usayed by measur1ng the rate of' 

d1aappearanca ot added glucose, tram the med1um, using the 

The enzyme preparation was lneubated .ith phosphate, 

118"++ , ATP, "-, glucose and gly'cyl-glycine butter 18 d.soribed 

in. the section Olt resulta. 'lhe -r wu added to 1nh1 b1t the 

action ot .l!'Pan contained ln the cell atrœa. J. r.aet1,0Il 

mixture oontaining the lngredients mentioned, axeept gluoose 

and Aft •• as prelnoubated st 3.,00:., .inca thi. treatment w .. 



:round to :ravour more oonsiaten.t results. At'ter the preincu-

bation period, the ATP and glucose were ad4ed and an additionsl 

incubation treatment of one hour, st J7°C., was permitted. 

!be saœples were then oooled rapidly, diluted trom an original 

volume of 1.5 ml., to Il.5 ~., and .ere then deprotein1aed 

by the additiaa ot 2 ml. ot a.lN Ba(OH)2 and 2 ml. or 5 percent 

znso4. Uter oentritugation, 2 lIl.. samplea trom the super­

natant tluid .ere used for glucose analysis. 

(vii) DPHsn 

!hie assay depends on the measurement of the amount 

or BEN remain1ng in the reaotion medium atter a apaoit1ed (15 

~nutes) period of inoubation ot the DPH and the enzyme ai 

37°C. Atter the inoubation, th. preparations .are deprotein-

1sed, either by heating, or by meana or 5 percent trichlor­

.cet1e acid, and ths DP8 in the supernatant was then dete~ned, 

by either ot two methods. One involved the formation or • 

DPN-oyan1de camplez whioh absorba ~mally at >25 ~ (202); 

the other, by means or a pur1t'1ed aloohol dehydrogenase and 

athanol, in an alkaline medium. '!'he DPN 18 reduced aM :measu­

rad et 340 lII)1 (213). ~ 1IOlar extinotion coefficient use4 

was 0.63 x 10-7 for both the reduced DP.R (211) at 340 ~, and 

for the DPR-cyanide complax at 325 ~ (214). 

(ni1) Pyrophosphataaa 

This enzyme was measured by means ot the naka-



Stlltbarow method tor orthophosphate (1~2). 1he enzyme was 

++ 0 Incubated w1th Mg and 1norgan1e pyrophosphate, at >7 C., 

~or titteen minutes, at the end of whieh time the 1norganlc 

orthophoaphate llberated wa8 determinad. 

t) Analyt1cal Determinations 

(1) Pyruvate, Lactate, and BRA 

These _ere measured by the methods ot ~18deœann 

and Haugan (216) J ot Barlœr and 8Ummeraon (215). and ot Schnei­

der (192) re8peet1vely. 

(i1 ) .A.'l'P 
~ 

ATP wsa measured by making use ot its react10n .1 th 

glucose, 1n the presenoe of hexokinas8, to tor.m gluœose-6-

phosPhate, .h1ch 1n turn 1a converted ta 6-phoaphog1ucon10 

acld by the act10n ot glucose-b-phosPRate dehydrogenaae in the 

presence of added 'fPH. By the last reaction the 'l'FN, .h1ch 

1a added 1n exoesa, 1s reduced, and th1. ~orm ot the nuoleotide 

caB be measured spactrophotometrically st 340 1Yl. 

The use ot erythroeyte sm as a source ot hexokinaa. 

and glucose-b-phosphate dehydrogenase proved to be UDBatis~ac­

tory 8S the values tor the reduoed 'fPN inore.sad to a max1mœl 

and then tell to the initial value. Because ot this, th. 

dehydrogenase was prepared by the method of KOrnberg {211). 



1 rD this procedure Brewer's yeast ls allowad to au~olyS8 tor 

t"1 Te hours at 40°c. In our experlence 1 t -as tound that 

autolys1s tor at leaat seventy-t_o hours _as necessary to 

yield suft1cient activ1ty to make the purificatlon or the 

enzyme worth.hile. Even wlth thls modifloation, the y1eld ot" 

dehydrogenasa was never more thaa 15 percent as much as 

Kornberg (217l obtained. 

For the ATP asaey, cr,ystalline hexokinase (NUtrl­

tional B1ochemicals) and an axe.ss of 90 percent pure ~ 

(Sigma Chemicals) .are employad. Blood specimens tor the assay 

o~ ATP .ere deproteinised by haat1ng in a bo1ling water bath 

tor t1ve minutes. Alter centritugation the aupernatant was 

aasayed by Kornbergts method (217). 

g) A spectropbotanetrl0 Adaptation ot the 18rricyanide .ethod 

t"or the Assay ot Dehydrogenaaea 

r.n 19J~ ~U8stel and lheatley (l7l), d8scr1bed their 

method in which férrieyanlde 18 used as an ele.ctron acoeptor 

(reaot1on 32, et 8el}., pa88 7~J. In the prevlous year Hau 

(2l~) had shown that terrlcyanlde can oxidiee reduced DPll 

_lthout the mediat10n or any enzyme or cof8otor. Henee the 

DP,R- and presumably also TPN-l1nked dehydrogenasea can he 

~e yeast used ln our expartmants _as donated by Dow 
Brewery, Kontreal, and lias a bottoJll yeast uasd in the manu­
factura ot 1ager. 
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stud1ed by thls method. In the ~ase ot sneeinie dehydrogenase 

1t ls more dlttlcult ta say whether the dehydrogenase 18 dir-

ectly responsible tor the reduetion ot terrieyanlde, since 

thl. enzyme la not linked with a pyridine nucleotide eotactor. 

It haa reoently been shawn that the purltied dehydrogenaae 

ean reduoe terrloyanide on1y very slowly (131), so that it 

appears that in this oase some other factor i8 necessary for 

the transfer ot e1eotrons to the terricyanide. 

~7 

In certain expertments to be described later (Resulta, 

page 116) i t wu nece8sary to estimate the DPB remalnlng in the 

flub aner periode of incubation during which the ferricY8l1-

ide teohnique had been employed to meaaure the aot1v1ty o-r 

dehydrogenases. ~e assay ot DPN by the speetrophotometrio 

methods was tound to be impossible due to interterenoe by 

ntrricyanide. It.as observed, hOllever, that the Interference 
/ 

was least in samples in which the debydrogenase aotivity had 

been atrongest. 

The observations Just cited warranted further Investi-

gation. As a tirst step .. the spectre of both terrieyanide and 

terrooyanide <as the potassium salts) were Investlgated in both 

the visible and ultraviolet regions. The absorption spectra 

are 1lluatrated in figure 11. !hus, ferrioyanide has &Il absorp­

tion pe~k at 420 11}1 wh1ch i8 not given br tarrocyan1de. Honv8r, 

atter ox1dation ot the terrooyanide with R202, the peak at 420 

~ reappeared. Plottlng the concentrat1on or terrieyanide 

agalnst the intensity ot absorption at 420 Dp the relationship 
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FIGURE Il 

Absorption Spectra of KJFe(CN)6 and K4Fe(CN)6_ 
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behans according to Beer'. Ln. 

~ aasay ot the dehydrogenase activity ot a 1iver 

preparation, by to11owittg the reduotion ot terr1oyan1de 

apectrophotametriially .as attempted. A -.le a1bino rat .as 

deoapltated and the 11ver .. as Immediate1y removed. J. 10 pèr­

cent hamogenate in water waa prepared in the oold, and the 

preparation Waa oentrituged at 1000 r.p.m. tor ten .1nut ••• 

!he aupernatant was 4181Y8e4 for three hours againat d1stl11e4 

•• ter at a temperature ba10. 5°0. !hi. preparation w.a uae4 

as t~ source ot the anzya&s to be 8a88ye4. 

AB these were m.ere1y exploratory expert.ents, Tar10ns 

systems .ere stud1ed, ino1ud1ng 1aotio dehydrogenas. (~-liDked), 

8lucoae-6-phosphate dehydrogeaaae (!P.R-lln~d), and suceln10 

dehydrogenase (not pyridine-nucleotide-l1nked). The oXidat1on 

ot tyramine by l1ver homogenate, and the aotivity ot a COlllBe:r­

oial preparation. (S1gma Chem1oals) ot purit1ed aloohol dehydro-. 

senne (DPH-llnked) J also .ere .stad. The reaulta ot these 

.... ys are 1Dd1cated in ngures 12. and 1J. '!'he "'bJ.anb. Nad, 

camprlsed the complete system, 1es8 the substrate. !ka blank 

was des1gned to correct tor any endogenous act1vity ot the 

enzyme preparation, or tor possible interactions ot the co.­

ponents ot the reaction mixtUll'8. During the experlllent the 

blanks .ere kept at an optical density or O.JOO. fta ahaa,.. 

that occurred were per10dlcally reoorded a. the decrease 1. 

the optical dens1ty. 
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FIGURE 12 

Oxldatlon ot .Glucose-6-phosphate, Lactate, and Tyramlne 
by Llver Homogenates, wlth Ferr1cyan1de as the Terminal 

Electron Acceptor, 
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.:t- C • 
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.040 

D,E,F 
5 10 

TIME (MINUTES) 

Cuvette contents: 
A: G1ucose-6-phosphate dehydrogenase: 0.1 ml. 10% liver 
h0mogenate; a.OOlIM glucose-6-phosphpte; 0.2 mgm. 90% TPNi 
o.o066M phosphate buffer at pH 7.2; 0.0005M K,Fe(CN)6; 
volume made up to 3.0 ml. w1th water. . 
B. Lactlc dehydrogenase: 0.1 ml. 10% llver homogenate; 0.016M 
dl-lactate; 0.5 mgm. DPN; O.03M Na4P207; 0.0005M K,Fe(CN)6; 
volume made up tQ, J.O ml. with weter. . 
C. Amine oxldaee~: 0.03 ml. 20% 11ver hornogenate; O.Ol)M 
tyramine hydrochlorlde; O.007M TRIS buffer at pH 7.2; 0.0005M 
K1 Fe(CN)n; volume mede un to 1.0 ml. with weter. 
~ Same as A but wlthout enzyme. 
L Se.me as B but wl thout enzyme. 
~ Same ae C but without enzyme. 

#Thls determination was do ne with the collaborptlon of 
Mr. J.R. Lagnado, of the Department of Biochemistry, 
Allan Memorial Inet1tute of Psychlatry, McG111 Univer­
sity. The enzyme nreparption used was d1alyeed agalnet 
cold, distilled water, for 25 hours. 

• 

, , ;. 
• • t- i .. 



FIGURE 13 

Oxidation of Succinate by Liver Homogenete, using 
Ferricyanlde as the Terminal Electron Acceptor, 
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Cuvette contents: 
~ 0.1 ml. enzyme rrep~r8tion; o.o16M Buccln8te; O.006hM 
phosphate buffer at pH 7.2; 0.0005M K3Fe(CN)6; volume 
made up to 1.0 ml. with weter. 
~ As in A, but O.0035M TRIS buffer et ~H 7.2 substituted 
for the phos'Ch8te t)uffer. 
Q.". AB in B, but 0.06 ml. enzyme lnsteRd of 0.1 ml. 
12.a.. AB in A, but wi thout en2',yme. 
L As in B, but witJ::O:lt en7.yme. 
L.. As ln B, but lNith O.OOlM TRIS buffer instead of 
O.0035M TRIS buffer. 



~Q take aooount of the possibility that a reduction 

ot terricyanide m1ght take. place even in the absence of enzyme, 

a second set of ouvettes W88 eaployed, in which the conditions 

in the experimental and blanks were the same as mantioned 

above, with the exoeption that the enzyme was omitted. Ho 

4ecreaae in the optica1 density Wa8 observed in the presenc •. 

ot any of the substrates tested. 

The lactic dehydrogensa8 aotivity waa aaaayed at 

an alkaline pH 80 as to drive the reaotion tO"ards pyruvate 
+ :fomation by removing the Ir t"omed in the reduction ot lactate. 

!ha assaya of the oxidations or tyramine and or glucose~6-

phosphate, were carried out st about pH 7. 

~e aasay of sucoinic dehydrogenase was tiret tried 

in a medium bu:rt'ered with 7 x 10-3 ){ mIS, at pH 7.2. Under 

these conditions, no reduction of terricyanide occurred. Ihen 

the !BIS conoentration was reduoed to one halt, 1.e, to J.5 x 

10-3 I, there _as some enzymat1e aet1vity, but w1th phosphate 

butter at the aame pH, the aet1Tity Was more than doubled. 

It is possible, theretor8, a8 bas be.n toUD~ 818.­

.her. (219), that the suco1D.ortdue system ia depondent upon 
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the presence ot phosphate, According to Boaner (226) on the 

other hand, the reaotions 1uvolved in the reduotion ot ~rr1-

eyan1de do not require the presence ot phosphate. It 1a possible 

that TRIS acts as a true 1nh1b1tor of soma reaot1on ~i.e41n 

the system. Singer and Kearney (131) us1ng m11dly alka11De 

'fBI.S buttera (0.06 M, pH 8.9) succeeded in completely S'olub1-

l1s1ng the aueoin10 dehydrogenas9, w1th the reault that 



~err.1oyan1de became a very poor eleotron acoeptor tor the 

dehydrogenat ion ot suooinate. Even though in our oase the 

pH o~ the bu~er was neutrel, 1t i8 possible that the same 

etrect may have taken place. 

Using puritied aloohol dehydrogenase with ethanol 

and DPlI over a range of pH trom 1.; to 9.;, and with severa1 

ditterent types ot butter, no reduction ot rerricyanlde ooeur­

rad, even when the DPN was oompletely reduoed, as indicated 

by the pronounced absorpt ion et 34() 11}1. From this experiment 

ft appears that rerricyanide, in 10. concentrations, will not 

oxidlse DPIm. 

Hamolysates ot mature erythrocytes produced no 

reduotion of terricyanide in the presence ot 8 variety or 

aUbstrates, but it appears that the reduotion ooours with 

reticulooytes, at least with malate as the substrats. 

One important conolusion trom the aboya results i8 

that the mode of action ot ter ri cyan1 de depends on the ooncen­

tration at which it is used. In the manomstr10 method (171) 

the terricyan1de conoentration used 1a about 2 x 10-2 M, and 

at this ooncentration it ia 1nhibitory to.ards the aotivity ot 

dehydrogenases. !his inhibitory action is pravented in the 

presenoe ot substrate. On the other hand, .han terricyanida 

is used in ooncentrations ot ; x 10-4 Y, as in the experiments 

descr1bed above, it will not aot as an eleotron a~oeptor tor 

reduoed DPN as was the oaS8 at the higher ooncentrat1ons ot 

terr1cyan1de • ~is may he interred trom the nepti ve results 

with aleohol dehydrogenase, and w1th mature erytnrocyte 
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hsmolysates. Irom the expertm&nts with mature erythrocyte 

hsmolysates a seoond point arises. Methylene blue whioh acta 

as an electron acceptor ln erythrocyte preparations, ls known 

to aceept the hydrogen and eleetrons at the tlavoprote1n stage. 

The tailure of ferrioyani4e to he reduoed by erythroeyte hemo­

lysates, 1ndicates that another factor, pest the flavoprote1n 

stage in the respiratory chain, la essentlal for the reduction 

ot t hi s reagent. 

~am studies on the mechanism ot phosphorylatioDS 

us1ng the DPJr-11nkad f-hYdroxyba.tyriC dehydrogenaae, Lebn1nger 

(221) tound that no phosphorylation oocurred if terrloyanlde 

was used sa the electron acceptor. Phosphorylatlon d1d take 

place, ho"evar, ln the presence o:r cytoohrome c. SUbsequently 

Copenha·ver and Lardy (222) using 1.6 x 10-2 
J( :terrl 0 yan 1 de , 

ahowed that one mole cule ot lnorgan1c phosphate was esterltled 

lnto organ10 phosphate for every two molecules of terrloyanlde 

reduoed to ferrocyanide., when j3-hydroxybutyrate .as ox1dlsed 

to acetoaoetate. !hase authors showe.d also that Ant~la A, 

whioh blooka o:z:idatlons at the Sleter-tactor stage ln. the 

resp1ratory sequence (22J) J completely prevented the oxidation 

or p-hydroxybutyrate .hen oxygen served as the teIminal elec­

tron acceptor. Wlth terrioyanlde, on the contrary, neither the 

oxldatlon nor the phosphorylatlon aooanpanylng lt ware ln any 

way affeoted. cross et al. (225) obtalned values or. 0.19 and 

0.63 tor the ratl0 of P: 2 P8{aR)6 ln the oxldatlon ot sucoin­

ate and malate, respectlvely, in the presence ot 3 % 10-2 K 
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tarrieyanlde. The mechanigm ot action ot the above mentioned 

phosphory1ations ia not understood, but it doea not appear that 

tBrr1cyanide ls acting as acceptor tor e1ectrons tro. DP.RH. 

Pressman (220), has only very recentIy shawn that 

.1th muoh 1011er concentrations ot terricyanide, the stage at 

which th1a reagent tapa the electron transport mechanism ia 

sh1tted nearer to oxygene lUth l x 10.4 M terr1cyanide. the 

ratios P:2 P8(œf)6 tor several substrates were 8S tollowa: 

;S -hydroxybutyrate, 1.95; tttmarate, 1.7; l-ma1ate, 1.~; 1-

glutamate, 1.92; and 8ucc1nate, 0.75. In these eas8s, Ant~cin 

A 1nhi b1ted both terricyan1de. reduction and phosphory1ation, 

while DBP acted 1n the usual manner (179, IgO), by increas1ng 

the substrata axidation and abolish1ng the phosphate uptake. 

On the basis ot these resu1ts, Preaaman has postulated that 

terr1cyan1de, in the low concentrations used, probably acta 

as an aoceptor 1B the v1c1n1ty ot, or actua11y st the stage 

where oytochrome 0 1a 1nvolved, and poas1b1y aocepting e1ec­

trons trom tree cytoohraD8 c. 

This postulats would be in agreement with the writerts 

results .ith erythrocyte hemo1ysates. The mature erythrocyte 

has no cytochroma 0%1da88, and thus It 1s poss1ble that when 

this enzyme was lost, the rest ot the cytochrome. system alao 

d1sappeared. 

Nom: Dur1ng the preparat10n ot this. thes1s, 1t has COlle to 
the not1ce ot the .riter that Slater and Bonner (227), in 1952, 
h&d used the speotrophotomatr1c method employing rerrleyanide 
as the a1actron acoeptor tor the study ot th. suootnox1dase 
system.. 
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v 

RESPIRATION or REfiCULOCY'f1!3 

a) Int"luence of SUbstrate. 

It has long been known that the rat iculocyte is 

capable or consuming oXYg&n (~1-4J.), having a - Q02 or about 

un1ty (47. 70). In studiea of the respiration or reticulocytes, 

the influence ot some ot the substrates ot the glyco1ytic and 

tricarboxylic ac1d cycles on the oxygen uptake or these cella 

_aa stud1ed. i'he resu1ts are shown in 'fable II. 

TABLX II 

Int1uence ot added aubatratea on the respirat10n ot' ret1cu1ooytea 

SUbstrats adde4 

lfoDe 

Glucose 

Lactate 

SUccina" 

Kalata 

~2 

1.Og 

1.24 

1.35 

2.12 

1.19 

~ 111creasa 

15 

25 
97 . 

10 

n,aak contenta: 1.0 ml. cell suspension (9J~ reticulooytea); 
0.1. substrats (1n aide a~); 0.2 ml. 2QS KOR in center wel1; 
volume made up to 2.5 ml. with Kreba-R1ng.ar Phosphate butter 
an pli 7.4. Gas phase: air; tempe rature : 37 .50 C. 



fte rata ot oxygen consumption remained relat1vely 

constant wi th t1me, and t'rem the above results i t 18 evident 

that suco1nate was the most etrective stimulant ot resp1ration 

ot the substrates. '1'his wu observed also by Rubinstein tor 

anan erythrooytes (174). ft1a 1ntluenoe ot suocinate may be 

attributable to the more. direct route te oxygsn ot the succ1n­

oXidase system, as aompared to the: pyr1d1œ-nucleot1de-11nked 

systems, or poss1bly a1so to the relatively greater rate ot 

d1ttusion through the cel1 membrane which may e:ld.st tor aue­

cinate. c-cmpared with that of the other substrates teeted. !he 

relatively weak st1mulation produoed by gluoose 1s in agree­

ment w1 th the results obtained by Sherwood dones et al. (lgl) , 

and Wl-1ght (43) 1 and was turther corroborated in the resulta 

obtainad trom e;xper1ments designed to measure the disappearanee 

ot added glucose, during incubations tor periode ot up te two 

ho urs , at 37.50 C. In these exper1ments., trequen'tly there was 

no glucose utl1ization. 

b) Influenoe ot'. Inh1 b1 tors 

(1) Ettacts on the Reapiratory Aotiv1ty or RBticuloeyte. 

To obtain 1~ormat1on on the mechan1sm by whien 

the ret1culoaytea respire, the attect ot malonate, tluoride 

aBd 2, 4-din1trophenol (DRP) on the respiratory act1v1ty ot 

tbese oells, both in the presence and absenoe ot added su~ 

strate, was inveat1gated. The results are 1nd1oated 1D. Table 

III. 
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TABLE III 

Influenoe or Met.bo1le Inhlbitora on~be Hs8pira~ory Activity ot Retiou1ooytsa 

Inh1bltor Concentration Percentage Inhibit~D 
or 

Inhlbltor Wlthout ft th Concentration n'th Concentratl0 
SUbstrats Glucose ot gluoose Suoc1nate ot SUccinate 

Malonata 2.5x 10-2 52 42 2.5%10-2 lf.9 2.5:rl.0-2 

:1: 10-1 77' 
1 

1 75 l % 10-1 

x 10-2 64' # 
J'lu or ide 3 6ll. 1 xl 0-1 

DBP l x 10-4- 10 -31 2.5%10-2 

. --- -- ---- -- - --- --

Plaak contenta: 1.0 Ill. cel1 suspension (93"-9~:rat ioulocytea) ; aubstrate in side arm; 
0.2 ml. 2~ OH in center we11; Tolume made up .lth Kreba-Ringer. Phosphate burt'er at 
Pi 7.4. . 
Gas phue: air. Temperature: 37.5°0. 

#nUl yo1ume: 2.5 Jal. In othera final yo1uma wu 3.0 al. 

~ .. 
;~ 

n 

'D 
C». 



!he. atfect ot added malonate on cell respiration ia 

caused prlmarily by inhibition of succinic dehydrogenase (177). 

'!'ha degree of inhibition ot the uptake ot oxygen by malonate, 

tharefore, is an indication of the presence of a respiratory 

system involving succinondase. and points to its being active 

in the rati culocyte • 

J"luorida inhlbits glycolys1s at the anolase atep, 

and the tricarboxylie acid oyole et suocinic 4ehydrogenase 

(227). The lnhi bition shown here, lias unatt"ected by glucose 

addition. 

The metabolic affects of DNP hava been postulated 

as being an unooupling ot the phosphorylating meohanlsms a~ 

some stage of electron tx-ansport (179. l~O) j ln the axperiments 

shown in Table III, the ettect of DRP 1. stimulatory, this 

result belng expected for the concentrations ot the 1Dhibitar 

baing uaed. In the presence of added sucoinate and DRP in the 

. same concentration used here, we have obta1ned an increase in 

the oxygen oonsumption of up ta 200 peroent relative to the 

control whioh oontalned DO added inhibitor. 

(11) Utects on Phosphorylati on 

!he level of ~ ln the oell "88 chosen as an lndex 

ot the phosphorylat10ns which take place in the celle ATP waa 

assayed by ~he use ot the enzymes:hexokinase and glucose-6-

phosphate dehydrogenaae (see page ~5). 

!ha influenoe of malonate and DRP are indloated ln 

~able rv. nRP, which was toun4 (Table III) to increase the 
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~A!LW IV 

Influence ot Inh1bitors on Phosphorylatiou 

Jrumbar IDh1bitor ConcentratioD SU18trate Concentration doles A'lP 1- Decrease 
mL b1o~d in ATP con-

centration 

1 a none none 0.13 # 

œP 1%10-4 none a . 100 

b none SucciDate 2.;xlO-2 0.22 # 

1JIP l.xlO-4 SUccinate 2.5x10-2 0 100 

lIa none nona 0.13 if: 

Ma l onate 2.5xl.O-2 
none 0 100 

b none Succinate 2.5x10-2 O.l~ # 

Ma1onat. 2.5xlO·2 SUcc1nate 2. 52:1Q-2 0.04 7~ 

c none G1ucoae 2.52:10-2 0.12# 

Ilalonte 2.5%10.2 Glucoae 2.5x10-2 0.09 25 

Flaak contenta: 1.0 ml. ce11 suspension (95~ ret1ouloeytes); substrates in aide arm; 
0.2 ml. 2~ KŒ in center .. 11; TOl,.ume made up to 2.0 ml •• 1 th Kreba-Ringer phosphate 
butter at plI 7.4. Illcubated for 2 b.ra. under air, at 37.50C. 'betore .. sying tor .A.'l'P. 

IOontrol. 

..... 
o 
o 
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oxygen uptake, by uncoup11ng oxidat1ve phosphorylat10n d1d not 

pe1'm1t su:rr1clent rasynthes1s of ATP to ma1nta1n the normal 

lavel la the oell. The .qu11ibrium 18 thns sh1t'ted towarda the 

breakdown ot ATP and at the end of the experiment no measurable 

amount o~ ATP rema1ned. The add1tion ot suoe1nate to the 

preparation did not improve the situation as 1t existed 1n the 

absenoe ot added substrate. 

The atfect or malonats, wh10h .hen alone d1d not 

pe~1t the maintenanoe ot the normal level ot ATP of the oell, 

lias some.hat reduced by the add1 t10n ot sueoinate. Glucose 

on the other hand, in the presenoe ot malonate, was oapable 

of maintain1ng the leval ot ATP near- to the normal value, thus 

aho.1ng that the glycolytic system and the tirst part of the 

o1tr1c a01d oyole, are qu1te etticient 1a 8upply1ng the h1gh 

energy phosphate needed by the oell, et leest tor a 11m1ted 

peri od ot t 1ma • 

The etteot ot tluoride oould not he estimated, s1noe 

th1s 10n was tound to 1ntertere .i th the re 'action oatalysed 

by the gluoose-b-phosphate dehydrogenase as had been shown by 

Glook and MoLean (212). Attempts to remove tluor1de by pre­

cipitat10n w1th magnes1um and phosphate ions in an alkalina 

med1u., by tor.m1ng the 1nsoluble magnes1um fluorophosphate, 

.ere UDSuccesstul. Hence 1t Waa impossible to ma as ure the 

ATP stter incubation w1th tluoride. Fluoroacetate in the tora 

ot a commerc1al preparation of rat p01son (Mon.anto ebem.10ala), 

conta1ned a high concentration ot tluor1de and thus could not 

suceeasfully be ueed in these etudies. 
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VI 

:!NZYl4ES O~ THE RlTI CULOCYTB 

a) OTt ochrome Oxidase 

This enzyme is,the tinal oxidss8 in the resplratory 

chain. It catalyses the activation of oxygen aad the ter.mdnal 

reactiOJl in which the oxygen reacts .i th hydrogen to form 

.ater, sad is essentiel for respiratory activity. Altbougb 

it has never been shown to exist in the mature erythrooyte 

of mmrumals, it ls present and active in the reticulocyte. 

'l'.b.e results trom an experiment sholling the distri­

bution of thia enz~e and the relative activity in the various 

oeIl tractions, are presented in Table V. 

TABLE' V 

Distribution and Activity of Cytochrama Oxidsse in the Reticulocyte 

Fraction -QO 1- of Aotivity 
2 in P'r-act1on 

Wh"le hemolysate 3.1 100 

sm 0.2 6 

stroma 30.1 89 

llask contents: 0.4, 0.8, 1.2 ml. enzyme preparation (6a~ 
reticulocytes)j O.O~ M phosphate butter at pH 7.4; 2 mgm. 
oytochrome c; 0.6 ml. ot a 1.5 M solution of p-pbanylened1amine, 
in aide ara; 0.2 ml. 20~ KOB ia oenter .ell; volume made up 
to 3.0 ml. wlth 0.154 M KOl. 
Osa phase:'a1r. !emperature: 37.50 e. 
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'!he aoti vi ty .hich ln this case .as reoc:wered in the soluble 

atrolla-tree hellOlyaate J om 'he attri bute-d to contamination 

with the enzyme, since the pereentage usually recoverad in thls 

t'reotion is nil, or very smaU" Thus the cytochrome oxidue 

a~t1vity in the rabb1t reticulocyte se~s to be ~ont1ned 

axolusively to the stroma. The aot1vity or th1. traotion, 

per mgm. dry .eight, is eonslderably greater than that o~ th. 

whole hemolysate and i8 about tan times higher than that o~ the 

partlculate traction o~ the ohicken erythrocyte (174). In the 

case ot the avian cell, however, the particulate traction 

oœapriaes, not only the stroma material, but alao a nucleus. 

The total aècountable activlty atter tractionation, 

1.8. the sum ot the aotivity ot the individual tractions, in 

the aboye oase, ('!'able v) was: 95 percent ot the aoti vi 1;y or­

the whole hemolysate. Valœa a8 high as this .ere not usuelly 

enoountered. Otten only about 50 percent ot the original aet1-

vi ty could be aooounted tor in ths tractions. 

h) Dehydrogenasu 

(1) SUcc1nic Dehydrogenastr 

Sucoinate, .hen added to reticulocytes, increasea 

the resp irat ory aot i vi ty, appronmate ly doubllng the oxygen c on­

aumption. !hi. oircumstance along .ith the results ot inhibition 

studiea with malonate, attord a strong indication ot the presenoe 



in the se oe118, ot • sys-teJll capable ot' oxidising succinate. 

SUccinic dehydrogenase has not been demonstrated 

in the mature erythrooyte. We have oontir.med the absenoe ot 

aucclnic dehydrogenase aotivity as measured by the ~rr1oY'anida 

teohnique ot Quaste1 and Wheatley (171). flle enzyme ls present 

in the reticulocyte. !he manner ot its distribution and the 

aotivlty ot thi8 enzyme are ind10ated in !a'le VI. 

'l'A13'LE' VI 
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Dia't:r1 butioB. and Aotivi ty ot" Succln1 c Dehydroganaaa ln Retic-ul.ocy'tu 

:r'raetlolt 

Whol. hamo1Y8a~e 

str01lla 

1.7 
0.2 

23.5 

; 

j ot" Acti vi ty 
la l'raClt ion 

100 

10 

9ft 

nask oontenta: 1.0 ml. enzyme preparation (7~ retlou1ooytea); 
o.ruf. sodiUJl succinat.e; 0.015 Il KHC~; 0.2 ml. neutrallaed 
llj x~!'e(œ) 6; 111 a1de. arm.; To1ume mad' up to 2.5 ml •• lth 
0.154--. XCl. . 
Gas phaae: 9~ 1[2+ 5j 002. 1'eaperature 37.5°C. 

As wi th the oyt ochrome oxidase, succini 0 dehydrogenaae 

apparent1y 1s oontined to the stroma, sinee most ot the aotivi~ 

.as round 1n thls traction. The aotlvity ot the cytoplaam1c 

traction wu ",ary low, and most probab1y was attr1butable to 

contamination or the traction"i th strana in rine1y divided 

f"orm.. 



In liver, 70 percent ot the suoc1nl0 dehydrogenaae 

aotlvlty or the cell ia in the mitochondria, and only about 10 

105 

percent oan be acoounted tor in the nucle1 and other solid oe11 

residuea (1f!3). In the ohioken erythrooyte, also. the act1 Ti ty 

appears 1n the partioulate traction, which gives a Cleo! ot the 

order ot 4.5 (174), _1th succinate. 

CcDparing the activi ty of the stroma ot the reticulo­

eyte .. i th that ot the debr1a ot the oh10ken rad cell preparation 

re~rred to in the previou8 paragraph, 1t beeomes apparent that 

the retieulooyte preparation, on the buis ot dry we1ghts, 1a 

relatlvaly very actiTe (Qc02 or 23.5 tor the retlculocyte, 008-

parad .lth 4.; tor the ohioken erythrooyta). !he eomparatively 

10. actiTity ot the _hola ~olyaate 1a attributable to the 

large proportion or thia traotion whioh ia talœn up by inen 

materi.l, i.8. hamog1obtn. Even RO. the _hola hemolysate trom 

rabbit retieulooytea ia approxtmately twioe as active as that 

trom ohioken erythroeytes (174). 

one should not overlook the possib111ty that the 

absenoe or suco1nio dehydrogenase trom th& mature mammalien 

erythrocyta may be caused by the absence ot an essential.. co­

t'aotor or aetivator whioh may be nace.asary tor the masaure_nt 

or the aeti vi ty by the terrioyanide method. :h'idence in support 

or this possib111ty haB raoently been pravided by Singer and 

Xeamey (131.), who have demonatrated that suec1n10 dehydro­

gansae, onoe pur1t1ed, will not use any or the cOJIllIOn dyes as 



a~ceptors, and will aet with ~erricyan1d8 very ine~fiaient1y. 

Tbe act1v1ty accounted for in the S!H and Stroma 

.as ~O~ percent o~ the act1v1ty of the .ho~. hemolysate. 

(U:) Isocitric dehydrogenaae: 

!bis enzyme catalyses the revers1b1e react10n be­

tween 1sooi trate and oxalsucc1nate, wlth TPJf as the pyridine 

nucleotide carrier. ~e enayme waa stud1ed by the rerr1cY8Jl1de 

'teohnique, us1ng a preparat10n of cruds nucleot1des prepared 

tram hog llTer, as a source ot !PK. 

Isocitric dehydrogenase wu shown by Rubinatein 

(174) to be present in the matUl'e erythrocyte of the rabbi t, 

and to be t'Pfl-11nked. In the reticulocyte the act1v1ty and 

distr1bution of the enzyme are shown 1n '!able VII, next page. 

!he enzyme 18 distrlbuted between the two tract1ons, 

the stroma hav1ng a reasonably high specifie act1vity, and the 

Sl.a contalning a aut~1clent aotlv1ty ta 1nd1cate that 1ts 

actlvity la not attr1butable merely to contam1nation with 

strama mater1al. 

'lb. results or a pre11m1nary study of the lsocltrle 

dehydrogenaae by J1e&nS of a apectrophotometr10 method are 1ndi­

cated in ~able VIII, Dart pase. ~e reduct10n of pyrldlne 

nueleotlde was tollowed l>y the messurement of the inerease in 

optloal denslty at 340 EP. 

lram these results lt appears that the lsoc1tr1c d8-

hydrogenasa ot the ret1oulocyte requ1res a cofactor in additlon 
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TJ.BLB VII 

Di.tri but ion and AotiTlty o~ raoeitrie Dahydrogenaae ln the 
Heti culoo y ta 

F'ractlon 

Who1. hemolysate 

stroma 

2.7 
l.~ 

12.3 

~ o"r Actirt ~y 
1. Fr-aotlon 

100 

60 

:fi 

l'laak contenta: 1.0 ml. enzYBIS preparat10l'l (7~~ reticu1ocytea). 
0.0154 1( m~; 0.2 ml. Dautraliae4 ll~ ~:ftt((Jl), in., the 8ide 
~; 0.3 ml. ~r a solution ot crude nucle5tldea oontaln1ng 
4o~. crude nuo1aotldea par IÙ. ; 0.06. neutral1aed Iafa; 
o.Mi niootlDaJD14e; 0.05 J( dl-laocltrate; volume _d. up ta 
2.5 ml •• lth 0.154 ~ KOl. 
a.. phase: 95~)f2 + 5~ 002. IJ!ulperature:;r .50 C. 

~.1BLK VIII 

Spectrophotomstrl0 Aasay or laooitr1o Dehydrogenaae A.tlvitr 
in tba Ret1culooyta 

F'raotioJl 

S'trou 

Change in Optical Density at 340 11}1 

a) DlW 

ni1 

nil 

b) '1'BI 

ni1 

nil 

0) Crude 
lfucleotidea 

0.010 

O.O~O 

Beaotion mixture: O.O} ml. stroma or 0.02 ~. S!H (50~ retlcu­
looytes); O.04K niootinemide; 0.03 K d1-1$ooitrate; o.o~ 
NalLP2~i volume made up to 2.5 ml •• ith water. Inoubated at 
376C. tor 20 JI1nute •• 

Expt • a) 1 1lgIIt. DPlf 
b) O. 2 aga. 9~'l'PIl 
c) 0.3 ml. crude nueleotlde solution. 
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to ~ or fPR. The preparatlon ot the crude nueleotld .. ooa­

tained both DPff and !PB, alol'lg w1tà nll1ll8rous other subatances. 

Tbe probabll1ty that one or more o~ the other substances 1a 

requ1red by the dehydregenase, seems to be indloated by the 

t1ndlngs ln thla experiment. 'lhat there 1188 reduetlon ot a 

pyridlne nueleotlda 1a shown by the increeae 1n the optleal 

denalty at 340 ~. 

1.. second obserTatlo11 ot Interest la the apparent 

lack or actlvlty ln the stroma. !he amall 1ncrease ia act1-

Tl ty sho1lD: by the stroma preparatloRS ln the presenoe ot crude 

nucleotldea, cannot be takeft as slgnltloant unlesa the result 

can be statlstlcal1y estab11shed ln repeated experiment •• 

~o aaoerta1n whether the strolD8 contalns 1190cl trlc 

dehydrogenase actlvlty, the aetlvlty ot both the stroma and 

the sm lias estimated ln the Warburg apparatus. The result. 

whloh were obta1ned on varying the quantltles ot the enzyme 

preparatlon are Indlcated ln. ligure 1.J. 

Tle results obtalned were unexpeoted and anaœaloua. 

fte actlvlty ot the sm 1I1th var1ed enzyme conoentratlon gi,... 
a stralght lin. whloh, axtrapolated, intercepta the axls st a 

value ot about 100 Al 002. A alBdlar treatment ot tb& values 

ot the aotlvlty ot the stroma, would yi81d 8Dd Intereept o~ 

150 pl. eo2• It la Inoonoelvable that the extrapolatlon ot the 

tllO eurves to zero enzyme eonoentration should give dlrrerent 

Intercepts; trom the avallable evldenee, the most llkely 
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FIGURE 14 

Isocltrlc DehydrogenaBe Actlvlty of Stroma and SFH. 
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extrapolatlon la the one shown ln !tgure 14. l'or tlle pH88ni 

tille, as no turther work has be.a done 011 th1a prob1em, DO 

exp1anat1on ot the aboYa .~eots oan be att .. pted. 

(i11) taet1e Dehydrogenaaa 

!he revera1b1e reaot1on: 

35) 
+ pyruvate + DPHR ~ R , , 

18 oatalysed by the enzyma lact1~ dehYdrOgenase'. The presenee 

of this enzyme 1n the Ja8J!1Jla11_ erythrocyte wa8 d1scoftr.d by 

ClllU'te1 and Wheatley ln 193ff (171). Iflle influence ot the 

Dar .... or the erytbrooyte on the 1actl0 dehydrogenase actlT1~T 

or the eell wa8 stud1ed by ÂliTlaatos an! DeDatedt (lë4). 

!be lactl0 dehydrogenase aot1Tlty ot ihe ret1culo-

c:rte was 8asayed 1n the whole hemo1ysa'te and the 0811 ~ct1ona­

us1ng the rerricyan1de method. !!le results obtained .. e1'8 tolUl4 

to have a pecul1arity wh1ch became apparent only atter trae­

tiOll8tlon or the hemolysata lnto the particula". traction and 

the cytoplum. As 100. 1eated 1. 'fahle IX, urt page, aDd 1ll 
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nsure 15, the sum or the aot1v1ties or the stroma and SJJ[ 

amounted io 230 percent or the activity ot the or1ginal ~ly­

.ate, and turthermore t the actlvlty or the recombi_a tr"aet1oD8 

was 123 percent ot the act1 T1 ty ot' the whole h8lllOlyaate. Con­

.1dar1ng ihe errora 1nherent 1n the aesay, howaver, the 23 percent 

ILastic de hydrogenaae • llb malle de hyd roge nase • w11l tunctloD. 
Roi only .1th BEi, but a1so wlth ~ as hydrogen ac~ptor. !ba 
rate .1th !P.N ta, ho •• Ter, mnoh 10w.r (t'or the 1.oil~ dehydro­
genan. DPB/Vlf = 170) (lê51. 
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FIGURE 15 

Di etri but ion enn Act1 vi ty of Lact1 c Dehydrogenaee in the 
Reticu1ocyte. 
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Diatrlbut10n and Aot1v1tl" Qr- Laetl0 Dehydrogen ... in the 
Bet1nlooyte 

:r.ract1on Cle°2 
~ o-r Act1vity 

1D ~ct10Jl 

Whola heaolY8ate 10.1 100 

18.4 166 

~8.5 6Jt. 

12.6 123 

!'luk oontents: O.; Jll. eDayae traction (7!1. l'8tio~ocy'Cea) i 
o~l;4 Il m~C?~; 0.2 al. of" butrali .. d ll~ ~~(CII), in aide 
aftt; a.flA. rll1ootinUl14e; 0.1 Il il-lactate, 1 agIl. »1'.1'; 
TollD118 _4e up to 2.5 al. w1 th. Q.l;4 1{ XCl.; 0.2 ml. 0.64 K, 
Deutral1aed liaCli aolutioa. 
Gu phase: 95~ -2 + ~ 002. 'l'emJ)ereture: 37 .,oc. 
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increaae 1n aotiv1ty in the latter case i8 ot doubttul aigniti­

canee. :rrOD. the results ln fable IX, and others to be presente! 

later, 1t 18 apparent that the 4eorease 1n aotivlty obtaine4 

.1th the reoombined cell tractions represents an 1ah1bltory 

attect ot th. stroma on the actlvity ot tba SlH. 

BXper1m.enta preliDd.nary to the investigation et the 

inhibition ot 1actio dehydro~nase actlvity by the atro.a 

traction, ahond that the aotivity ot th1. enzyme, whan .eaa­

ured manometrioally, did not give • atralgnt-llne relationshlp 

passlng 1:hrough the orlg1n, when plotted against the .nz~ 

concentratlon. !he reaults trom an experiment us1ng the S!K 

us giveD lD. l'.l.gure 16. In th1s case the euzYM cODcentratiQII. 



FIGURE 16 

Enzyme Concentration Curve for La.ctic DehydrogenBse. 
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n. Tar1ed between O,,~ and 0 .. 5 -.l., but even when the enz:yma 

concentration was low.rad to 0.03 ml., the resu1ts obia1ne4 

.ere eaaent1a11y the S818 aB 1)etore. 

On try1ng to obta1n a lIletho4 wh1ch would g1 ft the 

uana1 relationship between the act1v1ty and the enzyme ooncen­

tration, the apectrophotOJl8trl0 Bssay, maasur1ng the reduot1on 

of' DP!l at a pH near 9, w. u,aed. 1!te C~ obta1ne4 in thl. 
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case pas.ed through the orlg1n, but it wa8 not a atra1ght 11ne, 

aveD. thougb the enzyme coneentrat1on range. 1n th1s case, was 

very 10. (O.OO2 IÛ. to 0.01; Ill.). 
-

Wlth the spectrophotometr1c &Sas y, ho.evar, another 

d1tt1culty arose; namely, tbat no Inhibition ot lact1e dehyd~ 

genaae aet 1 v1 ty bT atroma oould be produced whan using up ta 

:ri ft tlmes as much stroma aa sm (Table X, _xt page). 

stnce the sp8ctrophotametr1c &Seay method waa not 

tound to Da adapta~le tor these 1nh1b1t1on studies, the wrlter 

was obl1sed ta use the mancaetrlc method. 

That the inhlb1tory action manltested by the stroma 

wu abol1sha4 upon heatl~ the str0ll8 tor t1ve a1nutea 1n a 

boil1ng wster bath (lrable n, next page) oould be due to the 

stroma haT1ng Bome enzymatlc aotlon wh1ch countaracts the 

act1vlty ot the lact10 dehydrogenase. It 1a pœs1bl.. a1so 

that the heat treatment alters the atructure ot the atro .. 

autt1c1ently to abo11sh the 1nh1b1tory propert1ea. 

flle tlrat explanatlôn that comes to mind for the 

deoreaeed aetlvity in the presence ot the stroma, 1s the pos81ble 



Spectrophotometric Assay ot Laotic D&hydrogenase Aotivity. 
(lformal Erythro oytea ) 

F.ractioa 

sm 

st:rt>lIa 

SDI+ 
stroma 

Volume 
ua. a. 

0.1 DÙ. 

0.5 ml. 

0.1 ml. 
0.5 ml. 

0.12~ 

0.000 

0.1~3 

1t ot· J.cttvity 
in ~aot1on 

100 

o 

Cufttte oontents: Normal rabb1t erythroeyte :fraotions'; 1.0 
mgm. DPH; 1.0 BÙ.. 0 .. 1 IL ffalJ.P207; 0.0016 JI dl-laotate; 0.06 Il 
n1oot1nam1 de; volume made up to 3 ~. 1I1th 0.154 Il Iml. 
Carried out at room tempe rat ure , tor four minutes. 

Krteot ot Beat on the Inhib1tion or Laot1c Dehydrogenaee by 
the stroma 

Fraotion )11. C.02 par s ample 1- ot Act1v1ty 
o~ sm 

334- 100 

stroma 24 7 (1) 

sm + stroma 252 75 
sm + stroma (heated) 324 97 
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fiask conten'ta: 0.3 ml. sm end/or O., ml. stroma tract10ns 
(normal erythrooyte;e); 0.01;4 Il mc~; 0.2 ml. ot a 0.64 J( 
neutra11aed Ifam solut1oll; O.033J[ n1~ot1nam1de; 1 lIfPIl. DPlIj 
O.O~ K dl"lactate:; 0.2 ml. ot' a neutra11 .. d uj 801ut101l Gr 
~~ (CR) 6 1J:l the aide ara; volume made up ta 3 ml. .l'th 0.154 • 

Gu phase: 95~}[2 + ~ CO!. Temperature 37.;Oc .. 

*'ne stroma or the mature erythrooyte, ott.n exhi bi ta DO 
1act1e dehydrogenase aot1v1ty. In th1a respeot 1t d1tt\lrs trOll 
the strana or the ret1 cu1ocyte. ~e strou trOll both types ot 
oel1, however, possees the property or 1nh1b1t1ng the aot1v1ty 
or the sm. 



act10n ot the DPffasa ot the atroa (l~4). 'fh18' 8xplanat1on, 

however, 1a not sat1stactory for two reasons: t1rst, the la­

h1b1t1on d1d not 1ncreasa 1I1th t1me. Beterr1ng"to !'1gure 15, 

(pasa lll), it 1a ev1dent that the rat10 of the act1v1ty ot 

th. comb1nad sm and stroma tract10ns to the sum ot the indi­

v1dua1 aot1v1t1es ot theae ~o tract1oDS, camputad every tan 

minutes, gave a oonstant value ot 0.54, .1th the except10n ot 

the rat10 ot the 50-ll1nute Talue., .h1ch wu 0.5}. 
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!ha second argument aga1nst the 1mp11oat1on ot DEraee 

1. 8T1dent trom the estimat10n ot tha amount ot DP!l 18ft at the 

en! ot the react10n per10d dur1ng wh1eh the activ1ty ot lactic 

dehydrogensae lias tollo •• d. !he amount ot DPli rema1n1ng .u 

related to the oonoentration o~ Diootinamide uaed to IDh1b1t 

the DFlfaae (lff,). fte resulta or one exper1llent are sho1lJl 

1n n.gure 11. 

'!'he meesurement ot DPN 1n the ued1um ot the tl_ka 

1n wh1ch lact1c dehydrogenaae had been assayad, prOT8d to be 

1Dpoaaible due to the- 1nte~erence. by :t"err1oyanide .ith the 

uthod. For th1. reason a dup110ata set ot tlasks wu 1no11-

bated along 111 th the tirst set, and lias und tor the separate 

e8timat1on ot DPN. It _sa neoesaary to 0Il1 t trom the meditlll 

1n these tlas1œ:, both terr1oyan1de and laotate. Lac"ete W88 

excluded beoauae, it present, 1t would br1ng about the reduc­

t1an ot the DPN, and nth no tarricyan1de present to reo:z:1d1se 

1 t, the reduoed DPN cannet serve sa substrats tar DP!iue (lg1). 

I1gure 17 1ndioates that the aot1vity or laet1c 4ehy­

drogenase 1s at a m~ .1th n1cot1nam1de present ta conce~ 
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FIGURE 17 

Influence of Nlcotlnamlde on DPNase and on Lactlc 
Dehydrogenase. 
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Flask contents: for lactic dehydroge~a6e: 0.2 ml. SFH and 
0.3 ml. stroma (normel erythrocyte8. ); 0.2 ml. neutrelised ' 
ll~ solutlon of K3Fe(CN)6: otherwlse 9S for Table XI.Both . 
the stroma Anè the ferricyanlde were p1aced in the side a!'m. 

For DPN estimation: ae above but omitting 
K3'e(CN)6 end lactate. 

#The enzyme prepar?tlon here WPS obtelned from nor­
mal blood rether then from reticulocyte-containing 
blood. This 18 permias1 ble, since the ma.ture ery­
throcyte And the reticulo~yte, as will be seen la­
ter, have the sarne DPNase activity. 
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~ratioDS o~ about 2 x lO-~. !be ooncentrat1on or Dioot1DSm1de 

neceasary tor manm.um protect1on ot the DPN in the react10ll 

mixture, on the other hand, 18 10-1 Il or h1sher-• 

.A.atœ1ng that the _ounts ot DP!f measured att'ord an 

aocurate 1nd1cat1on ot the amount 1n the c~spond1ng Tessels 

uaed tor the estimat1~ ot lactio dehydrogenaae aot1v1ty, it 

then appears that very saa11 quanti t1sa or DPJ( are adeC(Uata 

:tor the maintenance ot maT111llJl dehydrogenase activ1ty. nth 

'.3. r l~ K n1ootinamid., and inoubation at 31.50C. tor ODe 

hour, ollly 20 percent ot the addad DP)[ was recovered. 

!he 1Dhib1tion ot lactic dehydrogenase at the higher 

concentrat1ons of nicot1nam1de n .. been di.oussel previoualy 

by Jllv1aato8 and Denstedt (l~~). 

llé 

!he etfttct o~ Tary1ng the inh1b1tor (1 ••• strOlla) 

ooncentration upon the aotlvity ot the sm: was tested, wh1le the 

coneentration ot the SFH wu ltept constant. Plotting the COll-

~entration ot the strama versus the percentage inhib1tion a 

line 1a obt.1ned wh10h appears to be atra1ght up to the 55 

percent inh1 b1tion leTel, and the begi88 to tall ott' (ngttre 

l~l. Ir the valuea cor:œspond1ng to the data in. npn: :t8 ~ 

plotted aa vIV1 aga1nat (I), whe1'8 V 1a the veloc1 ty in the 

a1)aenoe. ot 1nh1b1tor, Ti the velocity 1n the presence ot 1Jl~ 

hib1tor, and (I) the conoentrat1on ot 1nh1b1tor la ml., an 

exponen.tiel ~Ul!Ye 1s obtained (ngure 19). !h1a reilat101l la 

d abllormal. one, s1nee the plot should 8i ve a atraight 110 
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FIGURE 18 

Inhibition of Lactic DehydrogenP-8~ èy Stroma. 
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FIGURE 19 

Inhibition of Lactic Dehydrogenase by Stroma. 
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Flssk cont~nt8: aS in Fig. 18. 
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re1ationah1p whether the inhib1tion i. competitive O~ .onco~ 

pet1t1ve. It the 1Dh1bit1oa le nencompetlt1ve, on plottlag 

VITl asa1nst CI), a atraight l111e cutting the ahscisaa et 1. 

and having a slope ot l~ ahould be obta1nad. It' the IDhib1-

t1o~ 1a ot the oaœpeti~1Tetf". oa the other hand, a 81~lar 

atraight l1ne outting the abaa1.sa at 1 would he obtaln8d, 

but w1 th a slope or r./Kt (EJ. + CS}). where 1t.a la tu lO.ahae11s 

conatant tor the enzyme, KI' the d1a8oc1at1oaconstant ot the 

enzyme-1Dh1b1tor oamplex, and (S) the substrate oonoentrat1on. 

As a turther 1nvest1gat1on ot thia onoaa1ous type or 
l1lhib1t1oJl, a detera1na1l1on. ot the JUoheelia coutant tor the 

lactlc 4ehydrogenaae ot the reticmlooyte sm, both 1J1 tu 
presence and in the absenoa .ot atrame, waa attempte4. !he 

resulta or th1. experiment are. :represented iD. ngur .. 20 and 

21. m. x-. as caloulated trom l'lgure 20, tor dl-lactate. la 
~ -2. a:pprox1mate1y Cl % 10 : . He:re agaill, as -.1 th the l'lot ot ftsun 

19, the 1nh1bition by strama does not obay the la .. o~ the 

If1ch.ae1ia-Jlenten equat10DS tor any or the OCJD1ll0D types or 

11lhi bi tiOD. 'fhls seme type ot' eurTe Is obtailled.l th the 

activation ot acoDitase by glutathioDe {l~), o~ the activat1ca 

++ 1 ot 11lorganic pyrophosphatase by Kg 101la, 1fhea liT 1a plotted 

asa1nat 1/S. V, ln eaoh case, 18 the ve1oo1ty ot the enzymet1c 

f.a.. curv. tor the actlvation ot 1norgan10 pyrapho8:phataee 
1a obta1Red by ealoulat1o~ tra. values g1vea by Blocb~JraDken~ 
th.l (166). 
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FIGURE 20 

L8 ct i c Dehydrogena fle: Km a.nd Effect of Stroma. 
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Flask cont~nts: 0.3 ml. SFH, 0.8 ml. Strome (50% retl­
culocytes); oth~rwi8e AS in Table XI. 
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FIGURE 21 

tffect of Stroma on Lactlc Dehydrogenase. 
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reaotion, and S 1a the coneen~ration or glu"tathioDe or 

J1g++, aee-ording to the. esse. 

From the ahape ot the ourve in :n gure :21, 1 t se_q 

poe.ible that .lth the 10. oonoentrations of lactate, this 

substance mey be removed trom the medium by the strcma, aither 

by being bouad, or posaibly by undergoing aome reactiQn whioh 

does not give rise to the production ot aCid, and benoa, 

8Tolutibn or CO2 (Reaetiaa 34. page 7~). Be1ther posaibility 

bas as yet besn eont1rmed. 

Â possible explanat10n tor the absenoe ot inhibition 

by stroma in the casa whera laet10 dehydroganaae .. a aa8.,.4 

apectrophotomatr"ioally (Tabla X), 1a that the ooncentration ot 

stroma was too small. Higher cOl'lOentrations could Dot be ua.4 

becaU$e ot the limitations impoaed br the method. !he tact 

that the pH use4 in the apectrophotometric experimenta d1ttere4 

~o. tbat used in the manometrie method, may a1so haTS 1ntluen­

ced the resulta. 

!he problem ot tha inhibition ot the dehydrogenaae 

act1vity by the atroma, 18 enoounllered abo in the oaS8 ot 

malie dehydrogenaae. A solut10n to thi_ question has not 

yet been tound. 
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(iv) Malie Dehydrogenase 

As with laetic dehydrogenase, the assay ot thl. 

enzyme gave unusual results in tbat the sum ot the activities 

ot the stroma and SlH was muoh greater than the aetivity ot 

the untraotionated hemolysate. As lndloated in Table XII, 

the SUlll ot the aotivities ot the sm and stroma, wa8 203 per­

cent ot the aetivi ty ot the whole he.llolysate, .hile the actl­

vit Y ot the recambined tractions was the same as that ot the 

untraotionated preparation. 

Distribut10n and Aot1v1ty ot the Malle Dehydrogenase ot 
Retieulooytes 

Fractlon 

Whole hemolysate 

sm 

sm + strOlla 

70.0 

7.1 

~ ot J.ctivitT 
ln Fraction 

100 

124-

79 

107 

Jtlask contenta: As tor Table IX, except that 0.1 J[ l-malate 
.as substituted tor the lactate. 

'fhe speetrophotametric usay in alkaline pif, waa 

ussel tor a s.1ngle study ot the dis:tribut1on ot malle dehydro­

gsnase; the values obtained with the stroma were lewer than 
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those by the mananetric method. In a corresponding experiment 

with stroma prepared fram mature erythrocytes, no activity was 

deteetable as had been 8lso the case with lactic dehydrogenase • 

.lctivi ty was measurable in the case ot stroma prepared trom 

reticulocytes and the activity was increased in material which 

was kept in the cold tor several days, (Table XIII). 

TABLE" XIII 

Distribution ot Mall0 Dehydrogenase in the Beticulocyte and 
the Mature Erythrooyte (Speotrophotauetrle Assay) 

Reticu100yte Mature Erythrocyte 

Fraction A O.D. 'ft ot sm Fraction A O.D. t{. ot sm 
340 mJl stroma 340 IIl}1 strou 

sm + SllH. + 
Stroma 0.253 100 stroma 0.0~9 100 

sm 0.230 91 sm 0.0~5 96 

stroma 0.051 22 stroma 0.000 a 

stroma Stroma 
(t:resh) 0.08; (tresh) 0.006 

stroma' stroma' 
(storad) 0.14-7 (stored) 0.02Q 

#stored tor 5 days Istored tor la days 

Cuvette contents: 0.02 ml. enzyme traction (retieu1ocyte enzyme: 
50~ reticulooyte); 1.0 ml. 0.1 J( lfsÙ,P201; 0.0'. 1-ma1ate; 
0.033 J[ nicot1namide j 1 mgm. DPN; volume made up 10 3.0 al • 
...tth .. ater. 
TeDJ.Ierature: roan temperature. 



1'he Inh1bitory etteot ot the stroma on the malie 

dehydrogenaae was not studled turther, slnce it -as re.aaonab1e 

to suppose that the ettect _as the same as that observed -"1 th 

1actl0 dehydrogenase. 

stnce the condi tlons _ere d1tterent ln the uaays 

done by the sp6ctrophotaaetr1c and the manœnetric methods, 

no signit1cance can be eaoribed to the d1tterence between 

the values obtained by the tllO methods. 

(T) Gluoo .. -6-Phosphate Dehydrogenase 

Warburg and Chr1st1an (60, 6l) aIld Dickens (62), 

long age sho1led that thls enzyme 18 extremely active ln the 

erythrooyte ot the mammal. !he enzyme catalyses the oxlda-
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tlan ot gluoose-b-phosphate accardlng to the tollow1ng equatlon: 

36) Glucoaa-6-phoaphate + 1'P1f+ ~ 

6-phoapho- 6 -gluconolaotoDa + 1'Plm + H+ 

'!'he lactone, ln the presenoe ot lactonaae, undergoea hydrat101l 

to 6-phoaphogluconate. 

!he gluaoae-6-phosphate dehydrogenaae catalyses, 

the tirst .tep in the hexose mOllophosphate shunt, but the ra1. 

or thla system ln the matabolism ot the erythrocyte Is not 

mOllD. It he "ot yat besn conctlu8lvely shown that a system 

tor the reox1datlon ot reduoed ~ produced ln the above men­

tioœd reaction, la operatlve ln the Intact erythrocyte. How­

eTer, in vlew ot the strong actlvlty ot thla dehydrogenaae in 
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the rad oel1, one is inc11ned to inter that th1s enzyma has 

some tunct10n in the metabo11sm ot the celle 

!he activity and distribution ot th1s en_zyme 1n 

the ret1oulooyte .as stud1ed by the sp&otrophotomet~io method, 

ro11owing the reduction ot !P.NJ st 34o~. !he resulta are 

presented in Table XIV. 

ftBLE XIV 

D1stributioa and Activ1ty o~ G1ucose.6-Phosphate Dehydrogenaas 
in the .tioulocyte. 

1!'ract1on 

Ihole hamolyaate 

sm 

stroma 

fJ. o.D.J40 
DIgIl. dry wt ./hr. 

j ot Activity 
in l'raot1o!l 

100 

110 

o 

Clrrettecontenta: 0.02. JIÜ. •• nz~ traction (72j ret1oulocytea); 
0.04 1{ phosphate butt'er at pH 7.4; 0.0026 Il g1ueoae-6-plloa­
put.; 0.02 ml. cruds nuoleotida preparat10n as a souroe ot 
t-Pl{j, 0.04 Il nicot1nam1dej volume made up to 2.5 ml... 1I1th 
O.l~. KOl. 
1'am:peratura: 25°C. 

The essay ot th1s enzyme lIU uaua11y over a per10d 

ot' ten mnutes, during which time the rate ot the react10n 

reme1œd constant. .&.11 the Bot 1 vi ty in th1a oase cart be sean 

ta be conta1ned in the soluble traction (sm) ot the ret1culo-

cyte. 
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'!'his enzyme was shotn by Q~ast81 (191) to be present 

in a relatively active torm in the mamma1ian erythrocyte. 

AliY1satos (190) , ln our 1aboratory, aho.ed that in the rabb1t 

~ythroeyte, the aet1 vi ty 1188 present in the cytopl88IBic t'rac­

tian. 

Dt the ret1culocyte DlOst of the act1Tity i8 obtained 

1n the soluble traction, but some activity remains 1n the 

stroma 8ven aner repeated and thorough .ashing ot the residue. 

The aasay tor tttmarase ls a spactrophotometric procedure 

and depends. on the measurement at 240 lI)l, ~ the absorption 

due to the ethylen1c bond tor.med by the dehydrat10n o~ 

malate to fUmarate. 

!he equilibrium of the reaction raTours the ~orma­

t10n o~ ulate tram fumarate. (162), but because ot the relative 

eaae .ith which tumarate can be est~ated, it 1s convenient 

to use malate as the initial sub8trate (Table XV). 

~ aum ot the activities ot the tractions 1a g9 

percent ot the activity o~ the u~aotionated h~o1yaate. 

!he spec1tio aet 1vi ty ot the stroma 18 sut-t1cient1y h1gb oom­

pared to that ot the .hole hem.olysate to warrant the conclusion 

that the observed activity 1s an accurate meaaure ot the true 

act1vity ot this traction. !be aam8 may be said ot the acti-

Ti ty ot the sm. 



Distr1bution and Activity or lUmarase in the Ret1culooyte 

F'.raction 

Dole heaolyaate 

strana 

A O.D.240 

mgm.. dry lit ./hr • 

0.272 

0.207 

0.550 

OUTette oontenta: 0.04 ml. enzyme t'ract1Q1l 
eytes); 0.06. phosphate bu~r at pl{ 7.4-; 
volume made up to 2.5 ml. w1th 0.154 M XC1. 
'l'emperature: 2500. 

(11) Aoon! tase 

cJ, or Aotivity 

in l'rection 

100 

6~ 

21 

{5~ retioulo-
0.06 K l-malate; 

!his snzyme, like tumarase, is a hydrase, but 1ts 

presenoe in the mature erythrocyte has not been conclusively 

demonatrated. 

In the ret1culocyte aconi tase is distr1buted between 

the soluble and insoluble tractions in muoh the seme manner 

as in the ch1cken erythrooyte (114). In the reticulooyte, 

the particulate ~action shows the stronger aotivity. !he 

distr1bution is givan ~ !able XVI. 

The aconitase act1v1ty in the retiouloeyte 18 only 

about 1/20th or that ot tumarase as lD!lasured by the Change 

in the optioal dens1 ty et 240 DIJl par 1DgDl. dry tel ght par 

hour, even thougb. the. acon! tue. raaotion .. as oarr1ed out at 

37°c. while that .ith fUma ras. was oarried out at 25°0. 

(Ct. page él. under Kathoda). 
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Dlstribution and Aotlvlty ot ~conltase ln the BBtlculoeyte 

F'ractlon 

Whole heaolyaate 

stroma 

1:1 O.D.240 

1lIIIl. dry 1ft. Ibr. 

0.02 

0.01 

O.1~ 

1- or Actlvlty 
in l'ractlon 

100 

4J 

73 
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Reaction mixture: 0.7 ml. enzyme tractlon (61~ ret1culocytes); 
0.05 Il phosphate butt'er at -'7.2; 0.12 Il citrate; Tolume 
lU4e IIp to 2.1 ml. wlth 0.15'- J[ Kal. 
Temperature: 37°C. 

à. ) other- Enzymes 

(1) Hexok:1nase 

'-hls enzyme 121 ot key importance ln metabollsm 

slnee lt catalyses the phoaphorylat1on ot gluoose. It la 

espec1ally tmportant to the erythrooyte, wh10h apparently 

darlves all 1ts energy trom. the breakdown ot glucose through 

the glycolyt1c system. The common reaet10DS 1nvolving hexo-

kinase are the tollo.lng: 

37) 

& 
++ glueose Mg 

t'ruet os +.A.1'P ). 
mannose hexok1nase 

gluooae-j . . 
fructose- b-phoaphate + ADP 
mannosa-

!he phosphate este ra thus tormed are ot "low-energy- type 

and the reactlon e,uillbrlum tends to be so far to the rlght 

that the reaetlon may ba regardad as balng non reverslble. 



Hexok1nase tram yeast has been crystal11sed (194, 

195), but as yet, the cryatal11sed enzyme has notbeen pre­

pared tram an1mal sources. 

'!!le propert 1es ot hexok1nase ln plant aDd an1mal 

tlssues have beea extens1vely stud1ed. AfP and gg++1ona 

are essentiel tor hexokinaae aot1v1ty. In bra1n the enzyme 

1s cont1ned in lts d1stribution, to the mitochondria (196), 

aa 18 true tor plant hexokinase (197). 1'h. enzyme in the 

mature erythrocyte ot the mammal 18 soluble and oontined to 

the- sm (19'). 
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DUr1ng studies on the hexokinase ot the mature­

erythroeyte ot the rabbi t# it lIU tound that gluoose, truc­

tose, mannose and galactose can be phosphorylated, as eTidenced 

by the dlsappearance o~ reduclng sugar, in the presence ot 
TT added ÂTP and Mg • It 18 poss1ble that glucose, truetose 

and mannose are phosphorylated by a relat1vely nanspeclt1c 

h.xokinase, but galactose 1a not a substrate for hexok1nase. 

A speolfie galaotoklnase (19}) may a1so be present in the 

rad cell. 

The hexok1nase ot the trrythrooyte has t'Wo pH 

opttma .1th regard to the phoaphorylation ot glucose, !he 

t.o maxima oeeur at about 6 and 7.g. !he hexokinase acti­

vltyat pH 7.g la about twlce that at 6. (C~. ligure 22). 

Ifte results on the mature erythrocyte trom rabb1 t blood 
reported here, .are obtalned .. 1 th the eollaborat ion o~ Kr. S. 
Kaahlœt. and wl11 ba reported more tully in a thes1s ta be 
submi tted by hi. for the degree ot Doctor ot Philo8ophy. 
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FIGURE 24 

Hexok1nase pH Curve. 
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}Por- the measurement ot hexoldnase aotivity ot the 

ret10ulooyte the experiments .ere pert"ormed at pH ~ .hare 

the activity la greatest. rable XVII Indioates the distri­

bution and actlvlty ot hexokinase ln the rabbit reticulocyte, 

and also, tor comparison, the values tor the mature rabbit 

erythrocyte. 

'l'ADn XVII 
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Distribution and Actlvity ot the Hexoklnase ot the Beticulooyte 
and ot tha ICèture Erythrocyte 

)1. 14:0 1e8 glucose uaed '$ ot A.cti vit,. 
J"racttlolt 

mgDl. dry wt./hr. in P'ractlon 

Betie. HorJJlÙ Betic. Normal 

Whole hemolysate 0.17 0.023 100 100 

sm 0.12 O.Ol~ 67 12 
Stroma 0.22 0.000 12 0 

Blaaotlon mixturel' 0.2 JIll. enzyme preparation (retioulooyt~ 
preparations contalned. 50~ retioulooytes); 0.01; M ~hosphate 
butter at pH~; 0.027 JI glycylglyclne butter at pK S; 0 .. 005 Id 
-SC1!; 0.01 JI Kr; 0.005 JI A.'rP; 0.002 M. glucose; Tolume 
made up to 1.5 ml. with O.154K Kal. 
'1'emperature: 370(;. 

fte difterenc8 bet.een the hexoklnase ot the no 
oell preparations Is not on1y quantltatlve but alao qua11ta~ 

tlve. The hexokinas. in th. reticu10cyte 18 muoh more actlve 

than tbat ot the mature oel1, and turthermore, the stroma ot 



the raticulocyte has de~inite hexokinase aotivity, whereaa 

1n the mature erythrocyte the aeti vi ty la oontined to the 

soluble tract10n. The sum ot the act1v1ties o~ the 1nd1vi-
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dual ~raetions 1n the two eases reported 1n ~ab18 XVII .ere 79 

percent and 72 percent ot the act1vities ot the whole hamoly-

sates ot the reticulooyte and mature erythrooyta, respeotivsly. 

~e aDomaly in the distribution ot the hexok1nsae 

18 d1tt1cult to expiain. !he mature rabb1t erythrocyte 

4ependa on the utilization o~ gluoose tor its 8Bergy. Sinee 

gluoose presumably mU8~ be phosphoryla~ed 1n arder to pass 

through the oeIl membrane (240), and the membrane appeara 

to contain no hexokinase, the question arises: ho. doss tba 

gluoose gain entranoe into the oeIl? There i8 yet no answer-

to this quest1on, but 1t is conoeivable that the membrane 

or the erythrocyte i8 constructed in suoh a ny that the 

soluble hexokinase inside the c-ell may permaate the membrane, 

and thua be able to phosphorylate the hexose entering the 

oell :t'rom the erternal medium'. 

!he mature erythrocytes are capable ot taking 1n 

and utIlis1ng gluoose at approx1mately 1/3 of the rate shown 

by the SlH. It is an odd observation that intact retioulo­

cytes, which w1thout doubt, have hexok1nase 1n the cell membrane, 

do Dot alwaya utilise glucose during incubations at ,roC.; at 

IFor discuss10n ot thi8 topic the reader 1a reterre4 to 
the- Ph. D. Theai. by S. Kuh1œt. 



least they do not oause the di8appearanee ot reduoing material, 

or the appearance ot lactate and pyruvate, aIl ot whioh are 

~r1teria ot glucose utilizat1on. In the majority ot oases, 

no diaappearance ot gluoose trOBl the erternal medium oould 

Da demonstrated. Intaot ohioken erythrooytes llkew1se tak. 

up no measurable amount ot glucose .hen atored at ,oc.,1 STea 

though they too oonta1n hexoklnase in the partloulate tractlon. 

In the oase ot the ch10ken rad oeIl, however, the hexoldnase 

or the partloulate traotion may not be oont1ned to the stroma, 

8ince the traction inoludes the nuclei. 

(11) Pyrophosphatase 

Inorgan10 pyrophosphatase la probably present in 

aIl llving oells and ls aotlve ln the erythrooytes ot mammala 

(19~J • 

!he enzyme acts specitioally on trae 1norganio 

pyrophosphate and has no action on organio phosphate esters. 

The eDZyme oatalyses the hydrolYSis ot the pyrophoaphate 

bond, ln the presenoe ot Mgt+ ions , to produoe the liberation 

ot ~o moleoules ot orthophosphate. The pyrophosphate bond 

being a high energy bond, the equllibrium ot the reaetioR 

revours hydrolyais. 

In the erythrocyte, the pyrophosphataae is acti-. 

vated by Mg++1ona (19~). According to Naganna et al. (19~), 

#Shown in experiaents by Dr. H. JLcLsnnan in the .. 
1aboratories in 1947. 



, ++ 
Oa ions inhibit the enzyme eompetit1ve1y aa reterred to 

'Mg++ 8S aubstrate. 1Ca1k1n (200) in our 1aboratory, has shown 

that the inhibition 1a ot the noncompet1tive type .. hen pyro-

137 

phosphate 1s considered the substrate. T.be strong1y inh1bi-

tory etreet ot t1uoride on th1s enzyme (198', has been shown 

by l4alk1n (2QO) to be ot the rather uncommon type bown as 

"~uadratic inhibition" (211). 

The activity ot the pyrophosphatase in the reticu~ 

looyte ia considerably greater than that ot the mature 

erythrocyte. HOllever, the distribution ot the enz~e in the 

t_o types or oell 1a the same, that 1a, the aet1v1ty i8 con-

tined to the S!H. Table XVIII ind10ates the distr1bution o~ 

TABIB XVIII 

Distr1but10n and Act1vity or Inorgan1c Pyrophosphatase 1n the 
Reticuloeyte 

Fraction 

Whole hemolysate 

sm 
stroma 

~olea orthophosphate 

mgm.. dry .. t ./àr. 

5.20 

4.21(. 

0.40 

j ot Aet1v1ty 
1n ~act1on 

1.00 

79 

1 

Bsaot10n mix'ture: 0.05 al. enzyme traction. (8~1t ret1culocyte.) 
dialyaed tor 2 hour. aga1nst runn1ng tap .. ater (500.); 0.001 M 
Hal112~; 0.02 JI 1fgCl!; made up to To1ume -.i th 0.1 Il 'fBIS 
butr.r et pH 7.5. 
Temperature: 37°0. 



the activity ot the reticulocyte pyrophosphatase as m8asured 

by the l1berat1on ot inorgan1c phosphate dur1ng 1ncubation 

ot the enzyme preparat10n _1 th inorganic pyroPhosphate#. 

The peroentas- ot the activ1ty ot the whole hamolysate re­

covered 1n the fract10nated preparation wu go percent. 

!he role, if any. ot Inorgan1c pyrophosphatase in 

the normal metabollsm ot the mature erythrocyte 1a not lalolln. 

(11i) mlases 

It has. long been mown that the DPN ID cella la· 

lnact1vated .hen the cella are broken down. !he inactiyatloa 

can be brought about by an)" ot three enzyme. known as DPJIaaee, 

_hioh are known to ex1st 1n oella. 

The tirat or these enzymes ls a nucleosidase pro­

motlng the breakdown ot the niootln.am1de-r1bose bond and 

11berating n1cotlnamlde in stoichlomeiric proportion to the 

mmr.ber ot moles. ot e1ther DPI( (201) or 'lPH (203) split. 

!h1. DP.Waae i8 strongly Inh1b1ted by nlcot1namide (1~4, 

~90, 204, 205) and does not split the reduoed t'orm o~ the 

DPlf or 'lPN (llf7l. In. the rabbl t th1 a anzyme ls 10ca11884 

entlrely 1n the strana (lg4, ~90). and apparently 1s cont'lned 

to the outer surface or reglon ot the membrane. 

Kornberg and L1ndberg d1sco'Ve.red the eXistence ot 

a second type or DPNa •• (210), 1fh1ch 1s not inhib1ted by 

f.m.e assays invol ved in this enzyme study .ere ldndl.y 
, pe.rt'ormec! by Dr. Bex Malkln. 



nicot1namide:. Thls enzyme 1s a pyrophosphorylaae and eataly­

ses the reaotlon: 

38) DPrf + pp 1 . ~, ==' lIlMN + .A.TP 

The enzyme has baen pur1t1ed tram yeast and hog 

l1ver (206), and the k1!le~1cs o~ the pur1t1ed enzyme Mye 

been thoroughly stud1ad. Unl1ke the react10n catalyaed by 

the nucleos1dase, that catalysed by the pyrophosphorylaae 

la revers1bla (207). 

There 1s s!so .. th1rd type ot DPNaae wh10h 1. a 

pyrophosphatase. It la actuallT a hydrolase wh1ch sp11ta 

the pyrophosphata bond ot DP.K sad !PK, to to~ BMŒ and 

elther AMP, or ADP .lth the second phosphate group on the 

2 t pos1t1on ot the r1bose (209). 

The last t'Wo ld.nda ot DPlfas. haTe not baen tound 

in the e rythrocyte ot maur.ls. 
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In the ret1oulocyte the nuoleoa1daae has been In­

vest1gated and some exper1.llental results are shon ln !'able 

XII. The exper1ll1ents also .. are des1gned to test the P0881-

~1l1ty ot the presence ot more than ODe DPBan. 1'he measure­

ment ot DEUase act1vlty 1s aoh1eved by aattmat1ng the aaount 

ot D~ rsmalnlng at the end ot a det1nite per10d ot incubat10n 

ot the DPN .1th the enzyme. As wlth the mature erythrocyte, 

all the DPRase actlvlty ot the ret1culocyte 18 present ln 

the straaa, and 1 t appears that the ooly DHlaae preseftt in 

the retleulocyte ls the nuoleoa1dase. Thia 1a Ind1ca'ted by 
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'l'ABLE XIX 

Distribution and Activity or DPNase ot Reticuloeytss 

JJI(oles DPtr apli t 
F'.raotion 

dry wt.~. 
1» ot Aoti vi ty ~ ot Aetlvlty 

mgm. aceounted 
for 

ADH œ- .wr or .mrr œ-

Role 
hamolyaate 0.4J 0.4-6 100 100 

sm 0.00 0.00 0 0 

stroma 4.28 4.45 90 g~ 90 88 

Whole ;, inhibition 
hemo1yaate 
Dicotin-

amide 0.06 0.06 87 88 

Reaction mixture: 0.06 ml. enzyme traction (~l~ reticulocytea); 
0.8 -sœ. DP.R; 0.04 Il phosphate butter at pH 5: nicotinam1de 
where present t 0.06 14; volume made up to 1 ml •• i th 0.154 Il 
Jœl. 
Temperature: 37°0. 
DP.W measured by the alcohol dehydro89nase (ADH) and cyanide 
(ar) methods. 

the good agreament bat.een the me asurementa by the aleohol 

dehydrogenase and cyanide methods. The :to:rmer method meaau­

re~ the intact DEN present, while the latter method measurea 

only the nieotinamide-ribose bond. Ir either ot the ~ 

pyrophosphatases were present, the DPNase aet1v1ty as measu-

rad by the aieohol dehydrogenase method would be greater than 



.hen measured by the oyan1de method, s1nee the breakdown or 

DPN et the pyrophosphate bond would not alter the reaet1v1ty 

ot the tragment w1th oyan1de. That nioot1namide 1nh1b1ta 

the breakdown ot DEN by the S8me amount accord1ng to both 

mathods of sasay, 1s turther proof or there baing only one 

D~ase 1n the ratieulooyte. 



VII 

JüTURATIOH ()pt THE HE'l'ICULOCYB 

The activity ot the yarious enzymes re~erred to in 

the praTioua seotion waa deter.m1ned in several reticulocyta 

preparations, and the mean tor the r$aulta obtained with 

aaeh enzyme was calculated. A 8imilar procedure waa adopted 

'tor the. corresponding en.ymea- in the mature erythrooyte. :ID: 

thi. way the activity ot eaeh enzyme in the two types or 

oell could be oampared. 

Sinee the proportion ot reticulooytea in the dit'­

t&rent preparationa varied considerably (trca 50 to more than 

90 percent reticulocytea) J 1t was oonaidered desirable to 

adjust the asaay valuea to .hat they would have been it the 

specimens had eonsisted entirely ot reticulocytes. !he 

appropriate correction -as app11ed tor the aetivity or the 

normal erythrocytes present in the sample. 

I.t lIU aasumed for the purpose ot th1a oor1'8ction, 

that the dry we1ght ot the retioulocyte 18 1dent1oal w1th 

that ot the nOl'llOoyte. !he ret1culooyte has a lœer speci­

tic grav1ty (12) than the normocyte. On the other haDd 1t 

alao has a larger volU1lle (30). The moat important jut1t1-

cation tor the above assumption, however, i. the tact that 

reticulocytea are supposed to possesa the1r tull complement 

or bamoglob1n C7}, and sinee this substance makes up most 
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ot the dry weight ot the rad cell, it 1s probable that any 

error involved in the above aentioned correction, would ba 

small. 

!he results obtained are summarised in T'able lX. 

'!hey give an idea ot the overall changes in the enzyBe aeti­

vit Y .hich mal" be expe.cted to oocur during the transition 

trcm the reticulooyte to the mature erythrocyte. 

!he correlation between the disappearanoe ot the 

steiDable material of the reticulocyte, -i th the ohangea in 

the aNA content of the blood and the changes in the activity 

ot several enzymea .as attempted in a series ot tour experi­

menta. The enzymes which disappear or become 1reaker 111 

actlvity during the maturation ot the retioulooyte .ers or 

special interest. 

l'or the purpose ot these exper1l1ents, heparinised 

blood contalning ret1culooytes, .as incubated at 37°C. to 

which glucose had been added, to a f1nal concentration or 

0.05 K, to sustain cell metabol1sm. Pen1c1ll1n was added 

to 1nh1b1t bacterial grow~h. samples were taken at zero 

time and thereatter at two-hour 1ntervals for a total or 

twelve hours. 1'he ret1euloeyte count wa8 deteI'mined as 

soon as the semples ... re taken and the rad oells 1Iera centr1-

:ruged, .ashed and atored in the 001d overnight. t'he aasays 

ot enzymat1e aot1v1ty in all the aamplea ware pertor.aed the 

nert day. dust baron proeeed1ng .ith the assays, the re' 

eell aamples .. ere hamolyaed and traotionated as :eequ1red, 



TABLE XX 

Ccmparlson of AGtlvlt1es ot Enzymes ln the Retloulocyte and the Normooyte 

EnZJ1118 Pre pa- Ret 1 cu100ytea lformooy'te. Betlculocyte 
ration ft Aotual Q,c~ COl"reoted rl'rl) N Q, Ncmnocyte 

DPflaae stroma. 5 5.2 ± 1.5 
(4) 

5.2 t 1.5 3 4.9 1.1 
Laot18 
4.hYdr~llas. sm 5 14.7 t. 2.7 17.7!. 4.1 lf. 10.31' 2.5 1.7 

Glucoae-
phosphate 

O.~ 4ehydrogenue sm 2 1.02 1.25 2 1.1:1 
Isoeitrie 
dehTdrogenase W.H. 4- 2.3:t 0.2 3.0 j: 0.1 li- 1.6:!:0.3 1.9 

1Iall. 
deh 7drogenaa8 sm , 6.8!" 2.2 9.1~2.4 4 3.4:t 0.3 2.7 

h.aar ... w. B. { p.44:!: 0.17 0.:6; 0.14- 4 0.05:t:. 0.01 13.2 
Bexok1au. w. B. ~~2'~ 0.03 o. l r 0.11 lf. 0.03 ~ 0.01 13.7 
PJrOphOli plla tue sm 3 .5 5.lt 2 0.3 19.3 
S .. 01n1. 

aehydrogenaae stroma lf. 19.1:!. 4.3 33.0 :t 3 .. 4 3 0 00 

A.ontt ... w. H. 2 0'.021 0.024 2 0 00 
CytOGhrome 

11- 3.1 :t 1.0 orid_ str~ 5.5:t 2.1 3 0 00 

- -- - --- - -------~ 

(li • lluaber or saapl .... 
(2 unit. ot Q Y.lua.: as deaorlbed ln the discusslon ot the indlvidual enzymes. 
(3 ~ oorreried to 1001. rat 1 oulooytea .. 
(li- 9 .. D., wken g1 ven. Caloulated tOI" enzymu hanDS more than 3 a_ples. others. 

ar1 -t_etie _u. 

~ 



as desor1bed under Methods. The resulta o~ thss& exper1-

mente are reoorded in Table XXI and in F1gures 23-26. 

Table XII shows the overall ohangea wh1ch hava 

taken plaoe in the twelve hours or 1noubat1on .hile Figures 

23-26 show the ohanges wh1ch are taking place during the 

incubat1on. 

l'rem the values 1 t can 8u11y he appreo1ated 

that thera 1a no relat10nship bat1feen the progress1ve 

ohangea ocourring 1n the aot1v1 ty ot the enzymes and thos. 

taking place 1n the retioulocyte count. Laot1c and ma11e 

dehydrogenues, and DPBase, lth10h in the mature cell are 

nearly as aotive as 1n the reticulocyte (Table XX) showed 

no ohange in aetin ty, or only a small decrease, ln all the 

experiments 1n whlch they were test.d. flle aconltase llet1 ... 

vi ty tell to 11 percent ot Its original act1v1ty during an 

e%p8r~ent in whioh the deorease in the reticulocyte oount 

_a8 only lJ percent. rn another exper1ment, the ret1eulooyte 

count deereased by 2g peroent ot 1ts original aot1vity and 

the deorease 1n the acon1tase .88 only 52 peroent. SUco1n1c 

dehydrogenase and oytoehrome ox1dase, wh10h like the aconi­

tas. are absent tram. the Rormocyte a underwent a smaller 

ohange than did ~rase and pyrophosphataae both ot Wh1ch 

perslst in the mature oell. 

The proport1on ot retioulooytes in the origlnal 

blood specimen, or the extent to wh1ch the ret1oulooyte~ 

matured morphologioally appears to have had 11 ttle bear1ng 

on the rate or the enent of the changes that occurred in 
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Changes in the Enzyme Actl'9'ity or Betiou1ooytes dur1ng 
Inoubation ~t 370C. 

Incubation 1 2 

Qrlg1ul ~ ot ret1oulocy"tea 94 43 74 

!'1aa1 ~ ot' ra t 1 oulo oytea gl 23 53 

nul BU. (j ot original) ~2 75 71 
~ent of' beaolyaia at the 

end ot the experiment 2 2. 2 

bz)'D!e& St ud1ed. 

Haxok1naaa 60 66 75 
~C0111tase 11 .. ~ 

SUoc1n1c dehydrogenaae 61 43 42 

l'WIaraaa 63 7G 83 

Cytochrome ondase 47 

Pyrophosphataae 16 - 22 

Lact1c dehydrosenaa. - 90 87 

Ka11e dehydrogenase - - 100 

DPIfa" - -
Asny. ot the enzymes: as deacribed in the sect10n on 
M8thods, and the d1scuss1on or the 1ndiv1dual enzyaea~ 
ether aiseys as desor1bed under Mathods. 
Incubation t1ms: 12 hours. 
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the activity or ~h~ enzy,aes. JUrthermore, one cannot ascribe 

a 'pacemaker" role to any or the enzymes, that ia to say, 

there waa no evidenoe that the behav10ur or auy or the 

.nz~es conaistently dom1nated or regulated the ttae or 

oharacter or the behav10ur or the others. 

!bere apt:8 ars to be no oons1atenoy 1n the Mannar 

in which th. changes ln the enzyme aetivity took place dur1l!lg 

the incubation tram one experiment to another, or between 

the dltterent experiments. 

fbe expertaents revealed no relat1onsh1p between 

the rate or dlsappearance or the sta1nable mater1.l tram the 

cella, i.e. morphologieal ~iuratlon, and the decrease 1n 

the enzymatic activ1ty, 1.8. enzymolog,1cal maturat1on. 

In the o1rculatlng blood the concentration ot 

HRI. 18 proportional to the number ot ret1culocytes (17, 22). 

During the 1ncubation ot blood containing a high proportion 

ot retioulocytes on the other- hand, the rate or extent or the 

dacrease in the concentration ot" mu. does not alwaya parall.l 

the rate ot d1sappearance of the reticulocytes. 

The laok ot correlation observed may p08aibly ha~ 

bean due to the oonditions employed tor the experiments. .. 

11as already bean po1nted out, cella wh1ch, acoording to atatn-

1n! and count1ng techniques appear to be morphologically 

mature may not necesaarily be tound to be mature 1t examiueel 

by more sensitive methods, such as tor example, 8xamination 

by phase contrast microscopy. 
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VIII 

DISCUSSION .AND CONCLUSICIfS 

It 18 now poss1ble to say with certainty that the 

mature mammallan erythrooyte dœs not respire. 'lhat the cell 

has no tricarboxylic aoid cycle ln Ita enzymologicsl make-up 

la evidenced, not only by the almoat oomplete lack of oxygen 

conaumption. but 8lso by the taot that several ot the enzymes 

involved ln the trlcarboxyll0 a01d oyole are laoklng. Among 

the misalng ones are suoolnl0 dehydrogenase and a'oonltaae, and 

oytoehrome o:z:ldaae lIhlch ls neceseary tor resplratolT actlvlty. 

me retlculooyte on the other hand, exhibits a slgn1-

t'toant oxygen consumpt10n whi oh compared -1 th that at other 

tissues la of' relatively small magnl tuds. The evldenoa obtalned 

trom studies wlth inhlbltars, and the demonstratlon ot enzymes 

trom the trloarboxyll0 aold oyole make It aata to conclude that 

the oxygen oODSumptlon ot the retloulooyte represent8 true rea-

piratory aotlvlty, 

Sherwood donea et al. (181) have shown that citrate 

aoc1Œulates ln rat retioulooytea polsoned by tluoroaeetate. 

~e latter substanoe la converted enzymatioally to fluorocltrate 

.hioh 18 a specifle and patent Inh1 bl tor ot aeonl tase (235). 

T.be same authors haTe sho_n that the respiratory actlvlty ot 

the reticuloeyte ia abollsbed ln the presenoe ot' la-4 M cyanide. 

w. have eontlrmed the inhlbition ot the resplratory aetlvlty 



by mal.onate J and we haTe shown that thia substance prevents 

the l'egen.ration ot ATP in the oell. DBP, wh10h 1s Imon to 

unoouple oxidat1Te phoaphorylat10n, likew1se prevented the 

tormat10n ot ATP 1n the oella. 
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Qytoohrome ond .. e and all the enzymes d1reotly 

1nYolved 1n the c1trio acid oyole, w1th the except10n ot 

pyruv1c and ~-ketoglut8r10 ox1das8s, and oxalsuo01n10 oarboxy­

lase, have been demonstrated 1n the ret1oulooyte. The presenoe 

ot the pyruv10 o%1das. syst.m 18 ev1dent trom the resulta 

already reterred to, ot SherwoOd Jones et al. (lgl). The 

oc -ketoglutar10 ox1daae system appears to be sbn1lar to the 

pyruv1c ox1d8se, w1th the exception ot the ·dehydro~nase •• 

FUrthermore, the taot that hamoglob1n 1s synthes1sed 1n the 

ret10ulocyte (~) trOll 0 -am1nolevul1n10 801d, and th1s 1n 

turn 1a tormad trCD gly01ne and act1ve suc01nate (poas1bly 

auoc1nyl-Co~) (236), mates 1t probable that oc-ketoglutar10 

ox1dase 1s also present 1n the ret1culocyte. 

!he apontaneoua deoarbaxylation or oxalauccinate 

has been shown by Kornberg et al. (234) to oeeur qu1te read1ly 

aspeo1ally 1n the presenoe ot any ot Tar10u# cations. 

The o1tr1c ac1d cycle 1a generally oons1dered to 

be assoc1ated w1 th the mitochondr1el structure, and the aot1-

v1ty ot the enzy,mes 1nvolved in th1s system, w1th th. exoep­

tion ot aconit.se and isoo1tr1c dehydrogenese. 1a aS8oc1ated 

with theae particles. Rubinste1n (17~) in our laboratory, 



bas demonstrated the presence ot the trioarboxylic aoid cycle 

in the avian erythrocyte, whioh containe no demonstrable 

mitochondrie. !he oxidative oycle in this oell appears to 

he assooiated w1th the nuclear mater1al (174). The tricar­

boxyliC ac1d system 1n the reticulocyte, wh1ch lacka the 

nucleus and has no demonatrable mitochondr1a, ŒOst probably 

i8 re.1dent in the stroma, ainoe th1s traotion oonta1ns, not 

only all the oytochrome ox1daae and succin10 dehydrogenase, 
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but also variable amounts ot the other enzymes ot the cycle. 

'!'he atroma traot1on contains only 21 and 33 peroent ot the 

activ1ty ot t'umara8e and lsoc1trio dehydrogenue, respeet1'yely. 

rt 1. posslble that ln the intact oell, the greater propor­

tion ot the enzymes i8 tound ln the stroma, and that same ot 

the enzyme aotiv1ty may become d1sso01ated tram the stroma, 

by aolub1l1zat10n, during the prooess ot preparat10n ot the 

enzyme tractions. 

It may be that the mitochondria which cannot be 

d~oD8trated 1n the ret1oulocyte, became aasoc1ated w1th the 

stroma dur1ng the maturation ot the erythroblast and thus 

the structural relationship nece.sary tor the tunct10n ot the 

c1trio acid oyole, may be malnta1ned. 

I:t 1a probable, a180, that the ret1culooyte 18 a 

degenerat1ng cell, 1n wh1ch the ox1dative oyole 1s in the 

process ot break1ng down, p08s1bly by aolubilizat1on ot the 

enzymes. Th1s would expla1n the observed presenoe ot rela­

tively large amounts ot certa1n enzy.mes 1n the oytoplasm. 
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~e observation that sucein1e dehydrogenase is detectable 

only ln the stroma may be due to the cond1tions of the aasay 

method. As already mentioned, the solub11ization of succlnic 

dehydrogenase destroys 1ts oapaoity to transfer electrons 

and hydrogen ions to uy ot the eommon dyes (131). The 88118 

May be true for eytoohlOme oxidase. ~ese t_o enzymes, 

therefore, eould be present 1n the oytopla8m, but 1t so, 

would ha there undemonstrated. 

Comparing the mature erythrocyte, w1 th the reticu­

looyte, on an enzymologieal basis, the latter Is, in most 

cases, far more active. Suco1nic dehydrogenase, acon1tasa 

and eytoehrome ox1dase, oan only he demonstrated in the 

reticulooyte, and fumarase 1a ten t~es more active in the 

ret1oulooyte than in the normocyte. 

Of the enzymes etudiei, which are not associated 

with the tricarboxylio ac1d cyole, hexokinase and pyrophos­

phatase are bath mueh more active in the ret1culocyte; 

DP.Raae and the pyrid1ne nuoleot1de-11nked dehydrogenaaes, 

do net d1ffer too greatly 1n th.ir act1v1t1es ln the t_o 

cells. 

It 1s apparent traœ th1s study that the enzyme ac­

t1V1ty d1sappeara more read1ly tram the stroma than fram the 

cytoplasm. DPlias6 rema1ns unchanged, .hile aoon1 tue d1aap­

pears trom both t'raot1ons. SUoo1nlc dehydrogenase and cyto­

ehrome oxidase, ma11e and laot10 dehydrogenaaes, and haxo­

kinase t are generally absent tram the atroma of the matlU'$ 



erythrocyte. !he 1ast three ment10ned enzymes, although 

absent trom the stroma pers1st 1n the oytoplasm. 

An extens1ve disrupt10n ot the metabolio systems 

ot the retioulooyte takes place during the maturation of 

th1s cell. !.he capao1 ty to oarry on resp1ratory aoti vi ty 

18 lost. Conourrently, the act1vity of hexok1nase 1s greatly 

dtminished. Maturation, theretore, presenta a p10ture of 

progressive metabo110 deterioration. !he proosaa ot tailure 

continues, though at a slo.er rate, 1n the erythrooyts until 

by the 125th dey, the cell 1s presumably no longer oapable 

of maintaining 1 ta energy requ1rementa and thus becomes 

nonviable. 

The nuoleus, wh1ch 1n sanatio oella 1a supposed 

to oontrol the reproduotion and 1nd1v1dua11ty of the cells, 

presumably has some regulatory intluenoe on the synthea1s 

of enzymes in the oell. Henoe, the lOBS of the nucleus w1ll 

neceas'ar1ly have a pronounoed etfect on the metabo110 activity 

of the oeIl. ~is .ould be ev1denoed by, among other th1ngs, 

• progressive decrease 1n the activity ot the enzymes with1n 

the cell. Enzymes, as other proteine of the cell, Will have 

a turnover rate, and 1n the absence of a system regulating 

the ;ftlsynthes1a or enzymes, a ganeral ta.ilure or the metabo11c 

systems 01' the oell w1ll ocour. !hus the metabo11c degenera­

tian ot the ret10ulocyte, and later the normocyte 1s to be 

expected. FUrthermore., the proceas 1a 1rreversible. '!'he 
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retioulocyte hanng been .i thout n.ucleus tor lssa time than 

the normocyte would be expeoted to be, as in tact It ls, 

more actlve enzymatloally, than the normooyte. 
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In studles ot the maturation ot the retlculocyte, 

ln which oell8 .ere Inoubated at 37°0. and the aetlvlty or 

several enzymes _sa tested perlodically, the ~sult8 obtained 

Dra very errat ie. Even though the expeoted d1m1nut ion waa 

observed ln the aotlvlty ot certaln enzymes, no consistent 

pattern ot change .as evident. Fran our resulta, even an 

approximatlon ot the maturation tlme ot retioulooytes, cannot 

be atated wlth any certa1nty. FUrthermore, no correlatlon 

ns evident bet.een the changes in the reti culocyte oount and 

the enzyme actlvities, or the RRA content ot the a8mples. 

~is Is to be expected it one considera that the reticulocytes 

round in a sampls 1nevitably 4ir~r in age, and that ditterent 

aamples will have ditterent proportions ot retlculocytes ot 

varlous ages. 1'he oeIl, to our manner ot oountlns, remalna 

a retioulooyte as long, and only as long, as some material 

i5 vislble whioh stains w1th br111iant cresyl blue. Thua a 

young retlouloeyte, .ith a high concentratlon ot RKA oan 

undergo a great decrease ln the RNA oontent betore it oaB 

be cons1dered to have matured into a normooyte. rn sample • 

• ith a high proportion ot young retioulooytes a theretore, one 

might expect on incubation, ta obtain el ohange in the enzy­

matie aotivity ot graater magnitude than the deorease in 

the ret1oulocyte count. The opposite would be true tor 



semples conta1n1ng a preponderance ot old ret1culooytes. 

!he only aocurate mathod ot 1nvest1gating the mor­

phologieal maturat10n ot reticuloeytes would 1nvolve the 

segregation ot these cella lnto d1tterent age groups, tor 

the purpose ot count1ng them. The d1t~erent groups presu­

mably, would be oharacter1sed by the amount ot ata1nable 

aater1al 1n the cell. The changes ooourring w1th ttœe. ln 

eaoh group, woul.d have to be recorded, and t1nally the OVer­

all pieture lIould hava to be analyaed. SUch a procedure would 

lnev1tably be ted1ous, and would requ1re a good deal ot time 

and pract1ee. Becauae ot these d1tf1cult1es 1t W88 not oon-

81dered practical to adopt such a procedure for count1ng the 

ret1oulooytes. 

Although i t 1a generally acoepted that the ret1ou­

loeyte 1s an intermediate 1n the normal proce88 of erythro­

poles1s, th1s has not been oonclus1vely estab11shed. It may 

be that the ret1oulocyte appears only, or malnly, 1n states 

of hemopo1et1c emergenoy, 1n whioh the supply of erythrooytes 

18 su4denly and drast1cally curta1led. In such emergeno1aa 

the ret1eulocytes may be de11vered 1nto the circulat10n bJ' 

the bone marrew, to enaure an adequate oxygen supply to the 

tIssues, unt1l the t1me .hen aurt1c1ent numbers ot nor.mal 

erythrooytes can be manutactured. 

!bat ret1culocytes lose the1r sta1nable mater1al 

and assume oharacter1st1cs s1m11ar to those ot nor.mocytea 

has been demonstrated lmmmerable t1mes:, but 1 t has not been 



ahown, to the wr1ter's knowledge, that these oells are truly 

normocytes. 

'flle res1stanoe of the hemoglob1n ot ret1eulocytea 

to denaturation by phenylhydrazine, casts sane doubt on the 

notion that th1s cell 1s the precursor ot the normooyte. 
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It i8 possible, however, that the dit~rences in the resistance 

to denaturation are attributable to oertain ditterenoea in 

the permeabili ty properties of the membranes ot the two types 

ot celle 

The question of the position in the erythropoietic 

prooess ot the reticulocyte, i8 ot considerable relevanoe to 

the present study, but ia lett to be answered by the histologist. 



1. The resplration ot the retioulooyte is mar-kedly ln­

oreased by sucelnate but ia inhibited by malonate and 

by tluoride. The synthe8la or ~ in the oell was round 

to be tmpaired both by DNP and by malonate; even in 

the presence o~ malonate, the presence ot glucose was 

adequate ln ma1ntalning the normal ATP level 1n the 

cell, thus aho.ing that the glycolyt1c proceas. alone 

i8 able to maintain the energy metabo118m ot the oell. 

2. ï!le reticulocyte preparations .ere tract10nated 1nto 

a part1culate and a oytoplasm10 traction and the acti­

vit Y ot several enzymes in tbese two ~actions was dater­

m1nad, and compared w1tb the act1vity ot' the cor1"8spond­

~ng enzymes in the normooyte. 

3. Cytochrome oxidase, aconi tase, and sucoin1c dehydro­

genase .ere ~ound OO1y in the ret ioulooyte; tha act1-

v1ty ot hexok1nase, tumerase, and 1norgan10 pyrophospha­

tan .as muoh greater in the retioulocyte tb81l in the 

nor.mooyt., while that ot the malie, 1act10, isocitrio, 

and glueose-6-phosphate debydrogenases, and DPNaee _as 

about equal in the t.o types ot oel1. 

4. The distribution ot the enzymes bet_een tbe stroma and 

tbe cytop1asm ln the retiou1ooyte 18 variable. ot the 

enzymes studied, glueo88-6-phosphate debydrogenase and 
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pyrophosphatasa are present only ln the soluble trac­

tion, whlle oytochrome oxidase, sucolnic dehydro~nase 

and DPNase are measurable exelusively ln the particulate 

matter. The other enzymes are distributed in both 

tractlons. It 8eems probable, theretore, that the 

tricarboxylio aoid cyole, if it exista in th!s cell, 

ia sltuated in the particulate traotion. 

5. !he morphologioal maturation ot ret1culooytes, in vitro, 

at 37°0., and the oonourrent ohanges in the aotivity 

ot aaTeral enzymes were studi~d, but no oonsistent 

pattern ot behaviour in the maturation proeeas .as­

observed. 

6. !he stroma traotion ot the ret1culooyte and the normo­

oyte, .as tound to inhiblt the laotlc and the malla 

dehydrogenase aotiv1ty ot these oella. 

7. The use ot terrlcyanlde as a terminal electron acceptor 

in the speotrophotometrl0 &ssay ot DPN- and ~-l!Dked 

dehydrogenase systems, and also in the oxldatlon o~ 

auoolnate and tyramine waa auooesstul with llver homo­

s.nates. It wa8 probably suooesstul wlth retloulooyte 

preparations, but not so wlth hemolyaates ot matu~ 

mammalian erythrocytes. 
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.APP.!NDIX 1 

T.be poss1b1lity that the hemoglob1n or the reticu~ 

locyte d1rrers trom that or the mature erythrocyte weB checked 

1n preliminary exper1ments by meaœ or paper electrophores1s. 

Remoglob1n was prepared aocord1ng to the method 

suggested by Block et al. (230). stroma-tree hamolysata 

.as treated w1th 0.4 volumes or toluene, shaken for ten 

minutes, oentrifUged, and the top two layera removed and 

d1soarded. !he rest was f1ltered through cotton, and the 

conoentration or hemoglob1n in the sample was adjusted to 

the desired level (12J). The electrophores18 apparatus 

used was or the Durrum type. 

S~ple8 ot hemoglob1n tram rabbit blood contsin1ng 

approximately,O percent reticulocytes, aho.ed no evidence 

or separation ot the h~oglob1n 1nto co.mponents, 1n exper1-

mental runs ot up to tourteen hours durat1on.# On eleotro­

phoret10 analys1e ot the hemoglob1n tran a blood sample fram 

a dogwith 50 percent ret1culoeytes#l, the appearanee o~ two 

band~ waa visible atter fourteen hOurs.' This experiment 

has not baan repeated, and a control experiment employ1ng 

hemoglobin trom mature dog erythrocytea has not baan carried 

out. 

Iconstant current or 2.75 ma. per st rip ot W-atman 3D 
psper was employad. The burter was veronal, at pH t§.6, and 
Ionie strength 0.05. 

Ilnonated by B;r. P. B. stewart, ot the Department ot 
Physiology, MaG1ll Un1versity. 



!ha ta1lure, 1n the t1rst 8xp!'tr1ments, ot two 

d1st1not banda to appe ar on the eleotrophores1s ot the 

hemoglob1n trom rabb1t retioulooytes. 1a not oonclusive 

proot ot absolute homogene1ty ot the pigment. It 18 pos­

sible tor two types ot bamoglobin to have the sama electro­

phoretio mobi11ty. Th1s 18 true ot the hemoglob1n types 

.l. and J! 1n human blood ("231). These, however, can be 

d1st1nguished by the1r ditterential 11ab111 ty to denatu­

ration by alka11 (75, 232). 
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